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The effects of chemical states of Ag on the photoelectrochemical (PEC) properties of Ag—TiO,
composites were investigated with Ag(0)—TiO, and Ag(I)—TiO, prepared by photoreduction-thermal
treatment (PRT) method. The comparison of photoaction spectra of Ag(0)—TiO, and Ag(I)—TiO, showed
that only the Ag(0) containing samples had notable photocurrent under visible light (in the range of
400—800 nm), which was attributed to the highly dispersed Ag(0), according to the DRS, XRD and XPS
measurements. During the photocurrent spectra measurements of Ag(0)—TiO,, it was demonstrated that
Ag(0) was photoexcited because of plasma resonance in the visible light region, and charge separation
was accomplished by the transport of photoexcited electrons from Ag(0) to the TiO, conduction band
with the simultaneous formation of Ag(I), which could be partially reduced to the initial active Ag(0)
state under the following UV light irradiation. Actually, it was the interconversion of Ag(0) and Ag(I)
during the alternating irradiation that avoided the rapid decay of photocurrent and ensured a durable and
stable visible light-induced photocurrent. In the case of visible light degradation of methyl blue (MB),
however, Ag(0)—TiO, showed poorer photocatalytic activity than Ag(I)-containing ones. It was proposed
that photoexcited Ag(I) rather than Ag(0) acted as active sites that were responsible for the enhanced
photocatalytic abilities, whereas Ag(0) might contribute to the stability of the photocatalysts. Hence, the
Ag—TiO, nanocomposites can exhibit different photoelectrochemical performances under visible light
with the different chemical states of Ag. This work could have significance not only in the mechanism
study but also in the attempts to improve the visible light-induced photoactivities of Ag—TiO,, by tuning
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the chemical states of Ag species, in potential photoelectrochemical applications.

1. Introduction

Recently, there has been great interest in the photoelec-
trochemical (PEC) properties of nanostructured TiO, films,
such as photovoltaics,'? photocatalysis,® and water splitting.*
As a promising material, TiO, has the advantages of physical
and chemical stability, high activities, and low price.” ™" Its
main drawbacks of low quantum yield and the limited
photoresponding range (usually <380 nm), however, hinder
its utilizations and commercialization.*® To handle these
problems, researchers have adopted numerous strategies,
including phase and morphological control, doping, sensi-
tizations, and semiconductor coupling, etc.” 12
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In particular, silver nanoparticles deposited in a TiO, film
(Ag—Ti0,) have attracted more and more attention because
TiO, is a promising material as aforementioned and Ag is a
nontoxic precious metal with remarkable catalytic activity'> '
and size- and shape-dependent optical properties under visible
light."”-'® But because of the high activities of nano Ag as
well as the diverse methods of preparation and treatment,
there are debates on the chemical states of Ag in Ag—TiO,,
that is to say, whether Ag(0) or Ag(I) dominates in the
Ag—TiO; and plays an important role in the PEC perfor-
mances. Generally, Ag(0) was considered as the main
chemical state within Ag—TiO,, and the enhanced PEC
properties were attributed to the surface plasma resonance
(SPR) effect of metallic Ag(0) and the resulting expansion
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of photoresponding range.'”~ ' But it was recently reported
that Ag(0)—TiO, showed inefficiency in the photodegrada-
tion of azodyes® and decomposition of E. coli** under visible
light, and it was also found that Ag(I) dominated within
Ag—TiO,, acted as electron traps, reduced the recombination
of electrons and holes, and promoted the photocatalytic
activity.'®?! To date, a few studies have been conducted on
this debate,?> 2* and to some extent revealed the relation
between the chemical states of Ag in Ag—TiO, and their
optical properties and photocatalytic properties. However,
there are still few efforts and little attention or information
available on the important question that how and why the
chemical states of Ag influence the PEC performances of
Ag—TiO,. Thus, the effect of chemical states of Ag on
different PEC performances (besides the photocatalysis) of
Ag—TiO; and the corresponding mechanism, especially in
the field of visible light-induced photoactivities, are still to
be unraveled, not only for the theoretical purpose but also
for the advance in the applications.

