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bstract

Silver nanoparticles doped TiO2 has been prepared and characterised by surface analytical methods such as BET surface area, scanning electron
icrographs (SEM), X-ray diffraction (XRD), energy dispersive X-ray micro analysis (EDX), electron spin resonance (ESR) and diffuse reflectance

pectroscopy (DRS). We have investigated the photocatalytic degradation of two Direct diazo dyes, Direct red 23 (DR 23) and Direct blue 53
DB 53) in the aqueous suspensions of TiO and Ag deposited TiO nanoparticles under UV-A light irradiation in order to evaluate the various
2 2

ffects of silver deposition on the photocatalytic activity of TiO2. The presence of silver in TiO2 was found to enhance the photodegradation of DR
3 and DB 53. The higher activity of silver doped TiO2 is due to the enhancement of electron–hole separation by the electron trapping of silver
articles.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Heterogeneous photocatalysis is an alternative economi-
al and harmless technology of advanced oxidation processes
AOP) for removal of organic impurities. During the process,
lluminated semiconductor absorbs light and generates active
pecies which leads to complete oxidation of organic compo-
ents in waste water. A distinct advantage of the photocatalysis
ies in its ability to utilise solar energy in the production of active
pecies OH•. Photocatalysis on semiconductors has been studied
n many fields. For example: (i) fuel production: hydrogen from
ater photolysis [1–3], (ii) removal/recovery of heavy metal

ons [4,5], (iii) water detoxification: removal of toxic, harmful
r hazardous pollutants [6–11].

A great many photocatalysts have been examined for the
egradation of organic pollutants in waste water. Among var-

ous semiconductor metal oxides, TiO2 has been the focus of
hotocatalysts under UV irradiation because of its physical and
hemical stability, low cost, ease of availability, non-toxicity and
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lectronic and optical properties. Despite the positive attributes
f TiO2, there are a few drawbacks associated with its use; it has
high bandgap (Eg > 3.2 eV) and it is excited only by UV light

λ < 388 nm) to inject electrons into the conduction band and
o leave holes into the valence band [12]. Thus, this practically
imits the use of sunlight or visible light as an irradiation source
n photocatalytic reactions on TiO2 [13]. In addition, the high
ate of electron–hole recombination on TiO2 particles results in
low efficiency of photocatalysis [14]. For the purpose of over-
oming these limitations of TiO2 as a photocatalyst, numerous
tudies have been recently performed to enhance electron–hole
eparation and to extend the absorption range of TiO2 into the
isible range. These studies include doping metal ions into the
iO2 lattice [15,16], dye photosensitisation on the TiO2 surface
17–21], addition of inert support [22] and deposition of noble
etals [23–34].
In particular, noble metal-modified semiconductor nanopar-

icles become of current importance for maximising the effi-
iency of photocatalytic reactions. The noble metals such as Pt
23,24] and Au [25,26] deposited or doped on TiO2 have the

igh Schottky barriers among the metals and thus act as elec-
ron traps, facilitating electron–hole separation and promotes
he interfacial electron transfer process [5,35–37]. Most stud-
es of noble metal-modified TiO2 photocatalysts have focused

mailto:chemsam@yahoo.com
dx.doi.org/10.1016/j.molcata.2006.05.013
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n the details of the photoinduced electron transfer from the
onduction band of UV-irradiated TiO2 to noble metals for
mproving the photocatalytic activity of TiO2 under UV irra-
iation.

Noble metals doped or deposited on TiO2 are expected to
how various effects on the photocatalytic activity of TiO2
y different mechanisms. These noble metals act separately
r simultaneously depending on the photoreaction conditions.
hey may (i) enhance the electron–hole separation by acting
s electron traps, (ii) extend the light absorption into the visi-
le range and enhance surface electron excitation by plasmon
esonances excited by visible light and (iii) modify the surface
roperties of photocatalysts.

In the recent years, silver ions have attracted the interests of
everal researchers [38–40], because of both their novel effects
n the improvement of photoactivity of semiconductor photo-
atalysis nanocrystallites [39,40] and their effects on antibacte-
ial activity [38]. These properties can be applied to a tremendous
ange of applications, for instance, environment, textiles, engi-
eering materials and so on. However, the studies on silver doped
hotocatalyst nanocrystallites are still limited in the literature
41–49].

