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ABSTRACT: Harnessing inexhaustible solar energy for photocatalytic disposal of nitrogen oxides is of great significance
nowadays. In this study, Ag−SrTiO3 nanocomposites (Ag−STO) were synthesized via one-pot solvothermal method for the first
time. The deposition of Ag nanoparticles incurs a broad plasmonic resonance absorption in the visible light range, resulting in
enhanced visible light driven activity on NO removal in comparison with pristine SrTiO3. The Ag loading amount has a
significant influence on light absorption properties of Ag−STO, which further affects the photocatalytic efficiency. It was shown
that 0.5% Ag loading onto SrTiO3 (in mass ratio) could remove 30% of NO in a single reaction path under visible light
irradiation, which is twice higher than that achieved on pristine SrTiO3. Most importantly, the generation of harmful intermediate
(NO2) is largely inhibited over SrTiO3 and Ag−STO nanocomposites, which can be ascribed to the basic surface property of
strontium sites. As identified by electron spin resonance (ESR) spectra,·O2

− and ·OH radicals are the major reactive species for
NO oxidation. Essentially speaking, the abundance of reactive oxygen radicals produced over Ag−STO nanocomposites are
responsible for the improved photocatalytic activity. This work provides a facile and controllable route to fabricate plasmonic
Ag−SrTiO3 nanocomposite photocatalyst featuring high visible light activity and selectivity for NO abatement.
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1. INTRODUCTION

A close correlation between haze events and secondary aerosol
formation in China has been pointed out recently by a Nature
report.1 It was suggested that reducing the emission of
secondary aerosol precursors, namely nitrogen oxides (NOx,
mainly referring to NO and NO2) and volatile organic
compounds (VOCs), is important for mitigating the air
pollution problems.2 Fossil fuel combustion is a great
contributor to the emission of nitrogen oxides, from diverse
sources ranging from thermal power plants to mobile vehicles.
Targeting for NOx emitted from these sources at high
concentration, deNOx techniques like selective catalytic
reduction (SCR) and three-way catalysis (TWC), have been
developed and considerable progress has been made over the

past decades.3,4 However, the above-mentioned strategies are
not technically feasible to treat ambient air pollutants. As the
accumulation of gaseous pollutants continues, it becomes more
urgent to remove NOx from the ambient conditions.
Photocatalysis has been considered as a promising

technology for decomposing low concentration pollutants in
the environment, since the photodegradation of polychlori-
nated biphenyl conducted by Carey in 1976.5,6 On one hand,
considerable work related with the synthesis of efficient
photocatalysts for NOx removal, such as Fe2O3,
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anatase,8 BiOBr9,10 and g-C3N4,
11,12 and the mechanism

analysis were conducted.13−20 On the other hand, the field
tests employing photocatalysis to reduce atmospheric NOx level
in busy streets and tunnels were carried out.21−23 These studies
provided encouraging results for the development and
commercial application of photocatalysis in air purification in
the near future.
Perovskite oxides, with the general formula of ABO3 (or

A2BO4), are important functional materials for heterogeneous
catalysis, due to the flexible chemical composition, element
abundance and structural stability.24 Perovskites are widely
studied as catalysts for SCR processes,25,26 whereas the
potential ability as photocatalysts for NOx abatement is rarely
focused. As an important n-type perovskite semiconductor,
strontium titanate (SrTiO3) has attracted lots of attention in
solar H2 production and energy conversion applications over
the past years.27−32 One of the great advantages of SrTiO3, in
comparison with TiO2, is the higher conduction band position
(−1.4 V vs SCE at pH 13) that drives more efficient charge
transfer to electron acceptor (e.g., O2), leading to enhanced
photocatalytic efficiencies.33,34 Moreover, it is expected that
with the presence of strontium sites, the interaction between
NO molecule and the photocatalyst would change, possibly
promoting the complete conversion of NO.35 Nevertheless,
SrTiO3 can only be excited by light with shorter wavelength,
owing to its wide band gap energy of 3.2 eV. To endow SrTiO3
with visible light harvesting property, substitutional doping is
normally adopted due to the excellent tolerance of perovskite
structure.36−39 Although effective bandgap narrowing can be
achieved, due to the hard control over the generation of
continuous midgap states, charge recombination is inevitably
encountered.
Recently, plasmonic nanostructures have drawn a great deal

