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Abstract

A series of Ag/TiO, with various Ag contents were prepared by photoreduc-
tion method. Commercial TiO, from Evonik-Degussa was used as the cata-
lyst. Ag was used as the cocatalyst. This facial synthesis method is cheap and
easy. TiO, was suspended in water with various concentrations of silver ni-
trate. The solution was illuminated by UV light for 36 h. Ag would deposit on
the surface of TiO,. This method can deposit all Ag cation in the starting ma-
terial on TiO, after 36 h irradiation by UV light. X-ray diffraction, high reso-
lution-TEM, and X-ray photoelectron spectroscopy were used to characterize
the surface, morphology and chemical composition of the catalysts. Photoca-
talytic degradation of methylene blue in water on these catalysts was carried
out under UV and visible light irradiation, respectively. The methylene blue
concentration in water was measured by a UV-vis spectrophotometer. The
results showed that the bulk structure of TiO, did not change and some of Ag
was incorporated into the surface of TiO, lattice. The change in the electronic
state of Ti on surface is attributed to the replacement of titanium atoms by
silver atoms on the TiO, surface structure which induced visible light re-
sponse and enhanced the photocatalytic activity. 1 wt% Ag is the optimum
loading to have high activity.

Keywords

Titanium Dioxide, Silver, Photocatalyst, Photoreduction, Photocatalytic
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1. Introduction

Titania photocatalyst has been extensively studied in the last two decades
[1]-[20]. The TiO, from Evonik-Degussa (P25) has been known [1] [2] to have
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high photo catalytic activity under UV light irradiation, since it contains both
anatase and rutile structure, and the interface between these two phases is the
active site. Doping silver on TiO, has been known to have plasmon effect and
results in high activity under visible light irradiation [3] [4]. It was reported that
silver particles can serve as electron traps assisting electron-hole separation. Sil-
ver particles also accelerate electron excitation by producing a local electrical
field, which can improve the photocatalytic activity of TiO, [5]-[12]. Many re-
searchers used sol-gel method and other technique to synthesize AgTiO,. These
methods are tedious and costive. In addition, some silver material was lost dur-
ing preparation. Some researchers used impregnation to prepare AgTiO,, which
resulted in big Ag particles.

Generally, surface modification of the semiconductor with noble metal nano-
particles expands the absorption of the semiconductor from UV light to visible
light region, due to the surface plasmon resonance absorbance feature, and im-
proves the electron-hole pair separation and consequently the rate of photocata-
lytic reaction grows [13]-[30]. Noble metal nanoparticles demonstrate strong
and wide surface plasmon resonance (SPR) absorption under the visible light
owing to the collective oscillations of their conduction band electrons by ab-
sorbing visible region. The frequency of the SPR band can be adjusted by mod-
ifying the shape and size of the noble metal nanoparticles, which can considera-
bly enlarge the visible-light absorption and can be utilized to exploit efficient
plasmonic photocatalysts under visible light. The noble metal nanoparticles are
deposited on the surface of semiconductor in the plasmonic photocatalysts, and
the metal nanoparticles serve as an element for collecting visible light because of
their surface plasmon resonance while the metal-semiconductor interface effi-
ciently departs the photogenerated electrons and holes. As a consequence, sever-
al works belonging to the deposition of noble metal nanoparticles such as gold
(Au) and silver (Ag) on TiO, nanoparticles and their application used as photo-
catalysts have been fulfilled with great success [27] [28] [29] [30] [31]. The pho-
tocatalytic activity of noble metal nanoparticles doped TiO, toward the degrada-
tion of various environmental pollutants, such as methylene blue, methyl
orange, rhodamine blue and 4-cholorophenol, has been well recorded [3]
[18]-[33]. However, their photocatalytic efficiency does not arrive the standard
demanded for practical applicability. Doping metal on titania can increase active
sites and repression of e-/h+ pairs recombination [20]-[45].

The aim of this study was to develop a facile method to prepare Ag/TiO,,
which is simple, low cost and have high activity under UV light and visible light
irradiation. The effects of Ag loading on the activity of the catalyst were studied

extensively.

2. Experimental

2.1. Materials

Titanium dioxide (P25) was obtained from Evonik Degussa Company. Silver ni-
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trate (purity > 99.0%) was from Sigma-Aldrich. Distilled water was used through-
out the experiments. Methylene blue (purity > 99.9%) was purchased from Alfa

Aesar.

2.2. Catalysts Preparation

Ag/TiO, catalysts were prepared by photo-reduction method. TiO, was added into
a water bath containing various amounts of silver nitrate. It was illuminated under
UVC light with stir for 36 h. The catalyst was filter, then dried under vacuum.