In this work, Ag(0)—TiO, and Ag(I)—TiO, were prepared
with a photoreduction-thermal treatment (PRT) method and
subsequently examined by DRS, XRD, and XPS analysis.
The photocurrent action spectra of TiO, loaded with Ag in
different chemical states were compared. Furthermore, pos-
sible mechanisms for electron transport and the intercon-
version of Ag(0) and Ag(I) induced by alternating irradiation
of UV and visible light during the measurement were
elucidated. Besides, the photocatalytic activities of
Ag(0)—TiO, and Ag(I)—TiO, under visible light were
examined with methyl blue (MB), and the effect of the
chemical states of Ag was also investigated. This work will
have significance in the mechanism study of Ag—TiO,
nanocomposites and the enhancement of their visible light-
induced PEC performances in potential applications, such
as solar energy conversion, photocatalysis, and sensors.

2. Experimental section

2.1. Materials and Reagents. TiO, (P25, 20% rutile and 80%
anatase) was purchased from Degussa. Unless otherwise specified,
AgNO;, methyl blue (MB), and other reagents and materials
involved were obtained commercially from the Beijing Chemical
Reagent Plant (Beijing, China) and used as received without further
purification. Fluorine-doped SnO, (FTO, 15 €/ square) glass was
chosen as the electrode substrates. Ultrapure water (resistivity =18
MQ cm) was used during the experimental process. The experi-
ments were carried out at room temperature and humidity.

2.2. Preparation of Ag—TiO; Films. The Ag—TiO, nanocom-
posites were prepared with a photoreduction-thermal treatment
(PRT) method."*** Briefly, a suspension was prepared by mixing
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P25 powder and 1 M AgNOj; aqueous solution (700 mg/10 mL) in
a round-bottom flask. The suspension was then irradiated with a
high pressure mercury lamp (100 W) under stirring for different
time (0.5/1/3/5 h). The resulting Ag-TiO, nanocomposite was
recovered by filtration, rinsed with deionized water several times,
and finally dried at room temperature in the dark.

The synthesized Ag—TiO, nanocomposite paste for the fabrica-
tion of photoanode was obtained by mixing ethanol and the as-
prepared nanocomposite powder homogeneously (150 mg/mL). The
obtained paste was spread on the FTO conducting glass with a glass
rod, using adhesive tapes as spacers. After the films were dried at
room temperature in dark, they were sintered at different temper-
atures (200 °C/450 °C) to control the chemical states of Ag in
Ag—TiO,. It was demonstrated that Ag,O showed good stability
at about 200 °C and totally decomposed to Ag at 450 °C.?® Thus,
Ag,0—TiO, (Ag(I)—TiO,) and metallic Ag—TiO, (Ag(0)—TiO,)
were obtained at 200 and 450 °C, respectively, as shown in eq 1.
For comparison, the pure TiO, (P25) films were prepared by
spreading the TiO, paste (150 mg/mL) to FTO glass and heated at
450 °C.

200°C

4Ag+0,=—2Ag,0 ey

o,

2.3. Material Characterizations. Transmission electron mi-
croscopy (TEM) images were taken with a JEOL JEM-1010
transmission electron microscope operated at 120 kV. Diffuse
reflectance spectra (DRS) of Ag-TiO, powders were recorded in
the range from 200 to 800 nm using a Hitachi U-3010 spectroscopy
and BaSO,4 was used as a reference. Powder X-ray diffraction
(XRD) was performed on a Bruker D8-Advance X-ray diffracto-
meter with monochromatic Cu Ka. radiation (1 = 1.5418 A). The
26 range used in the measurements was from 20 to 80°. X-ray
photoelectron spectra (XPS) were recorded with a PE PHI Quantera
SXM microprobe system using Al Ko irradiation. All banding
energies were referenced at 285.0 eV, as determined by the location
of the peak C 1s spectra for the surface adventitious hydrocarbon.