of attention in the field of photocatalysis for the merit of
intense light absorption. Previous studies proved that coupling
plasmonic nanostructures (namely Au and Ag nanoparticles)
with wide bandgap semiconductors, is able to extend the light
absorption into visible range and achieve higher photocatalytic
rates.40 For example, R. Saravanan synthesized ternary ZnO/
Ag/CdO nanocomposite and showed that this material
exhibited pronounced activity for industrial textile removal
under visible light.41 Essentially speaking, the electrons on the
surface of plasmonic nanostructure can be strongly interacted
with incoming photons when their oscillating frequencies are
matched, and give rise to the so-called localized surface
plasmon resonance (LSPR).42 This physical property is usually
characterized by a strong light absorption at certain wave-
lengths, which varies with different metals, sizes and shapes.43

Though it still remains ambiguous, the mechanism for
plasmonic improved photocatalysis is mainly categorized into
charge transfer and local electric field enhancement.44−47 There
are several methods available for depositing plasmonic
nanostructures onto semiconductor surface, for example, Y.
He and co-workers employed the oblique angle codeposition
method to embed Ag nanoparticles with TiO2 nanorods;

48 D.
Ding et al. used the ligand exchange approach to construct Au/
TiO2 photocatalysts with well controlled sizes and SPR
properties.49 However, these methods often require tedious
procedures that are not economically feasible.
Herein, we propose the one-pot fabrication of plasmonic

Ag−SrTiO3 nanocomposites toward photocatalytic elimination
of NO. The loading amount of Ag nanoparticles could be easily
tuned by changing the concentration of precursor AgNO3.

Comprehensive characterizations of materials were conducted,
and the photocatalytic mechanism of Ag−SrTiO3 nano-
composites for NO removal was proposed. To the best of
our knowledge, this is the first time to prepare Ag−SrTiO3
nanocomposites in a one-pot process, and a series of Ag−
SrTiO3 composites with differing weight ratios were evaluated
for their photocatalytic performances.

2. EXPERIMENTAL SECTION
2.1. Preparation of Pristine SrTiO3, Ag−SrTiO3, and Pure Ag

Samples. All chemicals used throughout the experiments were of
analytical grade purchased from Sigma-Aldrich without further
purification. Ag−SrTiO3 (Ag−STO) samples were prepared by the
one-pot solvothermal method. Typically, 5 mL of Sr(NO3)2 aqueous
solution was slowly added into 30 mL of titanium tetraisopropoxide
(TTIP)−ethanol solution at equal mole and agitated for 30 min, to
which 0.2 mol L−1 mineralizing agent NaOH was added and stirred for
another 30 min. AgNO3 precursors with different amount were
introduced into the above solution, respectively. The mixture was
transferred into a 50 mL Teflon-lined stainless steel autoclave and kept
at 160 °C for 24 h. The obtained Ag−STO products were rinsed, dried
and finally annealed in Ar at 350 °C for 30 min to ensure the intimate
contact between Ag and STO.

For comparison, pristine SrTiO3 was prepared with the same
method except the addition of AgNO3 solution. Metallic Ag was
prepared by the same approach without introducing Sr and Ti
precursors. For convenience, pristine SrTiO3 sample were denoted as
STO, and the Ag−SrTiO3 nanocomposites with Ag weight ratios of
0.1%, 0.25%, 0.5% and 1% were denoted as 0.1% Ag−STO, 0.25%
Ag−STO, 0.5% Ag−STO and 1% Ag−STO, respectively.

