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Abstract In this paper, data concerning the effect of pH on
the morphology of Ag—TiO, nanocomposite during photo-
deposition of Ag on TiO, nanoparticles is reported. TiO,
nanoparticles prepared by sol-gel method were coated with
Ag by photodeposition from an aqueous solution of AgNO;
at various pH levels ranging from 1 to 10 in a titania sol,
under UV light. The as-prepared nanocomposite particles
were characterized by UV-vis absorption spectroscopy,
transmission electron microscopy (TEM), X-ray diffraction
(XRD), and N, adsorption/desorption method at liquid
nitrogen temperature (—196 °C) from Brunauer—Emmett—
Teller (BET) measurements. It is shown that at a Ag
loading of 1.25 wt.% on TiO,, a high-surface area
nanocomposite morphology corresponding to an average
of one Ag nanoparticle per titania nanoparticle was
achieved. The diameter of the titania crystallites/particles
were in the range of 10-20 nm while the size of Ag
particles attached to the larger titania particles were 3+1 nm
as deduced from crystallite size by XRD and particle size
by TEM. Ag recovery by photo harvesting from the
solution was nearly 100%. TEM micrographs revealed that
Ag-coated TiO, nanoparticles showed a sharp increase in
the degree of agglomeration for nanocomposites prepared at
basic pH values, with a corresponding sharp decrease in
BET surface area especially at pH>9. The BET surface area
of the Ag—TiO, nanoparticles was nearly constant at around
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avalue of 140 m*> g ! at all pH from 1-8 with an anomalous
maximum of 164 m*> g ' when prepared from a sol at pH of
4, and a sharp decrease to 78 m”> g ' at pH of 10.
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Introduction

Major efforts in modern materials chemistry are currently
being devoted to the design and fabrication of nanostructured
systems with tuneable physical and chemical properties for
advanced catalytic applications. Recent discoveries relating to
improved properties obtainable by combining different nano-
structured materials, have led to focused research towards
potential of noble metal/semiconductor oxide nanocomposites
in catalysis [1]. Although it has been found that many
semiconductors can be used as photocatalyst, but still
titanium dioxide (TiO,) is one of the most popular oxide
semiconductor material due to its availability, stability, non-
toxicity, and low cost [2]. TiO, has a wide band gap of 3.1
and 3.2 eV for anatase and rutile, respectively, which makes
this material transparent to visible light, i.c., no photon
absorption occurs at wavelengths greater than 380 nm and
photocatalytic reactions using pure TiO, must be carried out
using ultraviolet photons [3]. The photo generated electron
and hole pairs are liable to recombination, leading to low
quantum yields [4].

To improve the photocatalytic response of TiO, by
enhancing the separation of electron—hole pairs, numerous
methods including doped and composite structures, such as
transition metal-based NiO, Fe*", and Ni** [5-7] or non-
metal-based nitrogen, polyethylene glycol (PEG), n-TiO,,
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sulfur, and carbon [8-11] doped TiO, and dye (methyl
orange, formaldehyde, rhodamineB (RhB)) [3, 12] or metal
complex (2,2"-bipyridine, 4,4"-diethylester-2, 2’-biquinoline)
[13] sensitized TiO, have been developed. So far, it has been
shown by many researchers that the modifications of TiO,
nanoparticles by surface impregnation with noble metals
such as Au, Pt, and Ag is one successful way to improve the
photocatalytic activity of TiO, [14-16]. A noble metal
deposited on TiO, can play the role of mediating some of
the electrons away from TiO, surface and preclude them
from recombination with holes. Noble metal nanoparticles
promote electron transfer processes and provide a way to
enhance the photo efficiency of the semiconductor [17].
Among the noble metals, TiO, nanocomposite, Ag—TiO,, is
well known because it has strong catalytic and antibacterial
abilities [16]. Surface modification of TiO, with noble metal
like Ag has been reported to decrease the electron—hole
recombination problem [18]. Ag-doped or Ag-based nano-
composites have been reported to extend photo absorption in
the visible range when present in sufficient amounts.