2.4. Photoelectrochemical Measurements. The photocurrent
action spectra were measured in a two-electrode home-built
experimental system, where the TiO,/Ag—TiO, photoanode served
as the working electrode with an active area of ca. 1 cm? and a Pt
wire was used as the counter electrode in 0.1 M KNOs. A 500 W
xenon lamp with a monochromator was used as the light source.
The PEC cell was illuminated from the FTO side of the TiO»/Ag-
TiO, photoanode electrode by incident light, and the generated
photocurrent signal was collected using a lock-in amplifier (SR830
DSP, Stanford Instrument) with a light chopper (SR540, Stanford
Instrument). The intensity of the monochromatic illuminating light
was about 15 ¢W/cm? estimated with a radiometer (Photoelectronic
Instrument Co. IPAS). The illumination area of the TiO,/Ag—TiO,
electrode was about 0.12 cm”.

The Mott—Schottky (MS) spectra were carried out on a
PARSTAT 2273 Potentiostat/Galvanostat (Advanced Measurement
Technology Inc., USA) with a three-electrode cell, using the TiO,/
Ag—TiO, photoanode as the working electrode, platinum wire as
the counter electrode and Ag/AgCl (saturated KCI) electrode as
the reference electrode in 0.1 M KNOj aqueous solution.

2.5. Photocatalytic Measurements. Aqueous suspensions of MB
(1 x 107° M) and the TiO,/Ag—TiO, electrodes were placed in a
3 mL quartz glass vessel. The photoreaction vessel was exposed
to the visible-light irradiation under ambient conditions with an
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Figure 1. Representative TEM micrographs of (A) TiO, (P25), (B) 1 h fresh Ag—TiO», (C) 3 h fresh Ag—TiO,, (D) 5 h fresh Ag—TiO», (E) 3 h Ag—TiO,

heated at 200 °C, (F) and 3 h Ag—TiO; heated at 450 °C nanoparticles.

average intensity of 30 mW/cm? produced by a 500 W xenon lamp
with a cutoff filter (A = 420 nm), which was positioned 10 cm
away from the vessel. At given time intervals, the photoreacted
solution was analyzed by recording variations of the absorption
band maximum (660 nm) in the UV—vis spectra of MB, using a
UV —vis spectrophotometer (UV 2100, Shimadzu).

3. Results and Discussion

3.1. Preparation of Ag—TiO, Nanocomposites. The
structures of TiO, (P25) and Ag-TiO, powders were exam-
ined by TEM. Figure 1A shows a representative TEM
micrograph of native TiO, particles and Figure 1B—D are
the micrographs of fresh Ag—TiO, samples obtained under
UV light irradiation for 1, 3, and 5 h, respectively. As shown,
the size and shape of the TiO, crystallites were unchanged
after Ag loaded. Silver deposits with wide size-distribution
were located on the surface of the individual TiO; crystallites
and some Ag islands were also observed. The polydisperse
and agglomerates of Ag should be attributed to its rapid
overgrowth on the original TiO, particles.'>*> Moreover, the
loading of Ag in the nanocomposites also increased with the
extension of the irradiation time, which could be further
confirmed by the DRS measurement described below. In
addition, images E and F in Figure 1 show the TEM images
of as-prepared Ag—TiO; nanocomposites after thermal
treatment at 200 and 450 °C, respectively. It was demon-
strated that there were no significant changes in the size and
shape of Ag before and after thermal treatment, and more
agglomerates of Ag and black dots were observed for the
450 °C thermal-treated Ag—TiO, nanocomposites, which
should be attributed to the accumulation and the high electron
density of Ag(0) nanoparticles, respectively.

Absorbance

400 500 600 700 800
Wavelength (nm)

Figure 2. Diffuse reflectance absorption spectra of TiO; and fresh Ag—TiO,
samples, from bottom to top, corresponding to the spectra of blank TiO,
and fresh Ag—TiO, with the irradiation time of 0.5, 1, 3, and 5 h,
respectively.