2.2. Characterization. The crystal structures of the samples were
determined by the PANalytical X’pert Pro powder diffractometer at a
scanning rate of 0.017° min−1 ranging from 20° to 80° (PANalytical
Corp., The Netherlands). The morphology of the samples was
characterized by SEM 6700F instrument (JEOL Corp., Japan), and
TEM performed on the JEOL 2010 instrument at accelerating voltage
of 100 kV (JEOL Corp., Japan), respectively. The surface chemical
composition of Ag−STO nanocomposites was further analyzed by the
X-ray photoelectron spectroscopy (Thermo Scientific, Escalab 250Xi,
the United States), and the binding energies were calibrated by C 1s at
284.8 eV as a reference. The surface area of the samples was measured
by the Gemini VII 3.03 instrument (Micromeritics Instrument Corp.,
the United States), with values obtained from the N2 adsorption−
desorption isotherms at 77 K in the partial pressure range of 0.05−
0.35. The optical properties of the samples were investigated by the
Agilent Cary 100 instrument (Agilent Corp., the United States) in the
range of 200−800 nm, with Ba2SO4 reflection as a reference. To probe
the formation of superoxide and hydroxyl radicals, electron spin
resonance (ESR) measurements were conductedon a Bruker ER200-
SRC instrument (Bruker Corp., Germany) at room temperature. LED
lights at wavelength of 280 and 420 nm were used, respectively, during
ESR studies. DMPO (5,5-dimethyl-l-pyrroline N-oxide) was used as
the spin trapping agent, with deionized water and methanol as
solvents, respectively, to detect the generation of hydroxyl radicals
(DMPO−·OH) and superoxide radicals (DMPO−·O2

−). The charge
recombination kinetics of photocatalysts were studied by the
photoluminescence spectra acquired from the F-7000 photolumines-
cence spectrometer (Hitachi, Japan) using excitation wavelength of
280 nm at room temperature. Fourier transform infrared (FT-IR)
spectra of samples, before and after photocatalytic reactions were
measured on the Bruker Vertex 70 spectrometer (Bruker Corp.,
Germany), using the KBr pellet method. Mott−Schottky plot of STO
was measured in the three electrode configuration on Princeton
Parstat 4000 potentiostat. For detailed information on electrode
fabrication and measurement conditions, please see the Supporting
Information.

2.3. Photocatalytic Activity Assessment. To assess the activity
of STO and Ag−STO photocatalysts toward NO abatement in realistic
conditions, the experiments were conducted in a continuous gas flow
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chamber designed according to a previous report.50 The homemade
stainless steel chamber is rectangular in shape with a top quartz glass
panel, and the total volume of the chamber is 4.5 L. Inside the
chamber, a round Petri dish containing 0.1 g of specimen was placed
on the bottom, supported by a sample holder. The air/NO mixture at
a concentration of 400 ppb was produced by diluting NO standard gas
with zero air in the gas dilution calibrator (Sabio 4010, the United
States), and accessed to the chamber through the inlet tube. The outlet
tube was positioned at the same height on the opposite chamber wall,
to allow the gas flow over the sample surface. The whole system was
kept at room temperature. The light was provided by a 300 W electric
input xenon lamp (Perfectlight, microsolar300, Beijing) positioned
above the chamber, and the optical power density of visible light (420
nm cutoff filter) reaching the sample surface was 28.93 mW/cm2

(calibrated by Thorlabs PM100D photometer). After the sample was
placed in the chamber, the gas stream (at 3 L/min) was introduced to
the chamber and stabilized for 30 min in the dark to achieve constant
NO concentration. The xenon lamp was then switched on and the
NO, NO2 concentrations were continuously monitored. The removal
ratio of NO at any given time was noted as C/C0, where C is the NO
concentration at any given time, ppb; and C0 is the initial
concentration of NO, ppb. NO2 concentration was simultaneously
recorded during the process, and the selectivity was calculated
according to the following equation:51

=
−

C

C C
NO selectivity2

NO

0

2

Where CNO2
represents the production of NO2, ppb; C0 is the initial

concentration of NO, ppb; and C is the final concentration of NO,
ppb.

