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ARTICLE INFO ABSTRACT

A heterojunction of plasmonic Ag particles on Ti*>*-doped macro-/meso-porous TiO, framework consisting of
parallel microchannels, denoted as Ag/TiO,., has been fabricated by a simple microwave-assisted process
employing vitamin C as the reducing agent for forming TiO,._, framework followed by photochemical deposition
of Ag particles. Charge transport and recombination processes were detected through transient photocurrent
responses. The visible-light photocatalytic hydrogen production rate and the apparent reaction rate constant of
RhB photodegradation with 3%-Ag/TiO,, catalyst are about 5.3 and 14.0 fold higher than those with the
pristine macro-/meso-porous TiO, framework, respectively. A mechanism based on the synergistic effects of Ag
plasmonics and Ti**-doping at the Ag/TiO,., heterojunction is proposed, which consistently explains the high
photocatalytic performance in hydrogen evolution and the improved photocatalytic decomposition of RhB under
visible light. This study demonstrates the effective route to synthesize new heterojunction photocatalytic ma-
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terials with multifunctional properties using low-cost and rapid microwave processes.

1. Introduction

The crisis of fossil energy and distruction of ecologic environment
are the two severe issues that we are facing today [1-3]. Currently, one
of the most prospective paths for alleviating these problems is photo-
catalysis [4-7], due to its great potential for splitting water into hy-
drogen fuel, CO, photoreduction into renewable hydrocarbon fuel
[8-13], photodegradation of organic pollutants [14-20], generation of
electricity with dye-sensitized solar cells [21], and the removal of toxic
gases [22,23]. The development of suitable photocatalysts is key to
these research that can induce chemical reactions not feasible in dark
conditions by effectively harvesting photons [24]. TiO is believed to be
one of the forerunner semiconductor photocatalysts owing to its unique
physical and chemical properties, such as excellent chemical stability,
low cost and environmental compatibility [25]. However, as a photo-
catalyst, application of TiO, is restricted by its rapid recombination of
photoexcited charge carriers and wide band gap. To overcome these
problems, strategies were employed by doping with metal, nonmetal
and lower-valence state Ti°* (or oxygen vacancies) [26-34], surface
sensitization [35], coupling with narrower band gap semiconductors
[36-40], etc. In addition, TiO5 has been incorporated in many hybrid
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materials to form heterojunction photocatalysts, thereby giving lower
electron-hole recombination rate and broader-band photon absorption
[41].

Among the various methods, integrating noble metal nanoparticles,
such as Au and Ag with TiO, is a promising strategy. The photocatalytic
performance can be significantly enhanced because of the localized
surface plasmon resonance (SPR) induces strong absorption of visible
light and improves photogenerated charge separation at the metal-
semiconductor interface [42-44]. Furthermore, the Ag and Au nano-
particles are chemically stable in many photocatalytic reactions and
their SPR performance can be controlled by tuning their size, shape and
assembly on the TiO, surface, giving larger freedom to optimize the
photocatalyst.

Ti* self-doping has been proven to be another effective approach.
Usually, Ti**-doped TiO, presents dark blue or black color due to the
introduction of oxygen vacancy (Ovy) states in the band gap of TiO,, and
generates a strong absorption of visible light. Also, the formation of
structural defects is able to capture electrons, hinder the recombination
of the e”-h™* pairs, improve the electrical conductivity, facilitate elec-
tron transfer and hydrogen desorption, and thereby remarkably en-
hance photocatalytic activity and photoelectrochemical (PEC) property
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Fig. 1. Schematic diagram of the procedure to prepare Ag/TiO,, photo-
catalysts.

of TiO, [45-47]. Therefore, many research have been devoted to pre-
paring Ti®*-doped black TiO, with various methods, for example hy-
drogenation, chemical reduction/oxidation, anodization, electro-
chemical reduction, and Al vapor reduction in high-pressure and high-
temperature [48-52]. However, these methods frequently demand ex-
pensive equipment and harsh preparation conditions, raising safety and
sustainability concerns. Therefore, it is fully necessary to explore a
method for synthesizing Ti*>*-doped TiO, at milder conditions.

Herein, we develop a simple microwave-assisted process to syn-
thesize T13+-doped TiOs (i.e., TiO,.,) using vitamin C as the reducing
agent. It is then followed by a photo-reduction process to deposit Ag
nanoparticles and form Ag/TiO_, composites (see Fig. 1). The Ag/TiO5.
» composites with varied Ag contents have been employed as photo-
catalysts for photocatalytic production of H, and photocatalytic de-
gradation for RhB using visible light. The Ag/TiO, , composites show
drastically improved photocatalytic activities as compared to pristine
TiOs, Ti3+-doped TiO, (denoted as TiO,.,) and Ag/TiO, hybrids. The
results reveal a strong synergistic enhancement by the combination of
the plasmonic effect of Ag nanoparticles and heavy Ti**-doping, which
is particularly effective for improving photocatalysis using broad-band
visible light. By our knowledge, this has not been reported in the lit-
eratures. This phenomenon provides new insights into tuning TiO,
properties for higher photocatalytic activities by safe, low-cost and
reliable synthetic routes.