The diffuse reflectance spectra of TiO, (P25) powders and
the fresh Ag-TiO, powders with irradiation time of 0.5, 1,
3, and 5 h are demonstrated in Figure 2. Compared to pure
TiO,, a broad absorption covering the range of 400—800
nm with a summit at about 520 nm appeared in the spectra
of Ag—TiO, nanocomposites, which should be attributed to
the surface plasma resonance (SPR) effect of Ag(0). With
the increase in irradiation time, the absorbance at around
520 nm increased due to the increasing amount of Ag
loading. Furthermore, it is also demonstrated that compared
to pure TiO,, the absorption edge of Ag—TiO, nanocom-
posites slightly red-shifted, which might contribute to the
enhanced photoactivities under visible light.?’
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Figure 3. XRD patterns of TiO, powders, fresh Ag—TiO», and Ag—TiO,
heated at 200 and 450 °C.

With the extension of irradiation time and the increase in
Ag loading, the photoactivities increased first to a maximum
level and then decreased, as Rengaraj et al. reported.”’ In
our work, it was found that Ag—TiO, with the irradiation
time of 3 h had better photoactivities than others. Thus, unless
otherwise specified, all the Ag—TiO, nanocomposites dis-
cussed below were obtained with the irradiation time of 3 h.

To identify the chemical states of Ag within Ag—TiO,
before and after thermal treatment, XRD and XPS measure-
ments were performed. Figure 3 shows the XRD patterns of
pure TiO, powders (curve a), fresh Ag-TiO, (curve b) and
the sintered Ag—TiO, at 200 and 450 °C (curve c and d).
All three types of Ag—TiO, showed usual anatase and rutile
phases, just like pure P25. Unexpectedly, no diffraction peaks
for Ag species (38.1, 44.2, 64.4, and 77.4° for Ag(0)* and
34.2° for Ag(I)'®) were observed in either Ag—TiO, sample,
which might be due to the low amount and the amorphous
state of Ag."?

The corresponding XPS spectra provide further structural
information for the Ag—TiO, nanocomposites obtained, as
shown in Figure 4. It can be seen that the Ti and O elements
existed on the surface of pure TiO, (curve a in Figure
4A—C), whereas Ti, O, and Ag elements occurred on the
surface of the Ag—TiO, samples. In Figure 4B, the Ag 3d
spectra of Ag—TiO; consist of two individual peaks at ~374
and ~368 eV, which can be attributed to Ag 3ds, and Ag
3ds,, binding energies, respectively. The Ag 3ds» peak for
different Ag—TiO, samples can be further divided into two
different peaks at 368.2 and 367.7 eV, attributed to the peaks
of metal Ag(0) and Ag(I) (Ag,0), respectively.'®*® During
photodeposition, most Ag™® ions in the suspension were
reduced to metal Ag(0) on the TiO, surface with a part of
Ag(l) remained unreacted or came from reoxidation of
photodeposited Ag in air. Thus, for the fresh Ag—TiO,, both
Ag(0) and Ag(I) were detected in XPS spectra, as shown in
curve b. After the thermal treatment at 200 °C in air, Ag(0)
deposited on the TiO, surface was oxidized to Ag(I) (Ag,0),
and the corresponding resolved peak at 367.7 eV for Ag(l)
was also clearly observed in XPS spectra (curve c). However,
the oxidized Ag(I) of Ag—TiO; could be thermally reduced
to Ag(0) during the thermal treatment at 450 °C, which made

(28) Wagner, C. D.; Riggs, W. M.; Davis, L. E.; Moulder, J. F. Handbook
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Zhang et al.

(a) Tio,
(b) fresh
(c) 200 °C
(d) 450 °C

cls (a.u.)

475 470 465 460 455 450
Band energy (eV)

(B) (a) TiO,
Ag 3d (b) fresh
3d,, 3d,,  (c)200°C
368.2 eV (d) 450 °C

367.7eV

cls (a.u.)

(d)

” M (c)
el S AR (b)

PRl M A ()

380 376 372 368 364 360

Band energy (eV)
(C) )
- (a) TiO,
(b) fresh
- (c) 200°C
s (d) 450°C
8
L4
(3]
545 540 535 530

Band energy (eV)

Figure 4. XPS spectra of TiO, and Ag—TiO, samples: (A) Ti 2p, (B) Ag
3d, and (C) Ols. Each spectrum involves (a) TiO, powders, (b) fresh
Ag—TiO,, (c) Ag—TiO; heated at 200 °C, and (d) Ag—TiO; heated at
450 °C.

