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Ag nanoparticles-modified cubic-like SrTiO; (STO) are fabricated through a classical hydrothermal and photodeposition method. The
prepared Ag-STO heterogeneous exhibit an efficient photocatalytic activity (~42% within 1 h reaction time) for degradation of tetracycline
under visible-light irradiation, and Ag deposition with 8 mM AgNOj; exhibited excellent photocatalytic activity. It is considered that this
excellent performance results from the surface plasmon resonance of Ag nanoparticles. Meanwhile, the basic principle of the
photocatalytic process on the Ag-STO photocatalyst system is also discussed.

1. Introduction: Tetracycline (TC), a widely used antibiotic, is
usually released into the water environment [1] and directly
affects the environment by disrupting the ecosystem equilibrium
[2]. Natural bacteria exposed to residual antibiotics, such as TC,
could modify their genetic information, develop higher antibiotic
resistance and result in multi-resistant strains of micro-organisms
[3]. Fortunately, semiconductor-based photocatalysts provide a
good tool for the degradation of antibiotics, and much effort has
been made to degrade TC by photocatalysis [4, 5].

In recent years, SrTiO3 (STO) has been considered a promising
phototcatalyst, and has received much attention [6—10]. However,
with the wide bandgap of 3.2 eV, STO cannot make full use of the
solar energy [11]. To overcome this fatal defect, many strategies
have been employed such as doping with metals, particularly noble
metals, non-metallic elements or organic species sensitisation
[12-16]. However, the development of more efficient STO-based
photocatalyst is necessary for the environment treatment.

The surface plasmon resonance (SPR) is an effective way to
enhance the visible-light response of UV-driven semiconductor
photocatalysts. Among metal particles that exhibit plasmonic prop-
erty [17], Ag and Ag/AgX (X =Cl, Br, I) are most reported [18-24].
As the plasmon oscillation occurs, thermal effect and electronic
effect are also induced [25]. The SPR effect can sufficiently
expand the light absorption of semiconductors into the visible-light
region [26-29]. Thus, the enhanced visible-light-driven photocata-
lytic activity of Ag-STO can be expected. To the best of our know-
ledge, the SPR effect of Ag-STO is seldom reported but is much
desired.

In this reported work, we successfully synthesised Ag-STO nano-
composite photocatalyst. The photocatalytic activity of different
samples is measured by the decomposition of TC. The result
shows that Ag loading can significantly enhance the photocatalytic
activity of STO under visible light. This enhancement can be
ascribed to the SPR effect of Ag nanoparticles (NPs). Furthermore,
the tentative photocatalytic mechanism of Ag-STO is discussed.

2. Experiments

2.1. Materials and reagents: Titania TiO, (P25) was purchased from
Degussa (Germany). The other reference reagents were obtained
from Aladdin (China). All chemicals were of analytical grade
without further purification and deionised water was used
throughout the study.
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2.2. Synthesis of sample: The cubic STO NPs were prepared by a
classical hydrothermal method. In a typical synthesis, 0.847 g Sr
(OH), and 0.3 g TiO, were mixed in 33.3 ml aqueous solution of
2.1 g KOH, after vigorous stirring for 5 min, and then the mixture
solution was transferred to a 50 ml Teflon-lined stainless steel
autoclave, and hydrothermally treated in an air-flow electric oven
at 150°C for three days. After cooling down naturally, the white
precipitate was collected by centrifugation and thoroughly added
with deionised water, until a supernatant pH of 7 and then dried
at 60°C in air.

During the STO SPR experiment, silver nitrate was chosen as a
noble metal source. The Ag-loaded STO (I mmol) samples were
prepared with an extra photodeposition process from a silver
nitrate concentration of 2 mmol/l. The photodeposition step was
carried out in a 100 ml beaker under the irradiation of two 150 W
tungsten halogen lamps for 1 h. Then the product thus obtained
was centrifuged, subsequently washed with deionised water and
dried at 60°C for 12 h. In parallel, another four samples with differ-
ent AgNO; concentration (4, 6, 8 and 10 mmol/l) were also synthe-
sised by the same procedure as mentioned above.