2. Experimental section
2.1. Materials

Tetrabutyltitanate (TBOT, C;6H3604Ti) and triethanolamine
(CeH15NO3) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. Vitamin C and silver nitrate (AgNO3) were purchased from
Aladdin. All chemicals are analytical grade. Double-distilled water was
employed in this research.

2.2. Photocatalysts preparation

A facile microwave-assisted method was employed to prepare the
Ag/TiO,, composites. The synthesis of the pristine macro-/meso-
porous TiO, framework was described in our previous studies [38,40].
The 0.3 g of pristine powdered TiO, was added into 20 mL of aqueous
solution with 3.3 g vitamin C. The above suspension was treated by
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ultrasonication for 15 min and then transferred into a 30 mL glass vial
to be used in an automatically controlled microwave reactor (Discover
SP 909155, Matthews. NC, USA). The solution was heated to 110 °C by
microwave radiation with an output power of 30 W under atmospheric
pressure for 5 min with gentle magnetic stirring. Further washing by
water and desiccating at 60 °C led to the Ti**-doped TiO,, denoted as
TiO,.,. At last, 0.4 g of TiO,, powder was mixed with 0.0064, 0.0192
and 0.0320 g AgNO3 in 50 mL water under vigorous stirring for 30 min,
respectively. After that, the mixture was irradiated with a 350 W Xenon
lamp for 30 min. Then the above mixture was filtered, washed thor-
oughly with distilled water and dried at 80 °C for 10 h. Samples were
denoted as y%-Ag/TiO, ,, where y represents the mass ratio of Ag to
TiO,, as 1%, 3%, and 5%, respectively. The Ag/TiO, control sample was
prepared following the identical procedures described previously, by
using the pristine macro-/meso-porous TiO,.

2.3. Materials characterization

The crystallographic structures of the as-obtained photocatalysts
were confirmed with powder X-ray diffraction (Bruker AXS, German).
X-ray photoelectron spectroscopy (XPS, VG Escalab 220i-XL, UK) was
tested under a monochromatic Al Ka source. To observe the mor-
phology, SEM, HRTEM and STEM images were obtained by a S-3400 N
(Hitachi, Japan) scanning electron microscope and a FEI talos 200X
(FEL, USA) transmission electron microscope operating at an accelera-
tion voltage of 200 kV, respectively. The EPR (electron paramagnetic
resonance) spectra were performed with a MEX-nano spectrometer
(Bruker, German). The pore size distribution and BET surface area of
the prepared samples were analyzed by ASAP 2020HD 88 instrument
(Micromeritics, USA). UV-vis absorption spectra of the samples were
obtained with a UV-vis 2550 spectrophotometer (Shimadzu, Japan)
using BaSO, as a reference.

2.4. Photocatalytic activity test

The photocatalytic performance of the as-obtained catalysts was
evaluated with average rates for hydrogen production and Rhodamine
B decomposition. In the photocatalytic reaction, a 350 W Xenon arc
lamp with a 420 nm cut-off filter were used. Usually, 40 mg of the as-
prepared sample was placed in 30 mL RhB solution, the evolution of
concentration of RhB was recorded by UV-vis spectrophotometer at the
wavelength of 552 nm.

For the photocatalytic hydrogen production experiment, first, 50 mg
of the photocatalyst was added into 100 mL triethanolamine
(CgH15NO3, 20 vol%) sacrificial agent aqueous solution. Subsequently,
the suspension was sonicated for 20 min [53]. The photocatalyst sus-
pension was deaerated by nitrogen gas for 30 min. Then, the photo-
catalytic reaction was triggered by visible light irradiation under
magnetic stirring at room temperature. The gaseous products were
gathered for 0.5 h interval with a gas-tight syringe [54] and the pho-
tocatalytic H, evolution was evaluated through a gas chromatograph
(SP7820, Limited, China).

2.5. Electrochemical performances test

The photocurrent response was detected on an electrochemical
station (CHI660E/700E, Shanghai Chenhua, China). First, the as-pre-
pared samples were smeared on a FTO glass by spin coating as the
working electrode, and an Ag/AgCl electrode and a Pt foil were em-
ployed as the reference electrode and the counter electrode, respec-
tively. Then, the three electrodes were inserted in the 0.5 M Na,SO,4
electrolyte solution. At last, the solution was purged for 0.5 h with Nj.
The photocurrents and EIS measurements were measured under visible
light illumination using a LED lamp (420 nm, 3 W).
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Fig. 2. (a) XPS survey spectra, (b) Ti 2p and (c) O 1s high-resolution XPS spectra of pure TiO,, TiO,, and 3%-Ag/TiO,., and (d) Ag 3d XPS spectrum of 3%-Ag/TiO,,.