The aim of the present work is to prepare Ag doped TiO2
anatase) by a photodeposition method and to compare the activ-
ty of the photocatalyst before and after surface modification
ith metallic silver for the degradation of two azo dyes DB 53

nd DR 23.

. Experimental

.1. Materials

Titanium dioxide (anatase) with a BET surface area of
1.53 m2/g and perchloric acid were supplied by Qualigen.
irect red 23 (DR 23), C.I. 29160 from S.D. fine and Direct blue
3 (DB 53) C.I. 23860 from CDH were used as such. The struc-

ure of these dyes are shown in Fig. 1. Silver nitrate (99.5 wt.%)
nalytical grade from Merck was used as a silver source for the
reparation of Ag doped TiO2 photocatalysts. Double distilled
ater was used for all the experiments.

Fig. 1. Structures of DR23 and DB53.
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.2. Preparation of Ag doped TiO2 photocatalysts

The Ag doped TiO2 catalysts were prepared by photoreduc-
ng Ag+ ions to Ag metal on the TiO2 surface as per the procedure
iven below [41].

First pH of the TiO2 suspension was adjusted to 3 prior to
eaction using perchloric acid. Aliquots of various amounts of
g+ ions, prepared by dissolving silver nitrate salt in deionised
ater, were added into the suspension of TiO2 such that the
g+ concentration was 0.5, 1.0, 1.5 and 2.0 at.% in relation to
iO2. The mixtures were then irradiated with UV light by eight
ercury lamps (8 W) for 3 h with continuous air supply. The

uspensions were then filtered, washed and dried to give Ag
eposited TiO2 catalysts.

.3. Analytical methods

A Varian Cary 5E UV–VIS-NIR spectrophotometer equipped
ith an integrated sphere was used to record the diffuse

eflectance spectra (DRS) and to measure the absorbance data
f the solution samples. The baseline correction was performed
sing a calibrated reference sample of barium sulfate. The
eflectance spectra of the silver doped TiO2 catalysts were
nalysed under ambient conditions in the wavelength range of
00–800 nm.

Powder X-ray diffraction patterns of TiO2 and Ag doped TiO2
atalysts were obtained using a Philips PANanalytical X′ pert
RO diffractometer equipped with a Cu tube for generating a
u K� radiation (wavelength 1.5406 Å) at 40 kV, 25 mA. The
articles were spread on a glass slide specimen holder and the
cattered intensity was measured between 20◦ and 85◦ at a scan-
ing rate of 2θ = 1.2 ◦ min−1. Peak positions were compared with
he standard files to identify the crystalline phases.

The electron paramagnetic resonance (EPR) spectra of the sil-
er doped TiO2 catalysts were recorded by using a JEOL-JE 100
SR spectrometer at room temperature. The TiO2 powder was
laced in a thin-walled quartz EPR tube to produce cylindrical
amples with identical dimensions. The EPR spectrometer set-
ings were microwave power of 1.00 mW, microwave frequency
f 9.39 GHz. Center field of 335 ± 100 mT, modulation ampli-
ude of 0.2 mT and scan time of 0.03 s.

Scanning electron microscopic (SEM) analysis was per-
ormed on platinum coated samples using a JEOL apparatus
odel JSM-5610 LV, equipped with an INCA EDX probe for

he energy dispersive X-ray micro analysis (EDX).
The specific surface areas of the samples were determined

hrough nitrogen adsorption at 77 K on the basis of BET equation
sing a Sorptomatic 1990 instrument.

.4. Photocatalytic studies

The photocatalytic experiments were carried out in a Heber
ultilamp photoreactor model HML-MP 88 (Fig. 2) which con-
ists of eight medium pressure mercury vapour lamps (8 W)
et in parallel and emitting 365 nm wavelength. It has a reac-
ion chamber with specially designed reflectors made of highly
olished aluminium and built in cooling fan at the bottom.
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ig. 2. Scheme of the photoreactor used for the photocatalytic experiments.

pen borosilicate glass tube of 50 ml capacity, 40 cm height and
0 mm diameter with the total light exposure length of 330 nm
as used as a reaction vessel. The solution with a photocatalyst

nd dye was continuously aerated by a pump to provide oxygen
nd for complete mixing of reaction mixture.