Previous studies have also shown that the addition of
silver can enhance photocatalytic activity of TiO,. For
example Kato et al. [19] reported that photodeposition of
Ag on a TiO, film enhanced photocatalytic degradation of
gaseous sulfur compounds and suggested that Ag acted as a
co-catalyst. Hu et al. synthesized Ag/AgBr/TiO, by the
deposition—precipitation method and found that it can photo
degrade azodyes effectively. They also demonstrated that
Ag" species probably enhance the electron-hole separation
and interfacial charge transfer on the surface of the catalyst
[20]. Sokmen et al. [21] revealed that addition of AgNO; to
anatase TiO, enhanced the photocatalytic activity and
enhanced the killing of Escherichia coli in suspension.
Kumar et al. demonstrated the synthesis of Ag-TiO, nano-
composite by solution impregnation method [16] and at 4 at.%
loading the nanocomposite had enhanced photokilling ability
in water. Hirakawa et al. synthesized Ag—TiO, clusters and
demonstrated that the photo-induced electrons on TiO, can be
injected into Ag core accompanying the Ag surface plasmon
peak blue-shift [22]. Ag-TiO, particles are typically prepared
by solution impregnation, deposition—precipitation, [23] sol—
gel, or photodeposition method.

There has been no systematic study reporting on the effect
of synthesis technique on the morphological development of
Ag and TiO, nanoparicles. In this work, we prepared TiO,
nanoparticles using simple sol-gel method using procedures
described earlier [16], followed by photodeposition of Ag
nanoparticles from aqueous AgNO; maintained at different
pH values in the sol. An appropriate amount of NaOH or
HCIl was added in order to control the pH value of the
AgNO; solution containing the titania sol. It is also aimed to
find the conditions for anchoring Ag nanoparticle to TiO,
nanoparticle and evaluate the size ratio between Ag and TiO,

@ Springer

nanoparticles and the number of Ag particles per titania
particle. This knowledge can be exploited for optimizing
the Ag-TiO, nanocomposite morphology for a given
photocatalytic application.

Microstructure and morphology of the nanocomposite
samples were investigated by using a series of techniques
such as X-ray diffraction (XRD), scanning electron micros-
copy (SEM), Brunauer—-Emmett-Teller (BET) surface area
measurements and UV—vis spectroscopy. The influence of
pH on the morphology and properties is discussed.

Experimental
Materials

All chemicals were analytical grade and used without
further purification. Deionized water was used as the
dispersing agent through all the experiments.

Chemicals used in the synthesis were titanium isopropoxide
with a purity of 97% (Aldrich, UK) as a precursor, analytical
grade hydrochloric acid (HCL, 37%, Fisher, UK) as a catalyst
for the peptization, and deionized water as dispersing media,
PEG with an average molecular weight of 6 kg mol ™' (Fluka,
Germany), and AgNO3, 99.99%(Sigma Aldrich, UK).

Method

The Ag-TiO, nanoparticles were prepared by a photo-
deposition process. TiO, used in this experiment were
synthesized by sol-gel process by hydrolysis of titanium
isopropoxide (Ti (OCs;H)4, Sigma Aldrich) followed by
calcination at 450 C for 2 h. One gram of TiO, powders
were dispersed in desired volume of deionized water under
ultrasonic stirring for 15 min. The oxide slurry was
illuminated with UV (A) light for 20 min to oxidize any
possible organic carbon impurities on the TiO, surface.
Photodeposition was carried out by adding a calculated
volume of 0.05 M aqueous AgNO; into the TiO, nano-
powder sol, so as to attain an eventual 1.25 wt.% loading of
Ag. This amount was found to be the optimum value based
on synthesis with varying Ag loading in order to obtain a
nanocomposite morphology containing on average one Ag
nanoparticle anchored on the surface of one titania nano-
particle. After the AgNO;z; was uniformly dispersed and
dissolved, a 15 W UV lamp with a central wavelength of
365 nm was powered on to illuminate the sol along a
normal direction for 3 h while the sol was magnetically
stirred. Thus the sol is fully aerated and thus can be
assumed to be saturated with oxygen. In order to vary the
pH value of the solution from 1 to 10, the pH was adjusted
by adding either NaOH or HCIl. The suspension was
centrifuged at 12,000 rpm for 10 min and then washed
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with distilled water several times to remove any impurities.
Lastly, the suspensions were dried at 100 °C to obtain the
sample for characterization.