3. Results and discussion
3.1. Composition, morphology and structure of catalysts

To determine the chemical composition of the catalysts, XPS (X-ray
photoelectron spectroscopy) was employed. Fig. 2a displays the mea-
sured spectra of pristine TiO,, TiO» , and 3%-Ag/TiO, , samples. The
XPS spectra of the bare TiO, and TiO,., samples are almost identical.
All XPS spectra show feature peaks belong to Ti, O and C, whereas it is
clear that a small amount of element Ag is present in 3%-Ag/TiO.,. The
C 1s peak is attributed to adventitious hydrocarbon contamination from
the instrument [23]. In the Ti 2p region of TiO,., (Fig. 2b), the peaks
appearing at 458.6 and 464.3 eV are assigned to Ti 2p5,, and Ti 2p; /5 of
the Ti**, while the peaks located at 458.2 and 463.3 eV belong to 2ps,»
and 2p, , of the Ti®*, respectively [25]. The presence of the peak of
Ti®* confirms that a part of Ti** has been successfully reduced by vi-
tamin C [16,27]. Simultaneously, compared with pure TiOs, the Ti 2p
peaks of TiO,., show a slight decrease in the band energy, indicating
that vitamin C reduction produces more Ti®* [3]. Interestingly, the Ti
2p peaks of 3%-Ag/TiO., shift to a lower band energy by ca. 0.2 eV as
compared to those of the TiO,_, sample. This may be due to the fact that
during the photo-deposition of Ag metal, some electrons migrate from
Ag to Ti*" and cause it to form Ti** (Ag + e~ — Ag~,Ag™ + Ti**'—
Ti** + Ag) [21].

As revealed in Fig. 2c, the O 1s peak in the pristine TiO, sample can
be fitted with two major peaks corresponding to the lattice oxygen
(530.0 eV) and surface hydroxyl oxygen (532.0 eV), respectively. But
three fitted O 1s peaks are observed in TiO,.,, among which the two
peaks focused at 529.9 and 532.1 eV are attributed to Ti-O and O-H,
respectively [54]. Furthermore, the third peak appearing at 530.9 eV is

attributed to the oxygen vacancies (Oy) near Ti>*. These data clearly
indicate the presence of Ti®* [52]. Since the charge associated with
Ti®" in titanium dioxide needs to be balanced by oxygen vacancies
[54], Oy generally appears in pair with Ti®*. The Ti 2p and O 1s peak in
the XPS spectra show the presence of Ti** and oxygen vacancies in the
compound, which is beneficial in reducing the band gap and promoting
separation and transfer of photo-excited e "-h™* pairs [25]. In addition,
the integrated peak area of the oxygen vacancy in 3%-Ag/TiO,., is
significantly higher, indicating that more oxygen vacancies are formed
in the composite [3,15], which is in consistent with the bare TiO,.,
sample. Fig. 2d displays the Ag 3d spectra of representative 3%-Ag/
TiO,., sample. In Ag 3d region, the peaks corresponding to Ag 3ds,» and
Ag 3d;,, are located at 366.9 eV and 372.9 eV, respectively [25]. There
is a difference of 6.0 eV between binding energies of Ag 3d;,, and 3ds >
peaks, indicating that Ag is mainly present on the surface of TiO, in the
Ag® state [31]. It is worth pointing out that the binding energy shows
negative shifts by about —1.3 eV from 374.2 to 372.9 eV in comparison
with pristine Ag. This may be due to the close contact between the Ag
nanoparticles and the TiO,, which forms a Schottky barrier with some
electrons being transferred across the barrier from TiO, and trapped in
Ag particles [23,25,31].

The microstructures of the synthetic catalysts are characterized by
SEM, TEM, STEM and HR-TEM. Figs. 3a—c show the SEM images of the
pristine TiOs, TiOs., and 3%-Ag/TiO,,, respectively. In Fig. 3a, the
pristine TiO, sample clearly displayed a unique macroporous frame-
work with parallel microchannels whose walls possess a mesoporous
structure. The morphology of Ti**-doped TiO, framework in Fig. 3b
shows no obvious change. It can be observed that a small amount of
TiO, particles up to ca. 1.0 um are attached on the surface of the mi-
crochannels in both these two samples. The presence of such
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Fig. 3. SEM pictures of (a) pristine TiO, framework, (b) TiO,., framework, and (c) the 3%-Ag/TiO,., hybrid, (d) TEM, (e) STEM and (f) HR-TEM images of the 3%-
Ag/TiO,., hybrid, (g)-(j) elemental mapping images for the 3%-Ag/TiO,., hybrid.

hierarchical macro-/meso-porous structures can maximize the surface
area of the photocatalyst and accelerate the diffusion of reactants and
products in the solution, resulting in enhanced photocatalytic perfor-
mance [17,38]. The SEM images of the 3%-Ag/TiO-, sample in Fig. 3¢

10670

show that the TiO, skeleton reserved the macroporous structure.
However, globular Ag particles with the diameter up to 150 nm (in-
dicated by the blue circles) were attached to internal wall of the open
microchannels. Some Ag particles were also dispersed on the external
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TiO,., surface (represented by the red circles) [23] and without the
aggregation phenomenon [24].

