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Ag-TiO, nanostructured thin films with silver volume fraction of 0-20% were deposited on silicon and quartz substrates by RF
magnetron sputtering and annealed in ambient air at 950°C for 1 h. The phase structure and surface topography of the films
were characterized by X-ray diffractometer and transmission electron microscope. Photocatalytic activity of the films was
evaluated by light induced degradation of methyl orange (C;4H;4N;NaO5S) solution using a high pressure mercury lamp as
lamp-house. The relation of photocatalytic activity and silver content was studied in detail. It was found that silver content
influences phase structure of TiO, thin films, and silver in the films is metallic Ag (Ag®). With increasing silver content from
0 to 20 vol%, photocatalytic activity of the films increases first and then decreases. A suitable amount (2.5-5 vol%) silver
addition can significantly enhance the photocatalytic activity of TiO, films. The enhanced photocatalytic activity was mainly
attributed to the extension of visible light absorption region of the films, the presence of anatase phase, the increase of oxy-

gen anion radicals O and reactive center of surface Ti**, and the better separation between electrons and holes on the films

surface.
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1 Introduction

In 1972, Fujishima and Honda [1] discovered the photo-
catalytic splitting of water on TiO, electrodes. This event
marked the beginning of a new era in heterogeneous photo-
catalysis [2]. Recently, heterogeneous photocatalysis has
attracted growing attention in which TiO, thin films is used
as an advanced water treatment and water purification
process. However, for practical application, the photocata-
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lytic activity of the TiO, thin films needs a further im-
provement. As a result, much attention has been paid to the
material doped with noble metals, such as Pt [3], Au [4],
and Ag [5]. Among these metals, silver is widely used due
to its efficient plasmon resonance in the visible region [6]
and good antibacterial activity [7].

In this work, Ag-TiO, nanostructured thin films were
deposited on silicon and quartz substrates by RF magnetron
sputtering and annealed at 950°C for 1 h. The main purpose
is to investigate the influence of silver content on phase
structure, surface topography, and photocatalytic activity of
the films.
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2 Experimental procedure

Ag-TiO, nanostructured thin films with various silver con-
tent were prepared by a high vacuum multifunctional mag-
netron sputtering equipment (JGP560I) using Ag-TiO, ce-
ramic targets (¢ =60 mm) on silicon (10 mmx10 mm) and
quartz (25.1 mmx15.4 mm) substrates at room temperature.
The targets were made by sticking Ag strips (99.99% purity)
onto TiO, target (99.99% purity). Volume fraction of silver
in the resulting films can be calculated [8] from eq. (1):

Gy = XMy PpSup ’ )

XMy Py Syp + M Py
where, gy is the volume fraction of silver in the resulting
films, my; and mp is the molar mass of silver and TiO,, oy
and pp is the density of silver and TiO,, Syp=vm/vp (vm and
vp is sputtering rate of silver and TiO,), and the value of
Swmp is around 40.2 obtained by experimental measurements,
x=Am/Ap (Ay and Ap is bare area of silver and TiO,). Prior
to deposition, the substrates were ultrasonically cleaned
with acetone, absolute ethyl alcohol, and deionized water
for 10 min, respectively. When the sputtering chamber was
evacuated to a base pressure of 8x107* Pa, argon gas
(99.99% purity) was introduced. Before the films were de-
posited, Ag-TiO, ceramic target was pre-sputtered by argon
ion for 3 min to weed out the surface adsorption. During
sputtering, argon gas flow rate was kept at 30 sccm, the
chamber pressure was maintained at 0.8 Pa, the sputtering
power was 60 W, and the distance between the substrate
and the target was 60 mm. In order to obtain the same film
thickness, sputtering time was 27, 25.3, 24, 22, and 18 min
corresponding to silver content of 0, 2.5, 5, 10, and 20 vol%,
respectively, due to their different sputtering rates. After
deposition the films were annealed in ambient air at 950°C
for 1 h.