Ag(0) dominate the Ag species within Ag—TiO, and the shift
of Ag 3ds;, peak to 368.2 eV (curve d). In addition, from
the analysis of curve-fitted O 1s XPS spectra (Figure 4C),
similar results could be obtained, as shown in the Support
Information (Table S1). These XPS results confirm that
Ag(0)—TiO, and Ag(I)—TiO, (mainly Ag,0O—TiO,) can be
prepared by the PRT method at 450 and 200 °C, respectively,
as shown in eq 1.

3.2. Photocurrent Actions. To examine the influence of
the chemical states of Ag on the PEC properties of Ag—TiO,,
measurements of the photocurrent action spectra were
performed in a home-built PEC experimental system. Figure
5 shows the photocurrent action spectra of the TiO,, fresh
Ag—TiO,, Ag(I)—TiO; and Ag(0)—TiO, samples, respec-
tively. As shown, all the samples showed a photocurrent
spectrum with the maximum wavelength at about 340 nm
corresponding to the band gap of nanocrystalline TiO,, which
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Figure 5. Photocurrent action spectra of TiO,, fresh Ag—TiO,, Ag (I)—TiO,
and Ag (0)—TiO; electrodes. Photocurrent measurements were done with
no bias in the aqueous solution of 0.1 M KNOs. Scan rate: 1 nm/s.

was blue-shifted from the band gap of bulk TiO, (387 nm,
3.2 eV), mainly due to the size effect of the nanostructure.?>°
Interestingly, besides the photocurrent generated in UV
region, the fresh Ag—TiO, and Ag(0)—TiO, samples also
showed a broad photocurrent spectrum with a notable
intensity covering the range of 400—800 nm and the
maximum at 470 nm, respectively. However, there was no
similar photocurrent response in the range of 400—800 nm
for the TiO, and Ag(I)—TiO, samples.

The above results indicate that the existence of Ag(0) within
Ag—TiO, resulted in considerable photocurrent response in the
range of 400—800 nm. This effect can be attributed to the
surface plasma resonance (SPR) effect of Ag(0), whose role is
similar to that of a sensitizer in a dye-sensitized solar cell
(DSSC).*' Ag(0) can be excited by visible light in specific
wavelengths, and the photoexited electrons could be further
transported to TiO, because of the Schottky junction formed at
the Ag/TiO, interface.>** The electric field in the space charge
layer promotes the transport of excited electrons from the Ag/
TiO, interface to the TiO, bulk, and enhances the charge
separation between the photoexited electrons and Ag™ to
facilitate the photo-oxidation of Ag(0). Subsequently, most of
the photoexited electrons could be transported from TiO, to
the FTO substrate and generate the anodic photocurrent in our
case.

In order to further confirm the relation between Ag(0) and
the visible light-induced photocurrent, the photocurrent action
spectra of Ag(I)—TiO, before and after the thermal treatment
at 450 °C were investigated. As shown in Figure 6,
Ag(1)—TiO; had no photocurrent response to the visible light;
but after heated at 450 °C, most Ag(I) in Ag(I)—TiO, could
be thermally reduced to Ag(0) and a notable photocurrent
was observed in the range of 400—800 nm. However, the
photocurrent response to the visible light could disappear
again, when Ag—TiO, was reheated at 200 °C. Thus, it was

(29) Wang, G.; Wang, Q.; Lu, W.; Li, J. H. J. Phys. Chem. B 2006, 110,
22029-22034.
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(31) Tian, Y.; Tatsuma, T. Chem. Commun. 2004, 1810-1811.

(32) Zhao, G.; Kozuka, H.; Yoko, T. Thin Solid Films 1996, 277, 147—
154.

(33) Kawahara, K.; Suzuki, K.; Ohko, H.; Tatsuma, T. Phys. Chem. Chem.
Phys. 2005, 7, 3851-3855.