The formation of colloidal Ag metal nanoparticles on TiO,
was confirmed by XRD. A series of Ag-TiO, nanocompo-
site with a constant Ag loading of 1.25 wt.% at varying pH
values were prepared. The samples were labeled as pHI,
pH2, pH3.....pH10, denoting the relevant pH value used
during photodeposition of Ag on titania nano particles.

Characterizations

Energy dispersive X-ray spectroscopy (EDX) analysis was
done for the elemental composition of the nanocomposite.
X-ray diffraction pattern for the structure of powder was
recorded on a Philips X’pert diffractometer equipped with a
CuKo radiation source (A 1.541, 80 A). The process of Ag—
TiO, nanoparticles impregnation was accurately monitored
by a Perkin Elmer Lambda25 UV spectrophotometer at
different pH values ranging from 1 to 10. TEM images
were recorded on the JEOL 200CX, which is a 200-kV
analytical transmission electron microscope/scanning electron
microscope (TEM/STEM). For TEM studies the samples
were prepared by placing a drop of aqueous Ag-TiO,
nanoparticles dispersion on a piece of carbon-coated copper
grid under ambient conditions.

Sample powders were also characterized for their specific
surface area by using N, adsorption/desorption method at
liquid nitrogen temperature (—196 °C) from Brunauer—
Emmett-Teller equation at 77.3 K using a Micromeritics
Tristar 3000 analyzer. Prior to BET measurement, powders
were degassed for 24 h at 90 °C under a pressure of 0.1 Pa.
To prevent any possible crystallization during outgassing,
higher drying temperature was avoided.

Results and discussion
X-ray diffraction

Figure 1 shows the X-ray diffraction of pure TiO, nano-
particles and the (1.25 wt.%) silver-loaded TiO, nano-
composites. In the XRD (X-ray diffraction) pattern, a
peak at 20 =25.3° matching with the (101) peak and 20 = 55°
corresponding to (211) peak of anatase can be observed
(ICSD reference code: 03-065-5714). After photodeposition
of Ag, an additional peak at 20 near 38° arises, which
can be assigned to Ag (111) planes. This Ag peak which
is subsumed within the TiO, peaks at 20 = 37.8°, 38.1°,
and 38.6° [16, 24, 25] gives evidence for successful
photoreduction of Ag ions into metallic Ag. The ratio of
peak intensity between the 38.1 and 38.6 reflections are
higher in the Ag—TiO, nanocomposite material in comparison
with the pure single phase TiO, peaks. Despite the relatively
low concentration of Ag at 1.25 wt.% (corresponding to
only 0.57 volume % arising from density difference), it is
quite surprising to be able to detect the presence of Ag by
XRD, suggesting presence of clusters of Ag on surface
increasing XRD reflections from Ag. No other peaks of
secondary phases containing Ag were detected (Fig. 1).
The average crystallite sizes of titania and Ag in the sample
were evaluated by the Scherer equation applied to the XRD
data: d=kMN3 cos®, where X is 1.54A corresponding to
irradiation wavelength, k is a coefficient 0.9, 3 is the full
width at half maximum of strongest line and 0 is the Bragg
diffraction angle at the peak maximum. The crystallite sizes
(d) of TiO, corresponding to varying pH values is shown in
Table 1. The results indicate that at all pH values of photo
reduction, Ag particles are crystallized and formed in the
nanometer range. The calculated crystallite sizes of TiO, and

Fig. 1 XRD patterns of Counts
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Table 1 BET surface area

BET surface area (m” g ')

Crystallite size from XRD (nm)

of Ag-TiO, nanocomposite, Sample pH

crystallite size (XRD) of

TiO, (crystallite size of Ag 1

remained fairly constant at 2

3 nm at all pH values) 3
4
5
6
7
8
9
10

142 10
145 12
147 14
164 11
137 13
137 12
145 10
134 11
135 10
78 15

Ag were found to be in the range of 134+6 and 3+1 nm,
respectively.