2.3. Catalysts Characterization

2.3.1. X-Ray Diffraction (XRD)
XRD patterns of the samples were obtained by a Bruker D2 phaser system, using
CuK, radiation (1.5405 A) at a voltage and current of 30 kV and 10 mA, respec-
tively. The sample was scanned over the range 26 = 20° - 80° at a rate of
0.07°/min to identify the crystalline structure. The detail has been described in
previous literature [5] [6] [7] [8].

2.3.2. High-Resolution Transmission Electron Microscopy (HRTEM)

The observation in morphology and structure of TiO, and Ag/TiO, particles, in-
cluding dimension of samples, were investigated by HRTEM on a JEOL
JEM-2010 operated at 200 kV. The detail has been described in previous litera-
ture [5] [6] [7] [8]. The suspended particles were deposited on the holey car-
bon-coated copper grid (300#) (Ted Pella). The chemical composition of the sam-
ples was determined by Energy-dispersive X-ray spectroscopy (EDS) attached on
the HRTEM with accelerating voltage of 200 kV, and using silicon detector.

2.3.3. X-Ray Photoelectron Spectroscopy (XPS)

The XPS spectra of the samples were recorded with a Thermo VG Scientific
Sigma Prob spectrometer. The detail has been described in previous literature
[5] [6] [7] [8]. The XPS spectra were collected using Al Ka radiation at a voltage
and current of 20 kV and 30 mA, respectively. The base pressure in the analyz-
ing chamber was maintained in the order of 107 Pa. The pass energy was 23.5 eV
and the binding energy was calibrated by contaminant carbon (C; = 284.5 eV).
The peaks of each spectrum were organized using XPSPEAK software; Shirley
type background and 30:70 Lorentzian/Gaussian peak shape were used for de-

convolution of the spectra.

2.4. Photocatalytic Degradation of Methylene Blue

In this study, the decomposition of methylene blue in aqueous solution under
both UV light and visible light irradiation was used as the standard testing reac-
tion. The detail has been described in previous literature [5] [6] [7] [8]. For the
photocatalytic activity reaction, the catalyst was activated for 12 h by four pieces
of 9 W UV lamps (wavelength = 254 nm (UVC), TUV PL-L 18W/4P 1CT/25,
Philips). This procedure can photoreduce AgO to Ag metal completely. 40 mL of
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methylene blue aqueous solution with the concentration of 10 mg/L was held in
quartz cell. The catalyst was added into the solution. Before the photocatalytic
reaction was conducted, the reactor was held in the dark place for 1 h for the sa-
turation adsorption of MB. The catalyst was then illuminated by four 9 W UV
lamps (254 nm wavelength, TUV PL-L 18W/4P 1CT/25, Philips) or four 9 W
visible light lamps (Master PL-L 18W/840/4P, Philips). The distance from the
lamps to the surface of the solution was 10 cm, and the concentration of MB in
aqueous solution was determined every 15 min for UV light reaction or every 1
h for visible light reaction by using UV-vis spectroscopy (Jasco V-670). The
concentration of MB was determined by the intensity of 663 nm adsorption

peak, which is the characteristic UV-vis peak of MB.

3. Results and Discussion
3.1. XRD

The crystalline structures of TiO, and Ag/TiO, were characterized by XRD. All
of the diffraction peaks of the samples, as shown in Figure 1, are located at the
same positions [5] [6] [7] [8] [35]-[45]. The diffraction peaks located at 26 =
25.31°, 37.80°, 48.05°, 53.89°, 55.06°, 62.69°, 68.76°, 75.03° corresponding to the
anatase form of (101), (004), (200), (105), (211), (204), (116) and (215) (JCPDS
21-1272). The diffraction peaks located at 26 = 27.44°, 36.09°, 54.32°, 56.63°,
64.06°, 69.01°, 69.80° corresponding to the rutile form of (110), (101), (211),
(220), (310), (301) and (112) (JCPDS 34-0180). P25 TiO, from Evonik Degussa
contains both anatase and rutile crystalline phases, addition of Ag did not
change bulk crystalline structure, as expected. The peak of silver was not ob-

served, implying that the particle size of silver was very small. The crystallite size
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Figure 1. The XRD patterns of (a) TiO,, (b) 0.5Ag/TiO,, (c) 1Ag/TiO,, (d) 1.5Ag/TiO,,
(e) 2Ag/TiO,. (*represent the anatase form; *represent the rutile form).
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and d-spacing of TiO, were calculated by using the Debye-Scherrer equation and
the Bragg’s law, respectively. The results are listed in Table 1. It should be noted
that silver addition did not change the crystallite size of TiO,, indicating the dis-
tortion of the crystal lattice by incorporation of Ag ions was only into surface of
TiO,. It did not change the bulk structure of TiO,.