For photocatalysis, 50 ml of dye solution containing appropri-
te quantity of the catalyst suspensions was used. The suspension
as stirred for 30 min in dark for the attainment of adsorption

quilibrium and then irradiated. At specific time intervals 2 ml
f the sample was withdrawn and centrifuged to separate the
atalyst. 1 ml of the centrifugate was diluted to 10 ml and its
bsorbances at 501 and 242 nm for DR 23, 603 and 315 nm for
B 53 were measured using a Hitachi U-2001 spectrophotome-

er. The absorbances at 501 and 603 nm were used to monitor
he decolourisation of the dyes and the absorbances at 242 and
15 nm indicate the degradation of aromatic part of dyes.

The initial pH of the working samples were adjusted to 5 by
he addition of H2SO4 or NaOH solution using a Hanna Phep
Model H 198107) digital pH meter.

. Results and discussion

.1. Characterisation of TiO2 and Ag-TiO2 catalysts

.1.1. UV–visible diffuse reflectance spectra
The reflectance spectra of TiO2 and 0.5, 1, 1.5 and 2 at.% of

g doped TiO2 catalysts are illustrated in Fig. 3. The spectrum
f TiO2 consists of a single absorption below ca. 370 nm usu-
lly ascribed to charge-transfer from the valence band (mainly
ormed by 2p orbitals of the oxide anions) to the conduction
and (mainly formed by 3dt2g orbitals of the Ti4+ cations) [50].
he addition of silver ions and subsequent UV irradiation causes

ignificant changes to the absorption spectrum of TiO2 resulting
n high absorbance from 400 nm to entire visible region which is
haracteristic of surface plasmon absorption. A band at 440 nm
s characteristic of surface plasmon absorption. Since this band

b

D

ig. 3. Diffuse reflectance spectra of the catalysts. (a) Pure TiO2; (b) 0.5% Ag-
iO2; (c) 1% Ag-TiO2; (d) 1.5% Ag-TiO2; (e) 2% Ag-TiO2.

oes not appear as a strong band as reported in literature [47,51],
he red shift may not be due to surface plasmon absorption.
ence the extended absorption must be from bandgap absorp-

ion. This bandgap absorption of all silver doped TiO2 catalysts
lightly shifts to higher wavelength. The absorbance in the vis-
ble region for the metallised system shows that lower energy
ransitions are possible. This is because the metal clusters give
ise to localised energy levels in the bandgap of TiO2 into which
alence band electrons of TiO2 are excited at wavelength longer
han 370 nm. If equal sized metal clusters are formed, it will
ead to constant absorption in the visible region corresponding
o the excitation from the valence band of TiO2 to the unoccupied
evel of metal cluster. Since there is a small gradual decrease in
bsorption from 420 to 800 nm in the diffuse reflectance spec-
rum of Ag-TiO2 catalyst, the metal clusters in the catalyst are
ot be of equal size.

The spectra reveals that Ag doping has a marked effect on the
bsorption properties of TiO2 and that the absorption of light in
he visible region by TiO2 increases with an increase in the silver
ontent.

.1.2. XRD analysis
XRD patterns of TiO2 and Ag-TiO2 nanocrystallites with

ifferent contents of silver ions are shown in Fig. 4. The X-
ay diffraction patterns of silver doped TiO2 samples almost
oincide with that of pure TiO2 and show no diffraction peaks
ue to silver species, thus suggesting that the metal particles are
ell dispersed on the TiO2 surface. Anatase type structure is
ept in all Ag doped TiO2 catalysts, indicating that the metal
opants are merely placed on the surface of the crystals without
eing covalently anchored into the crystal lattice. There are no
iffraction patterns characteristic of the doped metals in the XRD
atterns. Hence these metal sites are expected to be below the
isibility limit of X-ray analysis [52].

The crystallite size was determined from the diffraction peak

roadening employing the following equation:

= Kλ

(βc − βs) cosθ
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ig. 4. XRD patterns of the catalysts. (a) Pure TiO2; (b) 0.5% Ag-TiO2; (c) 1%
g-TiO2; (d) 1.5% Ag-TiO2; (e) 2% Ag-TiO2 catalysts.

here D is the crystallite size of the catalyst, λ the X-ray wave-
ength, and βc and βs are the FWHM of the catalyst and the
tandard, respectively. K = 0.89 is a coefficient and θ is the
iffraction angle.