Brunauer—-Emmett-Teller surface area

Table 1 shows the BET surface area data for the Ag—TiO,
nanocomposites corresponding to the different pH values. It
can be observed that the BET surface area of Ag-TiO, is
mostly constant with increasing pH values at around
140 m* g ' with an anomalous peak of 164 m* g ' at
pH 4 and then as we move towards higher pH the BET
surface area decreased to 135 m* g ™' at pH 9 and then at the
highly alkaline pH of 10, the surface area decreased sharply
to a much lower value of 78 m? g .

It was observed that while the calculated crystallize size
of TiO; and Ag (from XRD) did not change much with pH,
the surface area decreased with increasing pH [26, 27]. The
trend of decreasing surface area is due to the agglomeration
of the nanocrystals as can be seen by imaging. At pH 10, a
relatively steep drop in surface area shows the highest
degree of agglomeration of the nanoparticles. As shown in
Fig. 2, the nano pore size is more or less constant at all pH
values and not affected by agglomeration.

BET Surface Area and Pore Size at Different pH Values

D 200

g

: 150 | oy N

<

§ 100

5

m 50’

=

w m - e - = » n m PR ]
@ o0 : : ——— : : : ‘

pt p2 p3 p4d p5 p6 p7 p8‘p9 p10

—e— BET Surface Area(m2/g)

—=— Pore Size(nm)

Fig. 2 BET surface area and pore size of Ag—TiO, nanocomposite
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UV-visible spectroscopy

UV-visible absorption spectroscopy data of Ag-TiO,
nanocomposite is displayed in Fig. 3. In this study as the
concentration of Ag in the nanocomposite was very low
(1.25 wt.%) and the particle size was very small and did not
display any visible absorption [16, 28]. At the 1.25 wt.%
loading and for the morphology observed, there was no
sign of any Ag plasmon resonance. The Ag-TiO, nano-
composite did not show any change in the UV—vis spectra
when compared with pure TiO, (Fig. 3). Due to the small
crystallite size (3+1 nm) and the lower Ag concentration
this is possibly insignificant in effect [16]. It is also obvious
from the literature [23, 28] that the UV-vis absorption
spectra density depends on the starting AgNO3 concentration
and absorption intensity in the visible range of the
synthesized Ag-TiO, nanocomposite increases with the
increasing AgNO; concentration.

Transmission electron microscope
Transmission electron microscope pattern of the Ag-TiO,
prepared at pH 3 is presented in Fig. 4a, and the

corresponding EDX spectrum from TEM is shown in
Fig. 4b. The TEM result indicates that mono-dispersive

UV-Vis Spectra TiO2/Ag pH3
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Fig. 3 UV-Vis spectra of Ag-TiO, photosynthesized at pH=3
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Fig. 4 a TEM Image of Ag-TiO, showing the deposits of Ag on TiO, nanoparticles at pH 3, b the corresponding EDX spectrum of Ag-TiO,

nanocomposite at pH 3

and highly crystalline Ag-TiO, nanocomposite was
obtained. The particles are near spherical with relatively
narrow size distribution. The average particle size of
primary TiO, and Ag nanoparticles as calculated from the
TEM correspond 18+6 and 3+1 nm, respectively, which is
very close to the results for the crystallite size calculated
from the X-ray diffraction patterns using the Scherer
equation, with the TEM image indicating a slightly larger
average primary particle size for TiO, in comparison with
the crystal size, suggesting nanocrystals are slightly
agglomerated but not greatly. The much smaller spherical
Ag nanoparticle at around 3 nm is anchored on the surface
a TiO, nanoparticle which is nearly six times larger in size.
The Ag nanoparticle did not coat the TiO, on the whole
surface but is adhered at some locations as a nanocluster
such that on average we observe one Ag nanocrystal for
each TiO, nanoparticle. From simple calculations based on
the stoichiometry, and average particle size as observed, the
ratio of Ag to TiO, is estimated at 1:1 (i.e., | Ag particles
of 3 nm diameter for every 18 nm titania particle), in good
agreement with the results from the TEM images. These

Fig. 5 a, b The SEM images
of Ag—TiO, nanocomposite
at pH 3 and pH 9

5.0kV x120,008 188 MJ 4nm
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results show that Ag recovery by photo harvesting is
nearly 100%. Some of the TiO, crystals are also seen as
loosely agglomerated into large particles of 40-100 nm
typically, the degree of this agglomeration relating to the
value of BET surface area of a given sample. The value of
pH used during photosynthesis of the composite can
clearly affect the degree of agglomeration of the composite
nanoparticles.