The TEM image in Fig. 3d further reveals that most of the Ag na-
noparticles exhibit diameters of about 10-50 nm by photoreduction
method [7,17], which are randomly embedded in the TiO, framework,
while making only close contact with each other. Thus, the Ag nano-
particles are strongly coupled with the TiO, surface to be conducive to
photogenerated electron transfer and to effectively inhibit carrier re-
combination [7,23], while maintaining the SPR properties close to
dispersed Ag nanoparticles.

The HAADF-STEM image (Fig. 3e) further illustrates that some even
smaller silver nanoparticles of about 3-5 nm diameter attached to the
larger Ag nanoparticles of 15-20 nm nanoparticles (as bright spheres in
the dark field STEM) which are attached to the TiO, surface. Even
though the size of the Ag nanoparticles varies in a large range from 3 to
150 nm, it is evident that they are well dispersed on the surface of the
TiO, framework [33].

Fig. 3f displays the HR-TEM lattice image of 3%-Ag/TiO., which
clearly indicates the presence of both TiO, and Ag particles. A slight
blurring lattice (the blue arrow) in the outermost layer of the TiO,
particles can be ascribed to the formation of the oxygen vacancy (Oy)
and Ti®* sites due to the reduction effect of vitamin C [15,20,26,29].
The lattice fringes with distance of 0.35 nm and 0.24 nm are resulted
from the (101) plane of anatase TiO, and the (111) plane of cubic Ag,
respectively. These results demonstrate the high crystallinity of metallic
Ag phase and TiO, anatase phase.

The presence and distribution of the elements in the composites are
further analyzed by energy dispersive X-ray spectroscopy (EDS).
Figs. 3g—j present elemental mapping images of Ti, O and Ag in the 3%-
Ag/TiO,, sample, confirming the Ag presence on the open
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microchannels and on the external TiO-., surface [27,28].

Fig. 4a shows the X-ray diffraction (XRD) patterns of all catalysts.
The diffraction peaks marked with a star notation accord to anatase
phase of TiO, (JCPDS No. 21-1272), which are very sharp, obviously
meaning its highly crystalline property. Besides, the other peaks are not
discovered, which represents that the as-obtained TiO, is highly pure
anatase [17,25,52]. The XRD patterns of TiO, framework remain the
same in the samples after Ti>* doping and Ag nanoparticle deposition,
illustrating that neither the self-doped Ti** and associated Oy caused
by vitamin C reduction nor the Ag deposition affected the crystal
structure of TiO, [15,30]. Although the amount of incorporated silver
was small and they are highly dispersed, two weak diffraction peaks at
38.2° and 44.4° (marked with blue circles) can be observed with the of
the binary systems over 3% Ag, which match exactly with the JCPDS
file No. 04-0783 for Ag metal [27,28].

To verify the formation of uncoupled electrons, an EPR measure-
ment for the as-prepared samples was conducted. As presented in
Fig. 4b, the TiO, sample displays a small resonance signal barely above
the noise level, suggesting that there is a negligible amount of Ti** in
the TiO, framework. In contrast, a strong EPR peak at g = 2.003 was
observed in the TiO..,, which can be assigned to the fact that unpaired
electrons are captured by the surface oxygen vacancies [23,51]. During
the microwave-assisted synthesis process, the vitamin C molecules are
adsorbed on TiO, surface and subsequently reduce part of Ti** species
into Ti*+ species, leading to oxygen vacancies [41]. Because the surface
Ti®* under room temperature is readily oxidized to Ti**or is over-
lapped with the strong signal of Oy, the signal of Ti** (g = 1.98) can
not be observed. Therefore, we deduce that paramagnetic Ti>* defects
indeed exist on the sample surface. Due to the presence of the redox
couple (Ti** + e™— Ti®** and 0>~ — e~ — O7), the Oy is always
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followed by the generation of Ti®* defects. Thus EPR data confirmed
the existence of Ti®* defects in the large quantity of the TiO,., sample
[23,51]. Moreover, the 3%-Ag/TiO5., shows an obvious EPR signal,
which is equivalent to g = 2.005. This indicates that a lot of more Ti**
defects present on the surfaces of this sample. Accordingly, more Oy
sites are induced by surface Ti®*. The Oy-induced localized states are
efficient for trapping charge carriers, beneficial to an enhanced pho-
toactivity.

N, adsorption-desorption isotherms and the corresponding pore size
distribution of the pristine TiO,, TiO,_, and various Ag/TiO, composite
samples are plotted in Figs. 4c and d. All isotherms in Fig. 4c can be
categorized to type IV with H2-type hysteresis loop according to the
IUPAC definition. Moreover, they all present a high adsorption at the
high relative pressure (P/P,) range, signifying the presence of large
mesopores [17,48,53]. Compared with pristine TiO,, the N, adsorption-
desorption isotherms of all other samples shift upward, indicating the
increase of specific surface area (Sgey). Particularly, after the vitamin C
reduction process, the Spgr increases from 17.1 m? g_1 for TiO, to
43.8 m? g~ ! for TiO,.,, indicating that the introduction of Ti** not only
provided doping but also improved the pore structure. It is worth to
note that the isotherms of Ag/TiO,., composites changed with Ag na-
noparticles. The 3%-Ag/TiO,., sample presents the highest Spepr and
well-defined pore diameter distribution around 9.9 nm (Fig. 4d). When
the Ag contents were higher or lower than 3%, the specific surface area
was low and the pore size distribution was not good. The surface area,
pore volume and pore diameter of the as-prepared samples were listed
in Table 1. Interestingly, the Sprr of Ag/TiO, is substantially higher
than that of pristine TiO,, indicating that Ag particles not only serve as
the plasmonic light absorber, but also enhance the active surface area.
The suitable silver loading and specific surface area are favorable to
produce more reaction active sites, which can enhance the photo-
catalytic activities [17].