Chem. Mater., Vol. 20, No. 20, 2008 6547

1.5
/\/’/A\ heated at 450 °C

3 golV \{\«\w
8
- original Ag (I)-TiO
B ol i o
= 1.5 reheated at 200 °C
=
Q
[=]
S -3.0f
£
o

4.5

300 400 500 600 700 800
Wavelength (nm)

Figure 6. Photocurrent action spectra of Ag(I)—TiO, electrode with different
thermal treatment: original, after being heated at 450 °C, and after being
reheated at 200 °C. Photocurrent measurements were done with no bias in
the aqueous solution of 0.1 M KNOs. Scan rate: 1 nm/s.
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Figure 7. Mott—Schottky plots of the Ag(I)—TiO; electrode (hollow square)
and Ag(0)—TiO; electrode (hollow cycle). Mott—Schottky measurements
were done at the frequency of 1 kHz in the aqueous solution of 0.1 M
KNO:s.
evident that only Ag(0) contributed to the photocurrent in
the visible light region, which was due to its SPR effect.
Furthermore, Mott—Schottky (MS) measurements were
performed to further characterize the electron transfer
properties of the synthesized Ag-TiO, nanocomposites.
Figure 7 shows the MS plots of the electrodes based on
Ag(0)—TiO, and Ag(I)—TiO,. Reversed sigmoid plots were
observed with an overall shape consistent with that typical
for n-type semiconductors, and the reproducible flat-band
potentials (Vi) could be obtained from the x intercepts of
the linear region. Compared with the Ag (I)-TiO; electrode,
Ag(0)—TiO, showed a negative shift in the Vo (—0.35 V
to —0.5 V), suggesting the presence of more surface states
which could lead considerable change in the band position.**°
Besides, a notable drop was observed in the plot of
Ag(0)—TiO, when the applied potential was above 0 V, with
the x intercepts of ca. 0.5 V. It was suggested that this effect
could be attributed to the generated new surface states in
the Ag(0)/TiO;, interface, which could contribute to the
visible light response in the photocurrent action spectrum.
3.3. Possible Mechanism on the Photocurrent. Ag (0)
rather than Ag (I) has been proved to contribute to the visible
light-induced photocurrent by the above results, but there
are still two interesting questions: the first one is the stability
of Ag(0) in the progress of photocurrent measurement,>' and
the second one is the “reverse” photocurrent of the
Ag(0)—TiO; electrodes (compared to that of pure TiO,) in
the UV region. To answer these two questions, a possible
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Scheme 1. Transport of Photoexited Electrons and
Interconversion of Ag(0) and Ag(I) by Alternating UV and
Visible Light Irradiation during the Photocurrent Action

Spectra Measurements”
Ag'mAg —— : °1: eg':
{588 :CLD
(c) \ (b) T b
uv Visible

light light
A 0 @1
o‘glA l TiO, (o] g o Ag
Ag or Ag*

“ Pathways: (a to b) Part of the Ag nanoparticles are photoexcited by
visible light and the electrons transport to TiO, with the formation of
Schottky junction; (b to c¢) photoexcited electrons transport to the FTO
substrate via TiO, and generate anodic photocurrent with the oxidation of
Agto Ag”™; (c to d) TiO; nanoparticles are excited under UV and the excited
electrons transport in two competing ways: to FTO or to Ag™; (d to a) part
of Ag" are reduced to Ag and enter the next cycle.