2.3. Characterisation: All of the powder X-ray diffraction (XRD)
patterns were obtained on a D/MAX-2500 diffractometer
(Rigaku, Japan) using Cu-Ko radiation source (k=1.54056) at a
scan rate of 5°min~' to determine the crystal phase of the
obtained samples. The accelerating voltage and the applied
current were 50kV and 300 mA, respectively. Transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM)
also has been used to characterise the samples. UV-vis diffused
reflectance spectra of the samples were collected on a UV-vis
spectrophotometer (UV2550, Shimadzu, Japan). BaSO,4 was used
as a reflectance standard. Energy dispersive X-ray spectra (EDX)
images were collected on an F20 S-TWIN electron microscope
(Tecnai G2, FEI Co.), using a 200 kV accelerating voltage.

3. Results and discussion

3.1. Morphology and structure: The TEM and HRTEM images of
the as-prepared Ag-STO products (with 8 mm/lI AgNO;) are
depicted in Figs. la and b, respectively. As shown in Fig. la, the
cubic STO NPs have a side length of about 50 nm. Obviously,
an Ag NP has been adhered to STO NPs, with a size of about 10
nm. Close observation on the nanocomposite is shown in the
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Figure 1 TEM (Fig. la), HRTEM (Fig. 1b), XRD (Fig. Ic) and EDX
(Fig. 1d) of prepared Ag-STO (8 mM AgNO;)

HRTEM image of Fig. 1b. The characteristic lattice fringe of 0.23
nm corresponds to {1 1 1} diffraction of metallic Ag particles, and
the lattice fringe of 0.382 nm is well matched with the {1 0 0}
planes of perovskite STO.

The crystalline nature, phase and purity of the as-prepared
Ag-STO samples were determined by XRD. As Fig. 1c reveals,
the peaks observed at 26 values of 22.8°, 32.2°, 40°, 46.5°, 58°,
68° and 77.2° in this pattern are reflections of STO according to
the JCPDS Card No. 35-0734. All the diffraction peaks could be
indexed as pure STO, and no other diffraction peaks can be
observed. The peak with a relative change could be attributed to
a different content of silver element. Moreover, no signal about
silver can be detected for the low content of the Ag element.

To further confirm the existence of Ag, the areas with the NPs
were selected for EDX microanalysis. Fig. 1d depicts the EDX
image of the as-prepared Ag-STO (8 mM AgNO;) sample, from
which Sr, Ti, O and Ag signals can be distinctly observed. It pre-
cisely coincides with the elementary composition of SrTiO;. The
impurity signals of C and Cu are attributed to the carbon-coated
supporting copper grid, which is necessary in the STEM-EDX.

Fig 2 is the high-angle annular dark field-scanning transmission
election microscope image of Ag-STO. Corresponding element
mapping images indicate the presence of Sr, Ti, O and Ag elements
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Figure 2 High-angle annular dark field-scanning transmission election
microscope patterns of Ag-STO (8 mM AgNO;)
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in single particles (pink dots with size about 10 nm) on the surface of
STO NPs, showing the successful combination of Ag NPs with STO
NPs, this being consistent with the result of the HRTEM and EDX.

3.2. UV—vis diffuse reflection spectra: The UV —vis diffuse
reflectance spectrum of different Ag-deposited STO samples
compared with the pure STO is shown in Fig. 3. According to
the spectrum, the spectra of the Ag-STO samples show a strong
broad absorption band between 400 and 800 nm, which covers
the entire visible range, and shows a red-shift compared with the
spectra of pure STO. An enhancement of the absorption intensity
was also observed, and at the absorption peak of 480 nm, this
phenomenon is attributed to the plasma resonance effect of the
metallic silver NPs.

3.3. Photocatalytic degradation of TC: To elucidate the
photocatalytic activities of the photocatalysts, the photodegradation
of TC experiment was carried out in a photochemical reactor with
visible-light irradiation (500 W Xe lamp with a cutoff filter of
400 nm). In each experiment, 100 mg photocatalyst was added
into the TC aqueous solution (100 ml, 10 mg/1). Before illumination,
the suspensions were magnetically stirred in the dark for 30 min
to ensure the establishment of an adsorption—desorption
equilibrium between the photocatalyst and TC. The sampling
analysis was conducted in 10 min intervals and a 3 ml suspension
was sampled and centrifuged to remove the photocatalyst
particles. The photocatalytic degradation ratio (DR) was
calculated by the following formula

DR = (1 — 4,/4,) x 100%

Ay is the initial absorbency of TC that reached absorption
equilibrium, whereas A; is the absorbency after the sampling
analysis.