3.2. UV-vis analysis

Fig. 5a shows the UV-vis diffuse reflectance spectra (DRS) of the
samples. The photos in the insets show the color of each sample. Ob-
viously, after reduction using vitamin C, the color of the as-obtained
TiO,., changes from white originally to orange. Further observation
indicates that after photodeposition of Ag, the Ag/TiO,., sample gra-
dually gets darkened as the Ag content is increased. In general, the
darker the color is, the stronger the light absorption is [15,20,55]. As
shown in the DRS spectra, the pure TiO, exhibits the lowest absorbance
in the visible light region owing to its wide band gap. For TiOy,, it
shows a broad absorption peak in the visible range from 400 to 650 nm
wavelength in addition to the strong UV absorption below 400 nm,
which can be attributed to Oy and Ti®* doping [30]. All Ag/TiO, ,
samples show significantly enhanced absorption (with a flat plateau
of > 0.45 absorbance) in the whole visible light area (400-800 nm)
owing to the strong SPR absorption of Ag particles. The absorbance of
Ag/TiO, is obviously enhanced when the amount of Ag particles is
increased [21,43]. In contrast, the 3%-Ag/TiO, also shows a similar flat
plateau in the visible range but absorbance is much smaller (only
~0.15). Clearly, there is a synergy between Ti** self-doping and Ag
SPR in light absorption of Ag/TiO,., in the whole visible range.

Table 1
The physical properties of the prepared photocatalysts.

Sample Sper (Mg~ 1) APS (nm) PV (ecm>g™1)
TiO, 171 14.1 0.06
TiOs., 43.8 11.8 0.13
1%-Ag/TiOx 42.6 11.6 0.12
3%-Ag/TiO2.« 56.6 15.4 0.22
5%-Ag/TiOx., 34.2 14.0 0.12
3%-Ag/TiO, 45.7 11.9 0.14
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It is known that the band gap of pristine anatase TiO5 is about
3.2 eV, which accounts for the strong absorbance below ~400 nm
wavelength. After doping with Ti®* in the TiO,.. sample, Ti®" centers
and oxygen vacancies (Oy) form donor levels underneath the CB of TiO,
[15]. While the Ti®* centers are in shallow donor states, the donor
states of oxygen vacancies (Oy) is localized deeper at 0.75-1.18 eV
below the CB of TiO, [56], which explains the broad absorption cov-
ering 400-650 nm wavelength in Fig. 5a. The Ti** centers and Oy not
only serve as donor levels to increase conductivity and light absorption,
but also improve the electron-hole separation in photocatalysts (as
shown in later sections). Furthermore, the band gaps of TiO» and TiO».,
can be evaluated by Kubelka-Munk function [39,40], as shown in
Fig. 5b. The band gaps of bare TiO, and TiO»., are calculated to be 3.20
and 2.75 eV, respectively. Moreover, the inset of Fig. 5b presents the VB
edges of bare TiO, (2.80 eV) and TiO, , (2.60 eV), respectively. Thus
the CB of the TiO,_, and the pristine TiO, is 0.40 eV and —0.15 eV vs.
NHE, respectively [7,15].

3.3. Photocatalytic activity

For the study of the photocatalytic ability of the as-prepared com-
posites, visible light photodegradation experiment was conducted for
RhB aqueous solution. After incubation in the dark for 120 min before
the photocatalytic degradation experiment, it can be found that less
than 10% of RhB was adsorbed on the photocatalyst surface [52]. The
degradation process started under visible light illumination. As shown
in Fig. 6a, the pristine TiO, expresses the worst photocatalytic perfor-
mances in degrading RhB. TiO,., and all the composites exhibit higher
photocatalytic activity than the pristine TiO,. About 26.0%, 91.4%,
95.5%, 97.6%, 94.7% and 89.9% of RhB was removed by pure TiO,,
TiO2y, 1%-Ag/TiOs, 3%-Ag/TiOsy, 5%-Ag/TiOs, and 3%-Ag/TiO.,
respectively, after 100 min illumination. The degradation rate of 26.0%
for the pure TiO, may be ascribed to synergistic effects of photo-
catalysis and dye sensitization [57,58]. Among all these samples, the
highest degradation rate of 3%-Ag/TiO, , was 97.6%, which is about
3.7 times that of TiO, (26.0%). Apparently, this improvement in pho-
tocatalysis is primarily due to Ti** doping and further enhanced by the
plasmonics from the Ag nanoparticles dispersed on the surface of the
porous TiO, structure. These two factors synergistically accelerate
electron transport, promote photogenerated charge carriers separation,
and consequently enhance the catalytic performance [25,31]. The
overall effect is much larger than simply adding them up.