3. RESULTS AND DISCUSSION
3.1. XRD Characterizations and Surface Chemical

States. Figure 1 shows the XRD patterns of synthesized

Ag−STO nanocomposites at various Ag loading amounts in
comparison with those of pure STO and pure Ag nanoparticles.
The peaks located at 32.4°, 39.9°, 46.5°, 57.8°, 67.8° and 77.2°
can be well-indexed to the characteristic diffraction peaks of
110, 111, 200, 211, 220 and 310 planes of perovskite SrTiO3
(JCPDS file No. 35-0734), suggesting that phase pure STO was
formed and well crystallized with cubic structure.52 The average
particle size of STO is about 31.8 nm as estimated from the
strongest 110 diffraction peak by Scherrer Equation.53

Compared with pristine STO, major diffraction peaks
belonging to STO were maintained for Ag−STO nano-
composites with similar fwhm (full width at half maxima)
values, suggesting that the phase structure and crystallite size of

STO were well preserved in addition of Ag precursor.
Scrutinization of the dominant diffraction peak positions
revealed no shift after Ag loading, excluding the possible
doping of Ag+ into SrTiO3 crystal lattice. However, diffraction
peaks belonging to Ag were not found in the pattern, which
may be due to the low loading amount of Ag beyond the
detection limit of the diffractometer. Characteristic peaks
located at 38.1°, 44.3°, 64.4° and 77.5° justify the formation
of cubic phase Ag (JCPDS file No. 04-0783) in the
solvothermal environment.54 Therefore, it was assumed that
Ag nanoparticles were introduced onto the surface of STO at
low amount by the one pot solvothermal approach.
To identify the surface chemical states and composition of

the as-prepared Ag−STO samples, the 0.5% Ag−STO
nanocomposite was characterized by X-ray photoelectronspec-
troscopy (XPS). Figure 2 presents the survey spectrum and
high-resolution spectra of C 1s, Ag 3d, Sr 3d, Ti 3d and O 1s
orbitals. The survey spectrum confirmed the presence of Sr, Ti,
and O elements, whereas the peak for C 1s is ascribed to
adventitious carbon during XPS measurement. The peak
located at binding energy of 367.97 eV corresponds to the
3d5/2 orbital of Ag

0 species.55 Quantitive analysis showed that
the surface atomic percentage of Ag in STO was consistent with
the precursor ratio, which demonstrates that all Ag precursors
were transformed to Ag nanoparticles loaded on STO surface.
In the spectrum of Sr 3d, the peaks at 132.85 and 134.37 eV
correspond to Sr 3d5/2 and Sr 3d3/2, respectively, suggesting its
existence as Sr2+ state. Titanium exists as the Ti4+ state was also
verified by two separate peaks at 458.12 and 463.97 eV with a
splitting orbital energy of 5.8 eV. Moreover, the asymmetric
shape of O 1s peak, which can be deconvolved into two
separate peaks centered at 529.51 and 530.87 eV, suggesting
that titanium bonded oxygen (Ti−O) and hydrogen bonded
oxygen (O−H) are both present on the surface.56 The surface
OH group, through reaction with photoinduced holes, would
be potentially favorable for generation of ·OH radicals to
catalyze NO oxidation reaction.

3.2. Morphological Structure. To understand the
morphological and structural characteristics of the as-prepared
STO and Ag−STO products, SEM and TEM characterizations
were performed. Figure S1 shows the typical SEM images of
STO and 0.5% Ag−STO nanocomposites, in which nanocubes
with a size of ca. 40 nm can be seen. Figure 3a−d displays the
typical TEM, high-resolution TEM (HRTEM) and SAED
patterns of STO and Ag−STO samples. As presented in Figure
3a, strong contrast view in the image reveals that STO was
formed in a square pattern, confirming the formation of STO
nanocubes.24 The dimension of STO was estimated to be
around 35 nm from Figure 3a, which is consistent with the
SEM and XRD calculation results. The high-resolution image in
Figure 3b exhibits continuous and well-resolved lattice fringes,
with d-spacing of ca. 0.27 nm corresponding to the 110 plane of
STO.57 Multidiffraction rings instead of dots are observedfrom
the inset of Figure 3c, suggesting that the solvothermally
synthesized STO possesses a polycrystalline nature. Figure 3c
displays the morphology of Ag−STO nanocomposites where
some dark spheres ranging in 10−20 nm were found dispersed
on the top of STO surface. They are presumed to be Ag0

nanoparticles due to the darker contrast. By taking high-
resolution images on one sphere (Figure 3d), the average d-
spacing value ca. 0.24 nm was determined, corresponding to the
111 plane of Ag.58