The photocatalytic activity was investigated by degradation TC
solution under a visible-light irradiation, and the result is shown
in Fig. 4. We note that with the increasing AgNO3 concentration
from 2 to 8 mM, the degradation rate of each Ag-STO sample
increased; this is attributed to the success of the SPR of Ag NPs
and the generation of electron and hole pair under visible-light ir-
radiation. After 60 min of irradiation, the Ag-STO photocatalyst
with 8 mM silver nitrate reached the highest degradation rate of
41.5%. When 10 mM silver nitrate is used in SPR reaction, the
photocatalytic activity decreased. It means that too many silver
NPs make the charge transfer cost more, and also cause a decrease
of photocatalytic activity. The pure STO display a little degradation
activity of about 2%, this is because of the photolysis of TC.
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Figure 3 UV—vis patterns of STO and loaded by different concentration of
silver nitrate
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Figure 4 Photocatalytic activity of Ag-STO with different silver nitrate
concentration

This result indicates that Ag loading could significantly raise the
visible-light response of UV-light-driven photocatalysts, and too
much Ag can lead to a decrease of photocatalytic activity. Further
detailed descriptions are given in the following Section.

3.4. Photocatalytic mechanism: The tentative photoresponse
mechanism might be as follows. (i) The incident photons (visible
light) are absorbed by Ag NPs through their SPR excitation, by
this collective oscillation, transient local electromagnetic fields
are generated by forming electron/hole-rich areas near the surface,
and cause a thermal effect as well. (ii) Electrons are injected from
the Ag NPs into the conduction band of SrTiOj;, the holes react
with water and generate a eOH. (iii) The electron react with
dissolved oxygen of water, and generate —O; / O%f. (iv) 05/ ng
can generate more ®OH than the degradation of the antibiotic
molecule.

When the UV-visible light was utilised as an incident light
source, as the light irradiation on the photocatalyst, UV light
excited the valance band electron of STO, generated a electron—
hole pair, then the electrons (e”) and holes (4") separated and
migrated to the surface of the photocatalyst, the Ag NPs act as an
electron trap to reduce the recombination of photoinduced elec-
tron-hole pairs and promote interfacial charge transfer. As a
result, more photoinduced holes will have the chance to participate
in the oxidation reactions on the surface.

Fig. 5 shows a sketch diagram of the basic principle of the photo-
catalytic process on the Ag-STO photocatalyst system.

In our case, the TC degradation activity is obviously enhanced
after the Ag nanoparticle is deposit on the surface of STO. The
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Figure 5 Possible schematic diagram of the mechanism of the photocata-
Iytic reaction on the Ag-STO photocatalyst system
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Ag-STO with 8 mM AgNO; exhibits the highest TC DR of
41.5%; this is because of the best photon adsorption, which leads
to the increasing of electronic conversion efficiency. However,
further increasing the loading amount of Ag will lead to a decrease
of the TC DR. The sample prepared with 10 mM AgNO; exhibits a
lower activity, about 5%. The decreased DR of TC on photocata-
lysts may be because of the limited light absorption after excess
Ag loading. Although absorbing too many Ag NPs on STO
causes the photon absorption to increase the contact area between
the photocatalyst and TC greatly decrease as well, which means
the electrons hardly transfer to the surface of photocatalyst. As a
consequence, a suitable Ag-loading amount is crucial for optimis-
ing the photocatalytic activity of the cubic Ag-STO nanocrystal
photocatalyst.

4. Conclusion: In summary, Ag-STO heterojunction plasmonic
photocatalyst was fabricated via a facile hydrothermal and
photoreduction method. Ag NPs successfully absorbed on the
surface of STO NPs. The obtained Ag-STO heterogeneous
composites (with 8 mM concentration of silver nitrate solution)
exhibited excellent photocatalytic DR (41.5%) of TC under
visible-light irradiation, which was ascribed to the SPR caused by
the suitable amounts of Ag NPs. All in all, SPR can be a superior
strategy to enlarge the light response region of UV photocatalyst;
the modified STO photocatalyst has many potential applications
for pollutant degradation under visible-light irradiation.
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