Typically, the photocatalytic degradation reaction kinetics are ex-
pressed as In (C,/C,) = kt and abides a pseudo-first order reaction
[38,40]. Fig. 6b shows the comparison of the apparent rate constant k of
pristine TiO,, TiOs.,, 1%-Ag/TiO, ,, 3%-Ag/TiO5., 5%-Ag/TiO5., and
3%-Ag/TiO, samples in visible light degradation of RhB. The 3%-Ag/
TiO,., composite sample exhibited the highest photocatalytic activity
(35.6 x 1072 min~1!), which is about 14.0 times of pristine TiO,
(2.53 x 1073 min™'). The 3%-Ag/TiO,., sample balanced the demand
for larger heterojunction interface and avoiding Ag particle aggrega-
tion. The high photocatalytic performance of 3%-Ag/TiO,., hetero-
junctions may be assigned to the broadened absorption ranging from
UV to visible light and the presence of Ti** and Oy defects which im-
prove the separation of photo-excited electrons and accelerate the
electron transfer. The photothermal effect under strong SPR may also
contribute to improving photocatalytic degradation ability [16].

It can be seen from the capture experiment in Fig. 6¢ that, 97.6% of
RhB was degraded after 100 min irradiation without trapping agent in
the presence of 3%-Ag/TiO,., sample. In contrast, after adding sca-
vengers containing (*O,~, p-BQ), (h™, Na,-EDTA) and («OH, TBA), the
percentage of degradation of RhB decreased to 9.9%, 71.1% and 91.0%,
respectively. Obviously, the photodegradation of RhB was significantly
decreased in the presence of p-BQ, indicating that the superoxide ra-
dical (+O,7) is the main active substance of RhB decomposition. The
presence of Na,-EDTA inhibits degradation to a certain extent, and
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XPS spectra (the inset) of TiO, and TiO., photocatalysts.

photoinduced holes (h™) are secondary reactive species. TBA («OH
scavenger) had a relatively smaller inhibitory effect on RhB degrada-
tion. Therefore, *OH radicals play a less important role in the RhB de-
composition.

In addition, the photocatalytic performance of the as-obtained
powders was also evaluated in photocatalytic H, evolution under the
irradiation of both the visible light and the full solar light. Figs. 6d and e
displays the average hydrogen production rates and the kinetic curve
during the 3 h photocatalytic hydrogen production process with dif-
ferent photocatalysts, using triethanolamine as an electron donor sa-
crificial agent under the visible light. In Fig. 6d, the hydrogen genera-
tion rates were 7.0, 23.2, 26.4, 37.1, 28.3 and 20.8 umol+h~'-g~? for
TiOy, TiOs., 1%-Ag/TiOs., 3%-Ag/TiO4., 5%-Ag/TiO,. and 3%-Ag/
TiO,, respectively. It is obvious that the pristine TiO, catalyst showed
only a low performance for hydrogen production. But the rate with
TiO,., is about 3.3 times higher. The Oy sites (oxygen vacancies) and
Ti®* centers in the doped TiO, are apparently favorable to the se-
paration of photogenerated charges, thus vastly enhance the H, pro-
duction [20]. After incorporating silver particles into TiO,.,, the hy-
drogen evolution rate was boosted as the Ag loading was increased to
3%, but then dropped with further increase of Ag loading to 5%. It is
known that either too much or too little Ag depositing on TiO, pho-
tocatalyst is unfavorable to H, evolution [5]. Thereinto, the 3%-Ag/
TiOs,., exhibited the highest H, generation rate, which is 5.3 times of
the rate by the pristine TiO,. In contrast, 3%-Ag/TiO, showed a much
lower rate than 3%-Ag/TiO,._,. These results demonstrate that both Ag
SPR and the Ti** doping played vital roles in the enhancement of
photocatalytic activity for H, evolution [31,53]. This is probably due to
the synergistic effects of these two factors. Furthermore, upon irradia-
tion of the full solar light, the H, production rates with all catalysts
were more than 20 times higher, but that of 3%-Ag/TiO,., exhibits
much more dramatic increase, becoming about 15.7 times of that of the
pristine TiO, (Figs. Sla and b, Supporting Information). The compar-
ison with other work with similar catalysts on photocatalytic H, pro-
duction is summarized in Table S1. As seen clearly, our low-cost pro-
cesses can be operated in very simple and safe condition, and exhibits
the outstanding H, evolution (2370 umol+h ~'«g~1). The 3%-Ag/TiOy.
hybrid shows obvious advantages over the other reported TiO,_,-based
composite materials [3,20,25,31,37,49]. Additionally, in order to
evaluate the stability and recyclability of the 3%-Ag/TiO,, photo-
catalyst, the recycling experiment was carried out under the same
conditions. As shown in Fig. 6f, the average H, evolution rate of 3%-
Ag/TiO,., remains basically unchanged during the 3 cycles of photo-
catalytic reactions under the visible light.