scheme (Scheme 1) was put forward. In our case, the sample
electrode can be irradiated by alternating UV and visible light
and undergo two alternating progresses in every cycle of
photocurrent measurement. As for Ag(0)—TiO,, in the first
cycle of measurement, it was in the state shown as Scheme
la and generated a negative (i.e., “normal”) photocurrent
when UV light irradiated (Supporting Information, Figure
S1). Followed by the irradiation of the visible light, a part
of Ag(0) nanoparticles were photoexited because of the SPR
effect and charge separation was accomplished by the
transport of photoexcited electrons from Ag(0) to the TiO,
conduction band, which finally resulted in the anodic
photocurrent in the range of 400—800 nm as well as the
simultaneous formation of Ag(I) (b and ¢ in Scheme 1). In
the next cycle of photocurrent measurement, TiO, nanopar-
ticles in the Ag—TiO; electrodes were excited by UV light
and the generated photoelectrons would take part in two
competing routes (Scheme 1d): (i) transport to FTO glass
(or TiOo/FTO interface) and generate the negative photo-
current, as in pure TiO, electrodes; (ii) transport to the
Ag—TiO; interface and reduce Ag(I) to Ag(0), which can
make Ag-TiO; return to the state like (a) (not the same).
When route (i) dominated in the UV progress, the Ag—TiO,
electrode showed a normal photocurrent just like pure TiO»;
otherwise, a positive (i.e., “reverse”) photocurrent might be
observed because lots of electrons moved in a reverse
direction (to Ag/TiO, interface rather than FTO substrate)
and/or the holes rather than electrons acted as the major
carriers. From Figure 5, it could be seen that for the fresh
Ag—TiO,, route (i) dominated in the electron transport
progress under UV light, whereas route (ii) played a more
important role in the case of Ag(0)—TiO, and a “reverse”
photocurrent was observed. However, a part of the photo-
oxidized Ag(I) (in the form of Ag™") would be soon reduced
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Figure 8. Photocurrent response with on—off white light illumination: (a)
TiO,, (b) fresh Ag—TiO», (c) Ag(I)—TiO,, and (d) Ag(0)—TiO; electrodes.

to Ag(0) in the following UV irradiation, rather than
dissolved in the electrolyte, and would be photoexcited again
in the next visible light progress. Thus, in the progress of
photocurrent measurements, Ag—TiO, electrodes could be
irradiated by alternating UV and visible light, and the
interconversion of Ag(0) and Ag(I) took place with the
alternating light irradiation, which could ensure the stability
of Ag and the reproducibility of photocurrent for a relatively
long time measurement. This mechanism could explain the
above two questions well, but another question rose at the
same time, why Ag(I)—TiO; electrodes had no response in
the visible light region.

According to the Scheme 1, it seems that Ag(I) (Ag,O)
in Ag(I)—TiO; could be reduced to Ag(0) in the UV progress
and should generate photocurrent in the following visible
light progress. But, the fact is another way. The intercon-
version between Ag(I) and Ag(0) was inefficient due to the
properties of these reactions themselves® and the limited
time in either progress (ca. several minutes). So in either
progress, only a small amount of Ag(0) or Ag(I) could be
oxidized (in visible light progress) or reduced (in UV
progress), respectively. For Ag(I)—TiO,, in the first UV
progress, quite few Ag(0) could be generated, and as a result,
no notable photocurrent could be observed in the following
visible light progress.

To further investigate the photoinduced behavior of the
generated photocurrent, the photocurrent response of different
samples upon the on—off illumination with white light
(xenon lamp, ca. 5 mW/crnz) was measured, as shown in
Figure 8. When the light was subsequently switched on and
off, a series of almost identical signal were obtained. As is
well-known that the xenon lamp has a similar energy
distribution with sunlight in spectrum, the majority of which
consists of the visible and infrared light and only 3—5% of
UV light, the electrodes with notable visible light-induced
photocurrent suggested high light conversion efficiency and
showed much more significant photocurrent because of the
effective utilization of visible light. For the fresh Ag—TiO,
and Ag(0)—TiO, electrodes, the photocurrents were 15 and
10 nA, respectively, which was more than three times higher
than that of pure TiO, and Ag(I)—TiO:s. It could be concluded
that after Ag(0) modification, a much better photovoltaic
performance can be achieved under harmless visible light
or normal sunlight conditions.
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Figure 9. (A) UV —visible absorption spectral changes of methyl blue (MB)
aqueous solution over the fresh Ag—TiO, electrode as a function of
irradiation time (xenon lamp: 4 > 420 nm, 30 mW/cm?. Curves from top
to bottom represent different irradiation time 0, 30, 60, 90, 120, 150, and
180 min, respectively); (B) absorption changes (4 = 660 nm) plot for the
photocatalytic degradation of MB over TiO, (O), fresh Ag—TiO, (O),
Ag()—TiO, (a), and Ag(0)—TiO, (V¥) electrodes.