The crystallite sizes determined from the XRD pattern of the
repared catalysts are given in Table 1. It is noted that all the
atalysts are in the form of nanoparticulates with sizes ranging
rom 21 to 40 nm. The crystallite size of Ag-TiO2 samples are
arger than pure TiO2. The decrease in crystallite size is inversely
roportional to the surface of the catalysts.

.1.3. ESR analysis
The formation of active species on metal deposited TiO2 and

ure TiO2 can be found by ESR spectra. ESR spectra of these
hotocatalysts were recorded at room temperature. In the ESR
pectrum for the pure TiO2 (Fig. 5), simple signals at g = 1.96,
.97, 1.99 and 2.04 were observed. The signals were not ascribed
ompletely; however they seem to be a combination of sig-
als for Ti3+ (g = 1.96, 1.97, 1.99) and O2

•− (g = 2.04) [53–55].
bvious differences were not observed in the ESR spectra of Ag-
iO2 nanocrystallites with different contents of silver and TiO2
ecorded at room temperature [56]. This indicates the active

pecies present in TiO2 and Ag doped TiO2 are the same.

.1.3.1. SEM analysis. We observed maximum efficiency for

.5 and 2 at.% of Ag doped TiO2 in the photocatalytic degra-

t
m
d
o

able 1
rystallite size and photocatalytic activity results of TiO2 and Ag doped TiO2 on DR

atalyst amount (2 g l−1) Ag weight (%) Crystallite size (nm) Degradation

k × 101 (min−

iO2 0.0 20.85 2.10
g-TiO2 0.5 31.28 2.35
g-TiO2 1.0 34.57 3.98
g-TiO2 1.5 39.28 6.10
g-TiO2 2.0 32.29 4.82

= Pseudo-first order rate constant; R = initial rate.
ig. 5. ESR spectra of the catalysts. (a) Pure TiO2; (b) 0.5% Ag-TiO2; (c)
% Ag-TiO2; (d) 1.5% Ag-TiO2; (e) 2% Ag-TiO2 catalysts recorded at room
emperature.

ation of DR 23 and DB 53, respectively. Hence SEM analysis
as been carried out for these two catalysts. The SEM pictures
f pure TiO2, 1.5 at.% Ag-TiO2 and 2 at.% Ag-TiO2 are shown
n Fig. 6. The SEM picture of pure TiO2 (Fig. 6a) shows that
he size of titanium dioxide particle is uniform. But the distri-
ution of silver on the surface of TiO2 is not uniform and the
EM pictures (Fig. 6b and c) show that Ag doped TiO2 catalyst
ontains irregular shaped particles which are the aggregation of
iny crystals. However, it cannot be ruled out that some Ag par-

icles are too small to be observed at the resolution of the used

icroscope [45,46,52]. The above figures also reveal that the
oping of silver metal does not leave any change in the topology
f the catalyst surface.

23

Decolourisation

1) R × 105 (mol l−1 min−1) k × 101 (min−1) R × 105 (mol l−1 min−1)

4.2 12.62 25.2
4.7 12.88 25.8
7.96 13.24 26.5

12.2 13.46 26.9
9.64 13.28 26.7
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3.1.4. BET surface area analysis
In general, the surface area of the catalyst is the most impor-

tant factor influencing the catalytic activity. The surface area of
TiO2 particles before and after surface modification was deter-
ig. 6. Scanning electron micrograph image of the catalysts. (a) Pure TiO2; (b)
.5% Ag-TiO2; (c) 2% Ag-TiO2 catalysts.

.1.3.2. EDX analysis. We have also performed EDX analy-
is on the Ag doped TiO2 catalyst in two different regions
and II. They are presented in Figs. 7 and 8. From Fig. 7a
nd b we notice that, in 1.5 at.% Ag-TiO2 the Ag content of
.49 wt.% (region I) falls to 0.94 wt.% in the region II. In the
ase of 2 at.% Ag-TiO2 catalyst (Fig. 8a and b) Ag is 2.09 wt.%
n region I and it is raised to 6.88 wt.% in the region II. This

F
r

ig. 7. EDX diagrams of 1.5% Ag-TiO2 catalyst obtained from two different
egions. (a) Region I; (b) region II.

onfirms that the size and deposition of silver on TiO2 is non-
niform.
ig. 8. EDX diagrams of 2% Ag-TiO2 catalyst obtained from two different
egions. (a) Region I; (b) region II.