Figure 1. Powder XRD patterns of pure STO, pure Ag and Ag−STO
nanocomposites with various Ag loading amount.
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Therefore, Ag nanoparticles modified STO nanocomposites
were successfully synthesized via one-pot solvothermal method.
Combined with the above characterization results, the
formation mechanism of Ag−STO nanocomposites was
proposed tentatively as illustrated in Scheme S1 (Supporting
Information). The formation of STO mainly follows the
“diffusion reaction” and “oriented attachment” processes,59 in
which the mineralizing agent NaOH plays an important role in
forming STO and Ag nanocrystals. No STO was formed at
NaOH concentration of 0.1 mol L−1 or below in our study.
Therefore, it is postulated that high concentration of OH−

facilitates the hydrolysis of TTIP to form negative charged
titanium sol, and attract positive charged Sr2+ ions to form
SrTiO3 nuclei. Moreover, Ag+ could be quickly precipitated
with OH−, producing AgOH and further into Ag2O and H2O.
In the presence of solvent ethanol, Ag2O was reduced to Ag0

under heated conditions. Unreacted Ag+ and Ag2O in the vessel
can be further reduced to Ag0 (for detailed reaction routes, see
eqs 1−4).60 Because SrTiO3 and Ag are both crystallized in
cubic structure with similar lattice spacing, they are more likely
to be attached and achieve better lattice matching. Currently,

the parameters influencing the particle size of Ag are unknown,
whereas the loading amount of Ag could be easily tuned by
changing the precursor concentration of Ag+.

+ → ++ −2Ag 2OH Ag O H O2 2 (1)

+ → + +Ag O C H OH 2Ag CH CHO H O2 2 5 3 2 (2)

+ +

→ + +

+ −2Ag CH CHO 2OH

2Ag CH COOH H O
3

3 2 (3)

+ → +Ag O CH CHO 2Ag CH COOH2 3 3 (4)

3.3. Photocatalytic Performance, Selectivity and
Stability. The photocatalytic activities of the bare STO, Ag−
STO nanocomposites and commercial P25 were evaluated for
the degradation of NO under visible irradiation (λ > 420 nm).
The NO removal rates against irradiation time over different
photocatalysts are plotted in Figure 4a. The dark adsorption
differences over distinct photocatalysts were first excluded
because they possess comparable surface area (see Table S1).

Figure 2. XPS spectra of the 0.5% Ag−SrTiO3 nanocomposite: (a) survey spectrum; (b) Ag 3d; (c) Sr 3d; (d) Ti 2p and (e) O 1s.
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As observed, pristine STO showed poorer photocatalytic
performance for NO removal compared with P25, whereas
coupling with Ag nanoparticles dramatically improved the
photocatalytic efficiency. Although STO was inferior to P25 in
terms of NO removal efficiency, it produced less toxic NO2
molecules as we recorded (Figure 4b). According to the
equation shown in section 2.3, the NO2 selectivity of P25 was
only 12.2%, which is twice that of STO (6.3%), suggesting that
STO is more advantageous in realistic conditions. Previous
studies showed that barium oxide (BaO) species could function
as NOx storage material to promote the photocatalytic activity
of TiO2.