3.4. Photocatalytic Activities. According to the results
of photocurrent action measurements, the Ag—TiO, elec-
trodes are expected to show different photocatalytic proper-
ties from those of pure TiO,, especially under the visible
light irradiation. Thus, the photocatalytic activities of fresh
Ag—TiO,, Ag(0)—TiO,, Ag(I)—TiO,, and pure TiO, elec-
trodes were measured with visible light degradation (4 >
420 nm) of MB as model reaction and the results are shown
in Figure 9. The temporal evolution of the spectra changes
accompanying with the photodegradation of MB over the
fresh Ag—TiO; is shown in Figure 9A. The MB dye initially
showed a major absorption band at 660 nm, whereas a
gradual decrease in absorption with a slight shift to the
shorter wavelengths was observed as the increase of irradia-
tion time, consistent with facile destruction of the chro-
mophoric structure of the MB.

Because the normalized concentration of the MB solution
is proportional to the normalized maximum absorbance (A),
A/Aq can be replaced by C/Cy, as shown in Figure 9B.
Unexpectedly, Ag(0)—TiO, showed poorer photocatalytic
activity than fresh Ag—TiO, and Ag(I)—TiO, though it had
notable photocurrent under visible light irradiation. Recently,
Ag(0)—TiO; obtained by thermal treatment was considered
to be inactive in the destruction of azodyes® and E. coli*®
under visible light, whereas Ag(I) (mainly Ag,O) was
demonstrated to play an important role in photocatalysis by
promoting efficient separation of the generated electrons and
holes.'® In our case, however, it was proposed that both
Ag(0) and Ag(I) may be important for the photocatalytic
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activities of Ag-TiO, nanocomposites, where Ag(0) and
Ag(I) could play different roles. On the one hand, Ag(I) could
act as active sites for the accumulation of holes, oxygen
vacancies and hydroxyl radicals and decrease the recombina-
tion of electrons and holes; on the other hand, Ag(0) could
play an important role in the stability of Ag—TiO, as well
as its reproducibility in the photoactivity.® Thus, the fresh
Ag—TiO, which contained both Ag(0) and Ag(I) (though in
small amount) showed the best photocatalytic activity among
all the samples, and Ag(I)—TiO, exhibited higher photo-
catalytic activity than Ag(0)—TiO, under visible light ir-
radiation. However, it should be noted that there are still
other factors that influence the photocatalytic activities of
Ag—TiO;, nanocomposites, such as the conversion of Ag(0)
to Ag(I) under the visible light during the photocatalysis,
which would be further investigated in our future work.

4. Conclusions

In summary, Ag(0)—TiO, and Ag(I)—TiO, were successfully
prepared by the photoreduction-thermal treatment (PRT) method,
and their PEC properties were also investigated. The chemical
states of Ag introduced a significant effect on the nanocom-
posites’ properties, such as optical properties, electronic proper-
ties and PEC properties (including photocurrent actions and
photocatalytic activities). It was demonstrated that Ag(0)
resulted in the notable photocurrent response to visible light
(400—800 nm) because of its SPR effect, and the interconver-
sion of Ag(0) and Ag(I) under alternating UV and visible light
irradiation during every cycle of photocurrent measurement
ensured the reproducible photoactivity and photostability of
Ag—TiO,, which can to a great extent facilitate a better use of
the visible light and the natural sunlight in the potential PEC
applications. In addition, the photocatalytic activities of three
types of Ag—TiO, under visible light were also investigated.
The results indicated that Ag(I) played a more important role
than Ag(0) in the photocatalytic degradation by promoting the
electron—hole separation and charge transfer, while Ag(0) might
be responsible for the photostability of Ag—TiO, under visible
light irradiation. Thus, for the first time the present work
systematically investigated the effect of the chemical state of
Ag species on the PEC properties of Ag—TiO, nanocomposites.
The importance of this study lies in the fact that it revealed the
effect of the chemical state of Ag species on the PEC properties
of Ag—TiO, as well as their corresponding possible mecha-
nisms. Moreover, it also revealed the possibility to achieve better
PEC performances of Ag—TiO, by tuning the chemical states
of Ag species for promising applications in solar energy
conversion, photocatalysis, and sensors.
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