3.2. HR-TEM

The morphology of the as-prepared catalyst was investigated by HR-TEM. Fig-
ure 2 shows that AgO particles were spherical shape, and the lattice spacing was
0.241 nm, in consistent with (111) plane of silver oxide.

Figure 3 shows the HRTEM of all the Ag/TiO, samples. It clearly shows that
AgO was deposited on the surface of TiO,. The particle of TiO, from Evonik
Degussa is cubic and the size is about 5 nm. The size of AgO should be less than
5 nm. Some of AgO agglomerated on the surface of TiO,. When Ag* was depo-
sited on TiO, after photoreduction preparation process, Ag" was photoreduced
to Ag’. The sample was exposed to air after preparation. Ag’ would be oxidized
to AgO. When the sample was in HRTEM chamber, even under high vacuum, it
was still in AgO state. The HRTEM shows the AgO spacing in all the samples.

3.3. XPS

The XPS spectra in the Ti 2p region of the samples are shown in Figure 4. The

Table 1. The crystallite size and d-spacing of TiO, in Ag/TiO, catalysts.

As-prepared powder Crystallite size (nm) d-spacing (nm)
TiO, 21.86 0.352
0.5Ag/TiO, 21.86 0.352
1Ag/TiO, 21.86 0.352
1.5Ag/TiO, 21.86 0.352
2Ag/TiO, 21.86 0.352

0.241 nm
AgO (111) plane

S TR Y e, HA
Figure 2. The HRTEM image of the P-Ag/TiO, particles showing the lattice spacing of

silver oxide.
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Figure 3. The HRTEM images of (a) TiO,, (b) 0.5Ag/TiO,, (c) 1Ag/TiO,, (d) 1.5Ag/TiO,, and

(e) 2Ag/TiO,.
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Figure 4. XPS spectra of Ti 2p region of Ag/TiO, powders.

peaks located at binding energy of 458.9 - 459.0 eV corresponds to Ti 2p,, state
and at 464.5 - 464.7 eV corresponds to Ti 2p,,, state [5]-[10]. It is attributed to
the Ti*" in TiO, lattice. It shows that the Ti 2p,,, peaks were broadened with in-
creasing silver content of the sample. The results indicate that the valence state
of Ti cation was reduced from Ti* to Ti** by charge compensation and the silver
could trap the electrons, which decreased the recombination rate of electrons
and holes and convert more Ti*" ions to Ti’* ions [33] [34] [35] [36]. The gener-
ation of Ti’" ions could induce visible light response by the creation of oxygen
vacancies [38]-[45].

Table 2 shows the fractions of Ti** and Ti*", respectively, in each sample. Pure
TiO, is fully crystallized, and the fraction of Ti’* is zero. After loading Ag, the

fraction of Ti*" was not zero. Since the Ag content was very low, and only part of
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Figure 5. XPS spectra of Ti 2p,, region of (a) 0.5Ag/TiO,, (b) 1Ag/TiO,, (c) 1.5Ag/TiO,, (d) 2Ag/TiO,.

Table 2. Ti 2p,,, XPS data and the fraction of total area of Ag/TiO,.

Ti** Ti**
catalyst
B.E. (eV) Fraction (%) B.E. (eV) Fraction (%)
0.5Ag/TiO, 457.3 3.84 459.0 97.16
1Ag/TiO, 4579 8.41 458.9 91.59
1.5Ag/TiO, 457.7 7.08 459.0 92.92
2Ag/TiO, 457.6 4.57 458.9 95.43

Ag was incorporated into surface structure of TiO,. The fraction of Ti** was low.

Nevertheless, it clears shows that the fraction of Ti’*" increased after loading with
Ag. The 2Ag/TiO, sample had lower fraction of Ti** compared with 1Ag/TiO,,

possibly because Ag was agglomerated to form big particles, resulting in small

amount of Ag was incorporated into surface structure of TiO,. Further studies

are needed to investigate this phenomenon.

Figure 6 and Figure 7 display the XPS spectra of the O 1s region of Ag/TiO,

catalysts. Two O 1s peaks appeared in both samples, which is ascribed to lattice
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Figure 6. XPS spectra of O 1s region of Ag/TiO,.
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Figure 7. XPS spectra of O 1s region of (a) 0.5Ag/TiO,, (b) 1Ag/TiO,, (¢) 1.5Ag/TiO,, (d) 2Ag/TiO,.
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oxygen for Ti-O bond and hydroxyl groups on the surface [7]-[13] [38]-[45],
respectively. The Ag/TiO, could generate more active hydroxyl radicals (HO-),
which is the major species for degradation of methylene blue [38]-[45].