3.4. Photoelectrochemical measurements

In general, the photocurrent density of a sample can also reflect its
photocatalytic activity. To further evaluate the capability of as-obtained
samples, a set of photoelectrochemical (PEC) tests were carried out in
0.5 M Na,SO, aqueous solution. Fig. 7a shows the transient photo-
current densities when the light illumination was repeatedly turned on
and off in every 60 s. A rapid photocurrent response is observed for the
3%-Ag/TiO,_, sample with the highest photocurrent density. The pho-
tocurrent density of 3%-Ag/TiO,., rapidly reaches a steady-state value
in about 40 s when the light is turned on. As the illumination light is
turned off, the photocurrent density of 3%-Ag/TiO,., immediately re-
turns to zero. During on/off a process of each switch, a gradual decay
can be observed, which means that the photoinduced e "-h* pairs were
experiencing a recombination process before achieving the stable state
[22]. As observed in Fig. 7a, the pure TiO, exhibits a very weak light
current response, which may be attributed to its wide band gap, re-
sulting in very small visible light absorption of TiO, [18]. After the
introduction of Ag, the photocurrent density slightly increases, which
could be attributed to the SPR effect. Over three fold of photocurrent
response is observed with TiO,_,, indicating the strong light absorption
and the separation of photo-induced carriers were accelerated due to
the Ti*" self-doping [3]. The photocurrent density was dramatically
boosted by 15 times in 3%-Ag/TiO,., after incorporating Ag micro-/
nano-particles, implying that a much larger amount of free electrons
and holes were generated. Importantly, Ag SPR does not have much
enhancement to the pristine TiO,. There is a clear synergistic effect of
the SPR of Ag and Ti®" self-doping, which collectively boosted the
visible-light absorption and facilitated the charge separation in 3%-Ag/
TiOs., [23]. For the Ag/TiO, ,.composites, when the silver content is
lower or higher than 3%, the photocurrent density is decreased. Ad-
ditionally, the photocurrent response exhibits good reproducibility by
four light on/off cycles, which means the good chemical stability of the
prepared photocatalysts [22].

The electrochemical properties of as-obtained all photocatalysts are
studied by the electrochemical impedance spectra (EIS), as depicted in
Fig. 7b. All EIS in the measured frequency range only show a portion of
the expected semicircle feature of a typical Randle circuit, but it can be
extrapolated that charge transfer resistance R, (i.e. the real impedance
value of the EIS semicircle) follows the order of TiO, > 3%-Ag/
TiOg > TiO2., > 1%-Ag/TiO5., > 5%-Ag/TiOs, > 3%-Ag/TiOs,. Ob-
viously, the R, value of the TiO,_, is smaller than that of the pure TiO»,,
confirming the importance of Ti** doping [20]. Furthermore, the R
value of 3%-Ag/TiO,_ is also smaller than that of TiO,_,, illustrating the
enhanced electrical conductance by Ag micro-/nano-particles and
meaning to a faster photo-induced electron transition [23,25]. Espe-
cially, 3%-Ag/TiO,, photocatalyst possesses the smallest interfacial
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Fig. 6. (a) The kinetic curves of visible-light degradation of RhB with different catalysts, (b) comparison of the k value (10~ min 1) of each catalyst in visible-light
degradation of RhB, (c) active species trapping experiments of the 3%-Ag/TiO,_, photocatalyst under visible light irradiation, (d) the average visible-light hydrogen
production rate of the prepared catalysts, (e) the kinetic visible-light hydrogen production curves of all catalysts and (f) stability test of 3%-Ag/TiO._, composite for

visible-light H, production.

resistance, which improves the separation of photogenerated charges
and reduces the recombination of e~ -h™ pairs [45,52,59]. This is
consistent with its highest photoelectrochemical performance. The sy-
nergistic effect of Ti** self-doping and Ag SPR may be the main factor
for the low R value.

3.5. Mechanism of photocatalytic activity enhancement

From the above results, it is apparent that the Ag/TiO, , hybrid
materials have significantly enhanced photocatalytic activity in RhB
photodegradation and photocatalytic hydrogen production. In general,
Ag NPs may serve as a co-catalyst in the photocatalytic degradation of
RhB [43,60,61]. However, the photocatalytic efficiency of silver as a
cocatalyst is not high [60]. In our work, plasmonic effect of Ag NPs can