The thickness of the films corresponding to silver content
of 0, 2.5, 5, 10, and 20 vol%, measured by a surface profiler
meter (Ambios XP-1), is 112, 116, 122, 109, and 112 nm,
respectively. The crystallization behavior of the films was
analyzed by an X-ray diffractometer (MAC M18XHF) us-
ing Cu K a radiation. Surface morphological features were
observed by a transmission electron microscope
(JEM-2100).

Photocatalytic activity of the films was characterized by
degradation of methyl orange (C;4H4N3NaO;S). The ex-
periment was performed in a 30 mL glass container.
Lamp-house is a 36 W high pressure mercury lamp, which
emits visible light of 404.7, 435.8, 546.1, and 577.0-579.0
nm, and ultraviolet light of 365 nm. Two samples of quartz
substrate were horizontally placed at the bottom of the test-
ing cell containing 10 mL 5 ppm methyl orange solution.
The distance between the sample and the high pressure
mercury lamp was 3.1 cm. The transmittance of the methyl
orange solution was measured at intervals of 20 min and the
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total irradiation time was 3 h. The degradation rate of
methyl orange could be obtained by

7= (Co—C))/Cyx100%, (2)

where 77 is degradation rate of methyl orange after ¢ min
reaction, C, is the concentration of methyl orange after  min
reaction and Cj is initial concentration.

3 Results and discussion

Figure 1 shows XRD patterns of 0, 2.5, 5, 10, and 20 vol%
Ag modified TiO, thin films annealed at 950°C for 1 h. It
can be seen that, for all the samples, there are diffraction
angles of 27.70, 28.65, 38.37, and 39.33°, which correspond
to the rutile (1 1 0), silicon (1 1 1), silver (1 1 1), and rutile
(2 0 0), respectively. However, for 5 vol% Ag modified
TiO, thin film, there are also diffraction angles of 25.80,
and 31.04°, which correspond to anatase (1 0 1) and
brookite (2 1 1); when silver content increases to 20 vol%,
there is an additional diffraction angle of 44.57°, which cor-
responds to silver (2 0 0). Compared with other samples, 5
vol% Ag modified TiO, thin film shows more intense XRD
diffraction peaks. In addition, the film exhibits an unex-
pected high degree of crystallization orientation along the
anatase (1 O 1) planes. All these analyses suggest that silver
content influences phase structure of TiO, thin films, and
the addition of silver to the films is metallic Ag (Ag"). It
must be pointed out that silicon in Ag-TiO, thin films may
form single crystal silicon substrate because of pervasion
between substrate and the films when annealed at 950°C for
1 h.

Figure 2 shows TEM images of 0, 2.5, 5, 10, and 20
vol% Ag modified TiO, thin films as deposited. The distri-
bution of silver particle in the films is uneven. With in-
creasing silver content, the size and quantity of silver parti-
cles increase.

& Anatase
s ¥ Rutile
. )
+ Silver
w 4 Silicon
:: o .
€ W Brookite
8
= !
=
w
c
2 c
z .
: e
M d
" b
- a

20 30 40 50 60 70 80
20 (°)

Figure 1 XRD patterns of (a) 0, (b) 2.5, (c) 5, (d) 10, and (e) 20 vol% Ag
modified TiO, thin films annealed at 950°C for 1 h.
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Figure 2 TEM images of (a) 0, (b) 2.5, (c) 5, (d) 10, and (e) 20 vol% Ag modified TiO, thin films as deposited.

In a previous study [9], we found that absorption spectra
of methyl orange solution with various concentrations show
two characteristic peaks at 270 and 464 nm, respectively,
and absorbance of methyl orange solution at 464 nm is di-
rectly proportional to concentration. Therefore, in our study,
the absorbance of peak at 464 nm is used to evaluate the
absorption of methyl orange solution with various concen-
trations.