Figure 8 and Figure 9 show the XPS spectra of Ag 3d. The XPS curve can be
well fitted by two peaks centered at 367.8 eV and 373.8 eV corresponding to sil-
ver oxide, respectively [41] [42] [43] [44] [45]. Before reaction, the catalyst was
irradiated by UV light overnight. Under such condition, AgO was photoreduced
to Ag metal. It is known that Ag nanoparticles could improve the photocatalytic

efficiency via the following ways:
Ag’+e” > Ag (1)
Ag +0, > 0; +Ag’ (2)
The Ag nanoparticles were used as surface traps which can capture the elec-
trons from the conduction of TiO, and inhibit the electron/hole pair recombina-

tion [38]-[44]. These electrons further move from conduction of TiO, to the Ag
nanoparticles and react with the dissolve oxygen to generate the superoxide

Ag 3d 37338 367.8

P-1Ag/P25

Intensity (a.u.)

P-1.5Ag/P25

P-2Ag/P25
T T T T T —— T T

T T T T T T T T T
382 380 378 376 374 372 370 368 366 364 362 360
Binding energy (eV)

Figure 8. XPS spectra of O 1s region of (a) 0.5Ag/TiO,, (b) 1Ag/TiO,, (c) 1.5Ag/Ti0O,, (d)
2Ag/TiO,.

Table 3. O 1s XPS data and the fraction of total area of Ag/TiO,.

lattice O* Hydroxyl group on surface
As-prepared powder
B.E. (eV) Fraction (%) B.E. (eV) Fraction (%)
0.5Ag/TiO, 530.3 71.72 532.1 28.28
1Ag/TiO, 530.3 69.87 532.1 30.13
1.5Ag/TiO, 530.3 74.97 532.1 25.03
2Ag/TiO, 530.5 54.45 531.9 45.55
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Figure 9. XPS spectra of Ag 3d region of (a) 0.5Ag/TiO,, (b) 1Ag/TiO,, (c) 1.5Ag/TiO,, (d) 2Ag/TiO,.

radical anions (O} ).

3.4. Photocatalytic Degradation of Methylene Blue Aqueous Solution

Figure 10 shows the adsorption amount of methylene blue on the catalyst. The
amount of methylene blue adsorption increased after loading silver concentra-
tion. Multilayer methylene blue was adsorbed on the surface of catalyst, indica-
tion that adsorption of methylene blue is not the rate-determining step.

The results of photocatalytic activity under UV light irradiation are shown in
Figure 11. It can be seen that the 1Ag/TiO, had the highest activity among all of
the samples under UV light illumination. The photocatalytic activity of Ag/TiO,
decreased when the silver content was more than 1 wt%. As silver concentration
is more than the optimum amount, Ag becomes the recombination center of the
photo-induced electrons and holes, which is harmful for photocatalytic reactions.

The photodegradation of organic dyes is suited to the Langmuir-Hinshelwood
model. The slope of In(C,/C) plotted versus irradiation time (min or h) demon-

strates the rate constant of the reaction of the sample, as shown in Figure 12.
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The rate constants of catalysts for destructure of methylene blue are calculated
and listed in Table 4. The reaction rate constant of 1Ag/TiO, was 0.64964 h™'
which was about four times of that of pure TiO,.

Figure 13 shows the results of photocatalytic activity under visible light illu-
mination. The photocatalytic activities of all of the Ag/TiO, had improvements

compared to the pure P25 powder since adding Ag could have plasmon effect.

o
o

o o o
N w Y
T T T

Methylene blue adsorption (ppm)
°

o
=)

0.0 0.5 1.0 1.5 2.0
Ag contentin TiO, (wt.%)

Figure 10. The methylene blue adsorption of Ag/TiO, powders under UV light irradiation.
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Methylene blue concentration (ppm)
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Figure 11. Photocatalytic degradation of methylene blue of Ag/TiO, under UV light

irradiation.
25
= P-p25
* P-0.5Ag/P25
204 & P-1Ag/P25
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Figure 12. Photocatalytic activities of Ag/TiO, under UV light irradiation by plotting
In(C,/C) versus irradiation time (min).
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Table 4. Rate constant (h™) of reactions of Ag/TiO, under UV light irradiation.