N. Sobana et al. / Journal of Molecular Catalysis A: Chemical 258 (2006) 124–132 129

Table 2
BET surface area of pure and silver doped TiO2 catalysts

Catalyst Ag weight (%) BET surface area (m2/g)

TiO2 0.0 21.53
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TiO2 and silver doped TiO2 are shown in Fig. 13a and b. The
g-TiO2 1.5 17.78
g-TiO2 2.0 12.39

ined using the nitrogen gas adsorption method. The surface
reas obtained are shown in Table 2.

It is observed that the surface area decreases with an increase
n the silver content in the Ag-TiO2 catalyst. The decrease in the
urface area of silver doped TiO2 may be due to blocking of fine
apillaries of parent TiO2 surface by metal film islands [52].

.2. Comparison of photocatalytic activities of TiO2 and Ag
oped TiO2 catalysts

.2.1. DR 23 photodegradation
Fig. 9 shows the spectral changes of DR 23 in TiO2 pho-

ocatalyst under UV irradiation. Compared to pure TiO2, the
g-TiO2 catalysts exhibited a significant increase in the DR 23
hotodegradation and decolourisation rate as shown in Fig. 10a
nd b. In Table 1 crystallite size and photocatalytic activity of
iO2 and Ag doped TiO2 on DR 23 are given. It was found

hat the 1.5 at.% Ag content was optimum to achieve the highest
fficiency of the DR 23 photodegradation and decolourisation.
t is also observed that the photonic efficiency increases with
n increase in the silver loading up to 1.5 at.% (optimum metal
oading) and then decreases. More Ag contents could be detri-

ental to the photonic efficiency. It may be explained that up to
ptimum metal loading, the Ag particles deposited on the TiO2
urface can act as electron–hole separation centers [5,35,36].
he electron transfer from the TiO2 conduction band to metallic
ilver particles at the interface is thermodynamically possible

ecause the Fermi level of TiO2 is higher than that of silver
etals [23]. This results in the formation of Schottky barrier

t the metal–semiconductor contact region, which improves the
harge separation and thus enhances the photocatalytic activity

ig. 9. Absorption spectral changes of DR 23 on pure TiO2 as a function of
rradiation time. The initial concentration (C0) of DR 23 was 2 × 10−4 mol l−1:
a) 0 min; (b) 60 min; (c) 90 min; (d) 120 min; (e) 180 min; (f) 210 min; (g)
30 min; (h) 480 min.

r
s
p

F
t

ig. 10. Photocatalytic (a) degradation; (b) decolourisation of DR 23 in Ag-TiO2

atalysts as a function of the Ag content (2 h irradiation).

f TiO2. In contrast, at the Ag content above its optimum, the Ag
articles can also act as recombination centers, thereby decreas-
ng the photocatalytic activity of TiO2. It has been reported that
he probability for the hole capture is increased by the large
umber of negatively charged silver particles on TiO2 at high
ilver content, which reduces the efficiency of charge separation
23,42,57–59]. The photodecolourisation and degradation of DR
3 against the irradiation time are shown in Fig. 11a and b. An
ptimum loading of 1.5 at.% Ag showed 34.3% increase in the
R 23 degradation and 20.3% increase in the decolourisation.

.2.2. DB 53 degradation
Absorption spectral changes of DB 53 on the TiO2 catalyst as

function of the irradiation time is shown in Fig. 12. The results
f photodegradation and decolourisation of DB 53 using pure
ate constants and the initial rates of degradation and decolouri-
ation by TiO2 and doped catalysts are given in Table 3. The
hotodegradation efficiency increases with an increase in the

ig. 11. Comparison of DR 23 photocatalytic: (a) degradation; (b) decolourisa-
ion on pure TiO2 and Ag-TiO2 catalysts under UV irradiation.
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Fig. 12. Absorption spectral changes of DB 53 on pure TiO2 as a function of
irradiation time. The initial concentration (C0) of DB 53 was 3 × 10−4 mol l−1:
(a) 0 min; (b) 60 min; (c) 90 min; (d) 120 min; (e) 180 min; (f) 210 min; (g)
330 min; (h) 480 min.
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ig. 13. Photocatalytic (a) degradation; (b) decolourisation of DB 53 on Ag-
iO2 catalysts as a function of the Ag content (2 h irradiation).