be clearly observed by a characteristic SPR peak ca. 450 nm in UV-vis
absorbance spectra (see Fig. 5a). This further confirms that Ag NPs
plasmonic effect plays an important role in photoreaction of RhB.
Therefore, the significantly enhanced photocatalytic activity can be
consistently explained by the synergistic effects of Ag SPR and Ti**
doping in the shallow TiO, surface layer. Fig. 8a illustrates the energy
diagram and light absorption properties of the Ag micro-/nano-particles
and Ti**-doped TiO, before they are put in contact. As we discussed
earlier in the DRS, Ti** doping to TiO, (in the sample denoted as TiO.
,) creates shallow Ti** centers and Oy sites as donor levels spanning
from the bottom of the CB to about 0.25-1.18 eV below (see Fig. 8b),
which induces the strong absorption in the visible range from ~400 nm
to ~650 nm in the UV-vis absorption spectra in Fig. 5a. This drama-
tically increases the capability to generate separated e -h™ pairs by
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visible light, but the electrons are most trapped at the defect sites (Ti>*
and Oy) near the surface of TiO, ,. On the other hand, the Ag micro-/
nano-particles produce strong SPR [43], leading to enhanced light ab-
sorption with a nearly constant absorbance (~0.15) in the whole visible
range of ~400 nm-~800 nm. However, the SPR only causes collective
electron oscillation in the Ag particles and the absorbed photon energy
is low in the long visible wavelength range. Thus the SPR alone is in-
sufficient to cause photochemical reactions. Overall, the SPR of isolated
Ag particles and Ti®"-doping each alone only enhance the photo-
catalytic activity to a limited degree.

When the Ag micro-/nano-particles are deposited on both pristine
TiO, and the Ti®**-doped TiO, (i.e., TiO,.) to form hybrid materials, it
creates an interesting metal-semiconductor heterojunction as shown in
Fig. 8b. This leads to a Schottky barrier represented by a sharp potential
increase by @ at the junction and a diffusive potential drop ¢; in the
depletion layer extending from the interface to bulk TiO,,. The
Schottky barrier height ¢p is determined as ¢p Pag -
Xrioz = ~0.39 eV [62], where epa, equals to the work function of Ag
metal and ytio2 is the electron affinity of the pristine TiO5. The built-in
barrier height ¢y; varies with the applied voltage bias. Without light
illumination, some electrons are readily transferred from TiO, to Ag
metal through this heterojunction barrier and get trapped in the Ag
micro-/nano-particles. This is one of the reasons that the Ag 3d peaks in
Ag/TiO, . hybrids shift to lower binding energy by ~1.3 eV in XPS
(Fig. 2d). Interestingly, the absorbance of Ag/TiO,, (see Fig. 5a),
particularly at wavelength over ~600 nm, is significantly higher than
the simple sum of the absorbance of Ag (dominated by SPR) and TiO»_,

(a) Notin contact

Ag Ti**

doped TiO

EEEEnssssEERnEnn -

Ario,

(dominated by excitation from VB to Ti®* /Oy states). This phenomenon
and the improved photocatalytic activity of Ag/TiO,., strongly indicate
a synergistic coupling between Ag SPR and Ti**-doping [31].

The schematic energy diagram in Fig. 8b illustrates the possible
mechanism for the synergistic enhancement in Ag/TiO,., under visible
light illumination. There are two key factors. First, the SPR provides
strong absorption of visible light. Even though SPR does not generate
electron-hole separation alone, it provides sufficient energy to generate
“hot electrons” that can surmount the Schottky barrier and are injected
into the CB of TiO,._,. These hot electrons become active free electrons
and can now induce photochemical reactions. Second, the energy due
to photon absorption by SPR in the visible wavelength can be trans-
ferred to the Ti** /Oy states in TiO,., through the mechanism called
plasmon-induced resonance energy transfer (PIRET) [6,63-65]. This
provides sufficient energy to excite the trapped electrons in the Ti**/
Oy states that are generated by TiO,, absorption between 400 and
650 nm. These two effects are particularly effective in enhancing the
utilization of visible light at longer wavelength range (> ~600 nm). In
addition, both of these two processes lead to improved e -h™ separa-
tion by transferring electrons to the CB of TiO, and migrating holes to
Ag micro-/nano-particles. As a result, the Schottky barrier at the het-
erojunction of Ag/TiO,., photocatalysts could explain the synergistic
enhancement owing to the strong coupling between Ti®*-doping and
the Ag SPR [7,23,25].

(b) In contact

Ag Ti**-doped TiO,

Vacuum srennnsrnnaaaes

Fig. 8. Schematic energy diagram of the Ag micro-/nano-particles and TiO,., (Ti**-doped TiO,) framework (a) before and (b) after forming the heterojunction.
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4. Conclusions

In summary, we have successfully fabricated Ag/TiO,, hetero-
junction-based photocatalysts through a simple microwave-assisted
reaction with vitamin C as a reductant to dope the macro-/meso-porous
anatase TiO, framework with Ti*>* followed by photo-deposition of Ag
macro-/nano-particles. These low-cost processes can be applied in
gentle and safe conditions for the rapid synthesis of Ti®*-doped TiOs. In
photodegradation of RhB and photocatalytic production of H, using
visible light, the Ag/TiO,, photocatalysts present significantly en-
hanced photocatalytic activity than the control systems with only Ti®*
doping (as in TiO,.,) or Ag SPR (as in Ag/TiO,). The materials char-
acterization and photochemical studies consistently reveal the sy-
nergistic improvement of the photocatalytic properties due to the
coupling between the SPR of the Ag macro-/nano-particles and Ti®* or
oxygen vacancy states in TiO,,, which can be explained by the for-
mation of a Schottky barrier at the Ag/TiO.., junction.
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