As-prepared powder Rate constant (k, h™*)
TiO, 0.17540
0.5Ag/TiO, 0.39409
1Ag/TiO, 0.64964
1.5Ag/TiO, 0.53829
2Ag/TiO, 0.29812

104
84
1 —=—PP25
64 —e— P-0.5Ag/P25
—a— P-1Ag/P25

1 —v P-15Ag/P25
44 —e— P-2Ag/P25

Methylene blue concentration (ppm)

-1 0 1 2 3 4 5 6
(dark)

Irradiation time (hr)

Figure 13. Photocatalytic degradation of methylene blue of P-Ag/TiO, P25 powders under
visible light irradiation.

Consequently, the synthesized powders can have higher photocatalytic activity
under visible light illumination [38] [39] [40]. In addition, the samples would
decrease Ti*" ions to Ti** ions by charge compensation and the generation of Ti**
ions could induce visible light response by the creation of oxygen vacancies
which were consistent with the XPS spectra analysis for Ti 2p region [29] [30]
[38] [39] [40]. As shown in Figure 14 and Table 5, the photocatalytic activity of
Ag/TiO, was the highest among all catalysts under visible light irradiation. The
rate constant of the reaction was calculated to be 0.059911 h™' which had the
most hydroxyl groups in all samples.

1Ag/TiO, showed the highest photocatalytic activity among all catalysts under
UV light and visible light illumination since degradation by TiO, was conducted
prominent via -OH radicals generated in the positive holes, while Ag/TiO, catalysts
generated -OH radicals through the transformation of O} radicals [29] [30].

It has been reported [13] [14] [15] that the Fermi level of TiO, is higher than
that of doped silver. Consequently, silver deposits behave like accumulation sites
for photogenerated electrons moved from TiO,. As the number of silver cluster
is small and the electrons efficiently move to silver cluster, better separation of
electrons and holes would be complied with increment of silver doping to the
optimum content. The electrons could react with surface Ti*" or adsorbed oxy-

gen molecular to produce reactive center surface Ti’* and reactive species
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Figure 14. Photocatalytic activities of P-Ag/TiO, powders under visible light irradiation
by plotting In(C,/C) versus irradiation time (h).

Table 5. Rate constant (h™) of reactions of Ag/TiO, under visible light irradiation.

Catalyst Rate constant (k, h™)
TiO, 0.0415
0.5Ag/TiO, 0.0591
1Ag/TiO, 0.0599
1.5Ag/Ti02 0.0577
2Ag/TiO, 0.0580

O5 , respectively, the deal of recombination center of inner Ti** reduced at the
same time. Furthermore, the doped silver particle can move an electron to ad-
sorbed oxygen molecular to produce O or to the TiO, surface Ti*" to produce
surface Ti’". This indicated that the recombination was slowed and the produc-
tion of O, and surface Ti’* was speeded up. The productivity of h* would also

be raised. The reactions are shown as follows:

e +Ag, > Ag, 3)
Ag, +0, - Ag, +0; (4)
Ag; + Ti4+ % Agﬂ + Tii:rface (5)

With increment of silver doping, the quantity and size of silver cluster became
bigger progressively and the energetic properties of the doped silver may be
closed to that of bulk silver making the silver sites turn into recombination cen-

ter of electrons and holes.
Ag +h" > Ag, (6)
Moreover, higher amount of silver would enshroud more TiO, surface and
prevent the contact between organics and TiO,, which would decrease lots of re-
ceived photons and increase diffuse distance.
4. Conclusions

A series of Ag/TiO, were prepared by photoreduction method. The samples were
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characterized by XRD, HR-TEM, and XPS. The photocatalytic activity of the
samples was examined by the methylene blue degradation under UV light and
visible light illumination, respectively.

XRD patterns show that anatase and rutile forms were present among all of
the samples. The XRD peak of silver oxide was not observed, implying that the
particle size of AgO was very small. Doping silver would generate more Ti** ions
on the surface that could induce UV and visible light response by the creation of
oxygen vacancies and generate more active hydroxyl radicals which are the ma-
jor species for degradation of organic dye.

1 wt% Ag/TiO, demonstrated the highest photocatalytic activity among all
catalysts under both UV light and visible light illumination for the degradation
of methylene blue dye.

The advantages of using photoreduction to prepare Ag/TiO, are as following.
1) All of Ag cations in starting material could be deposited and reduced on TiO,
surface; 2) TiO, is commercially available and is cheap; 3) the bulk structure of
TiO, is fully crystallized, and only surface structure is changed, resulting in high

photocatalytic activities; 4) the preparation method is simple.
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