35,61 Thus, it is assumed that Sr−O in STO matrix
would have the similar behavior that promotes NOx adsorption
and avoids the release of NO2.
Moreover, the effect of Ag loading ratio on photocatalytic

efficiency was studied and shown in the curve. Among the four
Ag−STO samples, 0.5% and 1% Ag−STO nanocomposites
showed the best NO removal performances, with nearly 30%
NO eliminated, which is twice that of pure STO. Further
increase of Ag loading ratio to 1% only resulted in a marginal
improvement in NO removal rate, suggesting that the optimal
Ag loading ratio was around 0.5%. Presumably, the photo-
catalytic activity enhancement was mainly attributed to the
LSPR effect of Ag nanoparticles, which leads to intense
absorption in visible light region and contributes to the overall
activity. With the increase of Ag loading amount, the LSPR
effect becomes more significant and enhances removal rates of
NO by transferring energy to STO. However, as more Ag
nanoparticles were deposited on STO surface, photogenerated
exciton population was increased, leading to an increased
chance of charge recombination which might deteriorate the
photocatalytic performance.62 Therefore, 1% Ag−STO photo-
catalyst showed the similar performance with 0.5% Ag−STO
on NO removal. Another important feature that is worth noting

is the increase of Ag loading ratio has negative impact on the
selectivity, which is in other words, more NO2 molecules are
released over Ag−STO than pristine STO. This phenomenon
can be ascribed to the occupancy of surface alkaline sites by Ag
nanoparticles, which implies the importance of surface base
property to promote NOx conversion. Moreover, the repeated
tests of 0.5% Ag−STO nanocomposite showed that the
photocatalytic activity was largely maintained (Figure 4c),
indicating the excellent stability of the synthesized nano-
composites.

3.4. Optical Properties. To gain an insight into the
enhanced photocatalytic efficiency of Ag−STO nanocompo-
sites for NO removal, optical characterizations were performed.
The UV−vis absorbance spectra of Ag−STO nanocomposites
were recorded, and the results are shown in Figure 5a. It is
clearly observed that pristine STO harvested majority of light
below 400 nm, and the calculated bandgap energy was 3.2 eV
using the Kubelka−Munk function, which is in agreement with

Figure 3. (a) Low-magnification TEM image of pristine STO; (b)
high-resolution TEM image of pristine STO; (c) TEM image of 0.5%
Ag−STO nanocomposite with arrows indicating Ag nanoparticles;
inset is SAED image of pristine STO; and (d) HRTEM image of Ag
nanoparticle on the top of STO surface.

Figure 4. (a) Photocatalytic activity of Ag−STO, pristine STO and
P25 samples as a function of irradiation time under visible light (λ >
420 nm), (b) NO2 generation over Ag−STO, pristine STO and P25
samples, and (c) stability of 0.5% Ag−STO nanocomposites under
visible light irradiation (λ > 420 nm).
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previous results.59 In addition, the Ag−STO nanocomposites
displayed characteristic LSPR absorption in the range between
400 and 600 nm,41 demonstrating the feasibility of the method
to prepare plasmonic photocatalyst. The broadening of
plasmon peaks, according to the literature, may be associated
with the wide size distribution of Ag nanoparticles on STO
surface.41,63 Numbers of studies concluded that there is a
positive correlation between SPR intensity and the photo-
catalytic efficiency improvement.46,48,49 Through correlating C/
C0 with the SPR intensity (Figure 5b), we demonstrate that a
quasi-linear relationship exists in the range of 0.1%−0.5% of Ag
loading ratio. Whereas the further increase in sample
absorbance does not lead to a continued growth in NO

removal rate. This is probably due to other factors, such as the
recombination of charge carriers in aggregated Ag nanoparticles
becoming predominant at high loading ratios.
Essentially speaking, electron transfer, near-field electro-

magnetic and scattering are main mechanisms for LSPR
promoted photocatalytic rate enhancement.41,42 When semi-
conductor and plasmonic metal are in direct contact, as in our
case, the electron transfer becomes the predominant mecha-
nism.44,64,65 Therefore, it is to say that the Ag LSPR induced
the energetic electrons to inject to STO, like the dye-sensitized
process, so that the electron concentration increased for the
participation in chemical reactions. Scheme 1 shows the LSPR
mediated charge transfer mechanism between Ag and STO.
The flatband potential of STO relative to normal hydrogen
electrode (NHE) was obtained from the Mott−Schottky plot
(Figure S2) using the following equation:

ε ε
= + − −

⎛
⎝⎜

⎞
⎠⎟C C qA N

U U
kT
q

1 1 2
2

H
2

r 0
2

D
fb

(5)

where C is the space charge layer capacitance, CH is the
Helmholtz double layer capacitance, and εr is the dielectric
constant of the semiconductor, ε0 is the permittivity of free
space, q is electronic charge, A is electrode surface area, ND is
the doping density, U is the applied potential, Ufb is the flatband
potential, k is the Bohr constant and T is the absolute
temperature. For n-type semiconductor, the flatband potential
is close to the conduction band position, therefore the
conduction band position of STO is marked as −0.8 V vs
Ag/AgCl in the NHE scale (at pH 7), and the valence band
position is 2.4 V vs Ag/AgCl in the NHE scale (at pH 7).
Because the work function of Ag is around 4.52−4.74 eV, the
Fermi level of Ag lies somewhere between 0 and 0.2 V vs NHE.
Energetic electrons will be formed with SPR excitation, which
locate in the surface plasmon state 1.0−4.0 eV above the Fermi
level. Such electronic state alignment allowed for the effective
charge injection that contributed to the improved photo-
catalytic efficiency.
To probe the charge separation at the interface of Ag and

STO, the photoluminescence (PL) spectra were recorded, and
the results are shown in Figure 6. As observed, the pristine STO
exhibited a broad PL signal in the range from 350 to 500 nm,
with the obvious peak appearing at 400 nm attributed to the
free exciton transition between band edges. The appearance of
small peaks may indicate that there are binding exciton
localized levels related to surface states on STO, which is in

Figure 5. (a)UV−vis absorbance spectra of bare STO and Ag−STO
nanocomposites at different Ag loading ratios, and (b) NO removal
efficiency (C/C0) against relative absorbance (a.u.) of Ag−STO
nanocomposites.

Scheme 1. Mechanism of LSPR Induced Charge Injection from Ag Nanoparticles to STO on the NHE Scale
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good agreement with the XPS results.66 Another important
feature is that the PL intensity in the vicinity of 400 nm
declined pronouncedly after introducing Ag nanoparticles. It
continues to decrease as the increase of Ag loading ratio from
0.1% to 0.5%. When the loading ratio further increased to 1%,
the PL intensity decline became less significant. This trend is in
accordance with the photocatalytic activity of samples. The
results above indicate that Ag nanoparticles can effectively
quench the charge carrier recombination at the interface,
whereas at the high loading ratio (specifically at 1%) the
quench effect becomes weaker, which may be due to the
formation of aggregated Ag nanoparticles unfavorable for
charge separation. Therefore, it is confirmed that the best
photocatalytic activity of 0.5% Ag−STO is supported by the
excellent visible light absorption arised from the LSPR effect
and the enhanced charge separation across the interface.
3.5. Production of Reactive Radicals and Photo-

catalytic Reaction Mechanisms ESR Spectra. To probe
the involvement of reactive oxygen species during photo-
catalytic removal of NO over STO and Ag−STO samples, the
ESR technique was employed with DMPO as the spin trapping
agent (shown in Figure 7). Keeping the suspension of
photocatalysts in the dark showed no signals at all, indicating
no radicals formed on both STO and Ag−STO samples in the
absence of light. Under visible light irradiation, the obvious
presence of sextet peaks with hyperfine splitting parameters of
aN = 1.43 mT and aHβ = 1.17 mT, and the quartet peaks with
hyperfine splitting parameters of aN = aH = 1.49 mT are
observed for 0.5% Ag−STO, suggesting the formation of
DMPO−·O2

− and DMPO−·OH adducts, whereas such signals

are not detected over pristine STO exposed to visible
irradiation.67−69 Under UV light, both pristine STO and the
0.5% Ag−STO nanocomposite exhibited well-defined signals of
DMPO−·O2