The results of EDX studies are shown in Fig. 4b, which
provide additional confirmation for the presence of Ag on
the surface of a TiO, nanoparticle. With consideration to
Ag peaks which are observed in EDX pattern of Ag-TiO,
(Fig. 5a,b) and a very small peak which was detected in
XRD pattern of Ag-TiO, (Fig. 1), suggested the reduction
to metallic silver phase on TiO, surface has taken place. It
is clear that Ag particles with size of 3+1 nm were
successfully photo deposited on the surface of TiO, nano-
particles (18+2 nm). The photodeposition method has led to
a finer structure when compared with solution impregnation/
calcinations method [16], which showed larger primary
particles of Ag (=10 nm) and TiO, (=60 nm). Further

5.08kV x120,000 108nn W 4nm

pH9
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minimization of agglomeration of TiO, is available from
control of pH.

Scanning electron microscope

Scanning electron microscope analysis of the Ag-—TiO,
nanocomposite was carried out with the aim to examine
morphological changes. In SEM, the samples presented
differences concerning degree of agglomeration between
samples made at pH 3 and pH 9, as can be observed in
Fig. 5a and b.

TiOy(e,h") + AgTadsorbed — — — — — — — — — —— > TiO,

In water, normally holes take part in counter-oxidation
reaction by oxidizing surface adsorbed water molecules into
hydroxyl radical [2, 14, 22]. Since the pH in our work is
controlled by the addition of HCI or NaOH, account must
be taken of the relatively low solubility products of AgCl
and AgOH. At a low pH (<4), AgCl and, at high pH (>9),
AgOH, can be expected to be precipitated onto the TiO,
surface which can be then assumed to be photochemically
reduced to Ag under UV light. This can be described as
follows

The oxidation of adsorbed water, CI" or OH can be
expected to provide the hole scavenging reaction. The high
BET surface area and the low degree of agglomeration at
pH 4 and a relatively sharp decline in the BET surface area
accompanied by an increase of agglomeration at pH 10 (or
>9) are clearly related in some way to nucleation and
growth of AgCl (at pH<4) and AgOH (at pH>9)
precipitates followed by photo reduction of AgCl and
AgOH. While it is clear that Ag" ions from soluble AgNO;
(aq) and from insoluble AgCl(s) or AgOH(s) can be readily
photoreduced to metallic Ag on titania sol, fine tuning of
agglomeration dependence on pH is available.

In summary, we have deduced the conditions under
which it is possible to produce a fine nanocomposite
morphology of Ag-TiO, such that a small- (3 nm) sized
Ag particle is anchored by photodeposition onto a larger
(18 nm) sized TiO, particle, while retaining the surface
area. Using these results we are currently designing the
morphological architecture of the Ag—TiO, nanocomposite
system for optimal applications in photocatalysis, chemical
sensing, and hydrogen production.
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The nanocomposite produced at alkaline pH was
agglomerated to a greater extent, as shown in Fig. 5b
while the nanocomposites from the acidic pH, however
are less agglomerated, as shown in Fig. 5a. From
previous work, it is known that AgNO; can adsorb on
the surface of TiO, particles in the suspension. Thus the
Ag" ions that are initially adsorbed on the surface of TiO,
particles can be reduced by the photo generated electrons
to silver metal atoms which tend to cluster into small
nanoparticles of 3 nm (containing around 850 atoms per
particle)

— Ag°(h™)

Conclusion

By combining results from X-ray diffraction, BET, EDX,
and TEM It was found that a fine-structured Ag—TiO,
nanocomposite with an average TiO, and Ag particle size
186 and 3+1 nm, respectively, can be produced by
photodeposition of Ag in a titania sol at pH values from 1—
10. At a loading of 1.25 wt.% Ag, all the Ag was photo
harvested as metallic particle anchored on the surface of
TiO,, such that each TiO, particle is attached with one Ag
particle. The N, adsorption—desorption isotherm showed
highest BET surface area was obtained at pH 4, associated
with optimal inhibition of particle agglomeration.
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