Figure 3 shows first-order kinetics of photocatalytic deg-
radation of methyl orange as a function of irradiation time
over 0, 2.5, 5, 10, and 20 vol% Ag modified TiO, thin films
as deposited, where A, is absorbance of methyl orange after
t min reaction and A is initial absorbance at 464 nm. From
Figure 3, we can see that In(A(/A,) is directly proportional to
irradiation time. From the above analysis, absorbance of
methyl orange solution is directly proportional to concentra-
tion. So, we can conclude that the photocatalytic degrada-
tion is first-order reaction and its kinetics can be expressed
as follows:

In(Cy/C))=kt, 3

where C; is the concentration of methyl orange after # min
reaction, Cy is the initial concentration, and k is apparent
reaction rate constant. The photocatalytic activity can be
compared by k value. The k values obtained by linear fitted
from Figure 3 are 0.00303, 0.00307, 0.00332, 0.0027, and
0.00245 for the 0, 2.5, 5, 10, and 20vol% Ag modified TiO,
thin films, respectively, as shown in Table 1. Based on ab-
sorbance of methyl orange solution at 464 nm, the concen-
tration of methyl orange solution after 180 min reaction can
be calculated [9], further, degradation rate of methyl orange
can be obtained from eq. (1), as shown in Table 1. Degrada-

tion rate increases with increasing silver up to 5 vol% Ag
and then decreases to values significantly smaller than that
of pure TiO, thin films. With a suitable amount (2.5-5 vol%
Ag), the silver addition increases the photocatalytic activity
of the films. Among these films, 5 vol% Ag modified TiO,
thin film exhibits the highest photocatalytic activity.
According to the principles of TiO, photocatalysis [10, 11],
electron-hole pairs are generated when TiOj is irradiated with
UV light. Separated electrons and holes diffuse to the sur-
face of TiO, and then react with water, hydroxyl group and
molecular oxygen adsorbed on TiO, producing reactive

radicals, such as O,, H,0,, and OH. These reactive radi-

cals further react with organic and inorganic compounds
adsorbed on TiO, and oxidize or reduce them. The reactions
are summarized below [12, 13].
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Figure 3 First-order kinetics of photocatalytic degradation of methyl
orange as a function of irradiation time over (a) 0, (b) 2.5, (¢) 5, (d) 10, and
(e) 20 vol% Ag modified TiO, thin films annealed at 950°C for 1 h.

Table 1 Parameters of photocatalytic degradation of methyl orange over 0, 2.5, 5, 10, and 20 vol% Ag modified TiO, thin films annealed at 950°C for 1 h

Ag content (vol%) 0 2.5 5 10 20
Apparent reaction rate constant k (min™") 0.00303 0.00307 0.00332 0.0027 0.00245
Degradation rate 77 (%) 46.07 46.93 49.23 42.32 39.73
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TiO, —“—>e +h" “)

e +0* >0, 6)

h*+H,0 > H" +OH (6)

0, +e” +2H" - H,0, @)

H,0, - 20H ®)

OH + organic compounds — products )

Generally speaking, the photocatalytic activity of the
TiO, films is mainly dependent on three factors [14]: (1) the
electron-hole pairs generation capacity; (2) separation effi-
ciency of the photogenerated electron-hole pairs; and (3)
charge transfer efficiency of electrons and holes to com-
pounds absorbed on TiO,.

First, the yield of the photogenerated electron-hole pairs
depends upon the intensity of incident photons with energy
exceeding or equaling to the Ag-TiO, thin films energy gap
[14]. In a previous study [15], we found that the energy gap
are 3.02, 3.00, 2.81, 2.87, and 2.92 eV, for 0, 2.5, 5, 10, and
20 vol% Ag modified TiO, thin films, respectively. It has
also been calculated that threshold absorption wavelengths
are 411.6, 414.4, 442.4, 433.1, and 425.7 nm, for 0, 2.5, 5,
10, and 20 vol% Ag modified TiO, thin films, respectively.
It can be seen that the threshold absorption wavelength in-
creases with increasing silver content up to 5 vol% Ag and
then decreases. Since the high pressure mercury lamp emits
visible light of 404.7, 435.8, 546.1, and 577.0-579.0 nm,
and ultraviolet light of 365 nm, we can conclude that all the
films can absorb the ultraviolet light of 365 nm and visible
light of 404.7 nm, but as an exception, 5 vol% Ag modified
TiO, thin film can also absorb visible light of 435.8 nm,
which makes the film exhibit the highest photocatalytic ac-
tivity.