ilver loading up to 2% and then decreases. The reason for this
nhancement is the same as discussed earlier in the photodegra-
ation of DR 23. The photodecolourisation and degradation of
B 53 against the irradiation time are shown in Fig. 14a and
. An optimum loading of 2.0 at.% Ag showed 17.0% increase

n the DB 53 degradation and 28.1% increase in the decolouri-
ation.

t
e

able 3
hotocatalytic activity of TiO2 and Ag doped TiO2 on DB 53

atalyst amount (2 g l−1) Ag weight (%) Degradation

k × 101 (min−1) R ×
iO2 0.0 4.60 13.7
g-TiO2 0.5 6.08 18.2
g-TiO2 1.0 6.36 19.0
g-TiO2 1.5 6.41 19.2
g-TiO2 2.0 6.85 20.5
g-TiO2 2.5 6.72 20.0

= Pseudo-first order rate constant; R = initial rate.
ig. 14. Comparison of DB 53 photocatalytic (a) degradation; (b) decolourisa-
ion on pure TiO2 and Ag-TiO2 catalysts under UV irradiation.

.3. Roles of Ag nanoparticles deposited on TiO2

The enhancement of photocatalytic activity of TiO2 in the
xidative degradation of DR 23 and DB 53 by the Ag deposition
ay be through the following mechanisms.

(i) Ag nanoparticles deposited on TiO2 act as electron traps,
enhancing the electron–hole separation and the subsequent
transfer of the trapped electron to the adsorbed O2 acting as
an electron acceptor [5,35–37].

ii) More dye molecules are adsorbed on the surface of Ag-TiO2
than on the TiO2 surface, enhancing the photoexcited elec-
tron transfer from the visible light sensitised dye molecule
to the conduction band of TiO2 and subsequently increasing
the electron transfer to the adsorbed O2.

TiO2-sensitisation pathways for the photodegradation under
V irradiation is shown in Fig. 15. The valence electrons of
iO2 catalyst are excited to the conduction band by UV light
nd after various other events, electrons on the TiO2 particle sur-
ace are scavenged by the molecular oxygen to produce reactive
xygen radicals, whereas the valence hole become trapped as
2
he charge separation on TiO2 is a crucial factor in affecting the
fficiency of the photodegradation under UV irradiation.

Decolourisation

105 (mol l−1 min−1) k × 101 (min−1) R × 105 (mol l−1 min−1)

9 10.60 31.79
3 11.60 34.81
8 11.70 35.11
2 12.29 36.86
5 12.63 37.88
2 12.34 37.02
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Fig. 15. TiO2-photosensitisation pathway under UV irradiation.

For the photodegradation of these two Direct dyes on Ag-
iO2 under UV irradiation, Ag metals act as electron traps

hereby enhancing the charge separation. To find out the mech-
nism, we have also carried out the adsorption experiments. It
s found that there is no significant difference in the adsorp-
ion of dyes between TiO2 and Ag-TiO2 catalysts. So the

echanism (2) is ruled out. Hence the increase in efficiency
y Ag deposition is due to the mechanism (1) and it is
pplicable to the effect of Ag deposits thus leading to the
ncrease in the Ag-TiO2 photocatalytic activity under UV irra-
iation.

. Conclusion

The characterisation of silver doped TiO2 and TiO2 using
iffuse reflectance spectroscopy, XRD, SEM, EDX and BET
urface area techniques revealed the dispersion of silver metal
n the surface of TiO2. The silver doped TiO2 catalysts shows
n absorption threshold extended into the visible region. It is
bvious that the Ag clusters give rise to localised energy levels
n the bandgap of TiO2 into which the valence band electrons
f TiO2 are excited at wavelength longer than 370 nm. The pho-
onic efficiency increases with an increase in the metal loading
p to an optimum level due to the effect of decreasing recombina-
ion of electron and hole. Above the optimum metal loading, the
opants behave as electron/hole recombination centers. Under
V irradiation, Ag deposits exhibit the effect only as electron

raps, thus leading to the enhancement in the Ag-TiO2 photocat-
lytic activity.
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