− and DMPO−·OH adducts (see Figure S3).
These results imply that coupling Ag nanoparticles with STO
primarily induced the generation of reactive oxygen species
upon visible light excitation. On the basis of previous
discussion, the generated ·O2

− and ·OH radicals were
essentially benefited from hot electron generation due to Ag
plasmon resonance, and the depressed charge recombination
across the Ag−STO interface. Therefore, the improved
efficiency of photocatalytic NO removal over STO was
essentially attributed to the significant generation of reactive
oxygen species after coupling with plasmonic Ag nanoparticles.
Finally, the photocatalytic mechanism of NO reaction over

Ag−STO nanocomposite was proposed based on aforemen-
tioned results and analyses. When Ag−STO is irradiated with
light at the plasmon frequency of Ag nanoparticles, energetic
electrons are produced and injected to the conduction band of
STO by overcoming the Schottky barrier at the metal/
semiconductor interface (reactions R1 and R2).64 Part of
these “hot” electrons have longer lifetime, being captured at
surface Ti sites and reacting with adsorbed oxygen to produce ·
O2

− and ·OH radicals (reactions R3−R5)).70 To maintain
electric neutrality, electrons on valence band of SrTiO3 are
transferred to Ag nanoparticles, leaving behind holes that can
further react with surface hydroxyl group to produce ·OH
radicals (reaction R6). Subsequently, the ·OH and ·O2

− radicals
lead to the oxidation of NO to nitrate ions via different paths
(reactions R7−R9).7 FT-IR results confirmed the generation of
nitrate ions after the photocatalytic reaction (see Figure S4). As
a matter of fact, the photocatalytic activity would gradually
decrease as the accumulation of nitrate ions on STO surface,
but it can be easily restored by simply washing the
photocatalyst with water.

λ− + → − *Ag NPs Ag NPsvis (R1)

− + → − ++ −Ag NPs SrTiO Ag NPs SrTiO (e )3 3 (R2)

+ → ·− −e O O2 2 (R3)

· + + →− + −O 2H e H O2 2 2 (R4)

+ → · +− −H O e OH OH2 2 (R5)

+ → ·+ −SrTiO (h ) OH OH3 (R6)

Figure 6. Photoluminescence spectra of bare STO and Ag−STO
nanocomposites with laser excitation at 280 nm.

Figure 7. DMPO spin-trapping ESR spectra of STO and the 0.5% Ag−STO nanocomposite at visible wavelength of 420 nm, with light on for 10
min.
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+ · → +NO OH NO H O2 2 (R7)

+ · → +− +NO OH NO H2 3 (R8)

+ · →− −NO O NO2 3 (R9)

4. CONCLUSIONS
In summary, a one-pot solvothermal approach for preparation
of Ag−STO nanocomposites was proposed, and enhanced
visible light activity for NO mitigation was achieved in this
work. It was found that NaOH played a bifunctional role in
promoting the growth of SrTiO3 and Ag nanocrystallites. This
method may be extended to fabricate other Ag−titanate (Ca,
Ba) composite photocatalysts. Ag loading amount had an
obvious effect on the photocatalytic efficiency for NO removal,
with 0.5% Ag−STO exhibited the best performance among all
samples. The improved photocatalytic activity was attributed to
the enhanced visible light harvest derived from the plasmon
resonance of Ag nanostructures, and reinforced charge
separation at Ag−STO interface. The ESR studies suggested
that both ·OH and ·O2

− radicals were involved in the
photocatalytic oxidation of NO. Coupling Ag nanostructures
with STO also led to the production of more radicals available
for NO oxidation. Moreover, NO2 generation over STO was
mitigated comparing with P25, suggesting that the presence of
alkaline sites may be beneficial for adsorption of intermediates.
Presumably, crystal facet control over STO with more Sr−O
termination might be favorable for NO adsorption, and this
work is currently under investigation in our group. Finally, the
specific reaction pathway of NO over STO needs in-depth
investigation by, for example, the in situ FT-IR technique.
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