Second, the addition of noble metals to a photocatalytic
semiconductor can change the photocatalytic process by
changing the semiconductor surface properties [16]. The
metal can enhance the yield of a particular product or the
rate of the photocatalytic reaction, which was first observed
by Sato et al. [17]. Figure 4 is an illustration of the electron
capture properties at the Schottky barrier of the metal in
contact with a semiconductor surface. The picture sche-
matically illustrates the small area of the semiconductor
surface that the metal actually covers, which has been con-
firmed by the TEM images as shown in Figure 2. After ex-
citation the electron migrates to the metal where it becomes
trapped and electron-hole recombination is suppressed. The
holes diffuse freely to the semiconductor surface where
oxidation of organic species can occur. When the two spe-
cies come in contact the Fermi levels of the metal and
semiconductor align causing electrons to flow to the metal
from the semiconductor [16]. The decrease in electron
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Figure 4 Schematic diagram showing metal modified semiconductor
photocatalyst particle.

density within the semiconductor leads to an increase in the
hydroxyl group acidity [18]. This in turn affects the photo-
catalytic process on the semiconductor surface.

Third, small metal particles, of only several nanometers
in diameter, deposited on semiconductor, have been re-
ported to have enhanced photocatalytic efficiencies, as
compared to larger sized deposits [19-21]. This has been
attributed to the ability of the small metal particles to trap
photoelectrons generated in the semiconductor. Large sil-
ver particles (Ag,) on TiO, are considered to function as
recombination sites, based on their ability to capture both
photoelectrons and holes, as is consistent with literature
values for the work function of bulk silver of —4.64 eV [22],
positioning it within the TiO, band gap (top of valence
band (VB) =-7.6 eV, bottom of conduction band (CB)
=—4.4 eV) [22-24]. The electron affinity of a gas phase
silver atom 1is reported to be —1.30 eV [22], the electron
affinity of O, in the gas phase is —0.451 eV [25]. Based on
these energy levels, as shown in Figure 5 for the
Ag/TiO,/0, system, which does not include consideration
of Fermi level equilibration between contacting phases, it
appears that bulk silver is energetically capable of accept-
ing a photoelectron from the bottom of the TiO, conduction
band, without substantial shift in Fermi level, but would
not be capable of transferring this electron to a gas phase O,

molecule to form the oxygen anion radicals, O,. Transfer

of a photoelectron from the bottom of the TiO, conduction
band to a gas phase silver atom is energetically unlikely.
This suggests a stabilization of the small Ag, in contact
with TiO,, making possible the observed acceleration of

O, formation and the plausibility of the assignments

shown in Figure 5 for Ag, clusters occupying energetic
positions below the vacuum level that range from —1.30 eV
for n = 1, to that of the bulk silver work function of —4.64
eV, as n increases to large numbers yielding Ag, sizes with
properties approaching that of the bulk metal. For efficient
electron transfer from the TiO, conduction band to Ag,, a
Ag, electron accepting energy level must lie close to, or
lower than —4.4 eV below the vacuum level. Since bulk
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silver does not efficiently lead to O, formation, it would

appear that the electron affinity of O, adsorbed on efficient
Ag,/TiO, photocatalysis is likely to be at higher energy
than the bulk silver work function, —4.64 eV, and at lower
energy than the bottom of the TiO, conduction band, —4.4
eV, as shown schematically in Figure 5. A sufficiently high
number density of Ag, particles on the TiO, surface could
also lead to the increased recombination, as illustrated
schematically in Figure 6.

A major role of surface deposition of small Ag, on TiO,
is attributed to acceleration of O, formation [25], with the
effect of decreasing recombination and increasing product
yields initiated by h* or OH. The varied roles assigned to

Ag,, Ag, as a function of size, are shown in reactions (10)—
(12).

Vacuum level
0, (gas) OeV 0O, (gas)
“0451ev A 0451ev
~1.30 eV /
f *. Ag ,‘e‘
\e Ag; |y
\ Ag;

‘\ e CB e/
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Figure 5 Schematic diagram showing the positions of the top of the
TiO, valence band (VB), bottom of the TiO, conduction band (CB), the
work function of bulk silver, a single atom of silver, the electron affinity
of a gas phase O, molecule, and the required stabilization for oxygen
anion radicals, O,, formation when adsorbed to TiO,, relative to the

vacuum level = 0. Dotted arrow and solid arrow express impossible and
possible, respectively.

Semiconductor

Figure 6 Schematic diagram showing high number density of silver
particles can lead to increase in charge carrier recombination.

Sci China Tech Sci

November (2010) Vol.53 No.11 3031
For small n,

e +Ag, > Ag, (10)

Ag, +Ti*" > Ag, +Til ... (11

Ag +0, >0, +Ag, (12)

As the number and size of the Ag, become sufficiently large,
the silver deposits begin to function as recombination cen-
ters and the advantages of the metallic deposition are lost
[25]. For large n, the energetic properties of the Ag, may be
approaching that of bulk Ag, reaction (13) competes with
(12).

Ag +h" > Ag, (13)

Based on geometric considerations, we proposed that a
large number density of small epitaxial deposits on a semi-
conductor substrate is energetically capable of trapping
photoelectrons, which would increase charge carrier recom-
bination, whereas a smaller number of otherwise identical
deposits may be effective in causing charge carrier separa-
tion [25, 26]. In addition, larger amount of silver would
cover more TiO, surface and hinder the contact between
TiO, and organic compounds, which would decrease the
amount of the received photons [12].

Furthermore, it is noticeable that, compared with other
samples, 5 vol% Ag modified TiO, thin film shows more
intense XRD diffraction peaks and exhibits an unexpected
high degree of crystallization orientation along the anatase
(1 0 1) planes. It is well known that the anatase TiO, features
the highest oxidizing power and the highest density of oxy-
gen bridging sites [11] increasing the amount of anatase TiO,
phase in the films is a prerequisite for increasing their photo-
catalytic activity [27]. Therefore, it is reasonable that 5 vol%
Ag modified TiO, thin film exhibits the highest photocata-
Iytic activity considering its especial phase structure.

4 Conclusion

Silver content influences phase structure of Ag-TiO, thin
films. With increasing silver content, the size and quantity
of silver particles increase to a certain extent, the energy
gap of the films decreases first and then increases. And the
photocatalytic degradation rate of methyl orange solution
increases first and then decreases. Among these films, 5
vol% Ag modified TiO, thin film exhibits the highest
photocatalytic activity. Silver addition can evidently im-
prove visible light absorption of TiO, thin films and change
the photocatalytic process by changing the films surface
properties. A major role of surface deposition of small Ag,

on TiO, is attributed to acceleration of O, formation, with

the effect of decreasing recombination and increasing prod-
uct yields initiated by h* or OH. As the number and size of
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the Ag, become sufficiently large, the silver deposits begin
to function as recombination centers and the advantages of
the metallic deposition are gradually lost. The extension of
visible light absorption region, the presence of anatase

phase, the increase of O, and Ti® *, and the better separa-

tion between electrons and holes on the films surface are
main causes of the enhanced photocatalytic activity for sil-
ver modified TiO, films.
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