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	 The concentration of AgNO3 plays a significant role in the formation and growth of 
silver nanoparticles in the preparation of catalysts.  When the concentration of AgNO3 
was decreased to 0.2 wt%, flakelike Ag was observed.  The corresponding zeta potentials 
of the TiO2 solution at pHs of 11, 6.2, and 3 suggest that the electric repulsion between 
the TiO2 nanoparticles was very strong in both alkaline and acidic solutions, causing 
their “effective dispersion.”  Therefore, a highly dispersed nanostructured TiO2/Ag 
catalyst can be synthesized at a pH of 11 in alkaline solution.  Nearly all the dimethy-
blue target pollutant present at high concentrations was removed when the photoreaction 
was performed over a short period of time.  This novel nano-TiO2 photocatalyst exhibits 
excellent photocatalytic activity because it is well-dispersed.  In addition, no dispersant 
or organic binder was used for this synthetic process.

1.	 Introduction

	 Environmental purification using TiO2-type photocatalysts has attracted much 
attention owing to the increasing number of recent environmental problems in society.  
The photodecomposition of various pollutants by TiO2 has been demonstrated to be 
efficient under ultraviolet light.(1–7)  The photocatalytic activity of TiO2 can also be 
enhanced by modifying the TiO2 surface with noble metals and metal oxides.(8)  These 
photocatalysts are utilized in many approaches.  Recently, TiO2 photocatalysts anchored 
on supporting materials with large surface areas have been developed to eliminate the 
shortcomings of the filtration and the suspension of fine photocatalyst particles.(5)  In 
addition, TiO2 photocatalysts anchored on various substrates can be prepared using a 
pasting treatment, an ionized cluster beam (ICB) method or a sol-gel method.(6)  The sol-
gel method is frequently adopted to prepare TiO2 thin films on supported substrates.(7,10,13)  
However, heat treatment may cause the phase transition of TiO2 and reduce the 
photocatalytic activity.(5)
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	 In this study, a process for the anchoring of well-dispersed nano-TiO2 on a metal 
carrier using a binder-free, low-temperature process was investigated.  Well-dispersed 
nano-TiO2 deposited on a branchlike silver (Ag) carrier, called a “nano-TiO2/Ag 
catalyst,” was synthesized to overcome the aforementioned shortcomings.  The 
preparation, morphology and reaction kinetics of the photocatalytic activity of the 
nano-TiO2/Ag catalyst will also be discussed.

2.	 Experimental

	 A Ag carrier was prepared on the basis of the reaction, 2Ag++Cu → 2Ag+Cu2+.  
The net redox potential of the reaction is 0.5 V, indicating that the reaction occurs 
spontaneously.  In a pretest, the formation of the branchlike Ag carrier was favored 
in acidic solution at high concentrations.(14)  Bulk copper (Cu) was placed in AgNO3 
solution at a ratio of 0.2–1.5: 100 (wt%) AgNO3:water to yield Ag particles.  Nitric acid 
was added to adjust the pH of the solution to 3.  The solution temperature was set to 25°C 
and maintained for 2 h.  The precipitate was rinsed with DI water to remove any residues.
	 Secondly, an appropriate amount of TiO2 particles (P25, Degussa) was placed in 
solutions at various pH values, obtained by adjusting the amount of NH3(aq) or nitric 
acid added.  The solutions were treated ultrasonically for 90 min.  No dispersing agent 
was added to the solutions.  The experimental design was such that 5 wt% TiO2 was 
mixed with the Ag carrier under various pH conditions.  A critical coverage ratio of 
approximately 5% TiO2 was identified: exceeding this dosage of TiO2 may result in 
aggregation under all test pH conditions.  The mixture was stirred for 30 min to increase 
the number of opportunities for contact between the nano-TiO2 particles and the Ag 
carriers.  Finally, a composite of the nano-TiO2 particles and Ag carrier was synthesized 
by washing, filtering and drying, in that order.  Table 1 shows the characteristics of the 
nano-TiO2/Ag catalysts used in this study.
	 Methylene blue (MB) is a representative dye that is commonly adopted to evaluate 
the catalytic activity of a catalyst.  The test conditions were as follows: 1 g of catalyst, 
30 ml of 100 ppm MB solution, UV light with a wavelength of 254 nm, and an 
illumination intensity of 4 mW/cm2.  The UV lamp was placed 6 cm above the test 
sample.  The mixture (MB and catalyst) was stirred gently while being irradiated.  A 
centrifuge was used to separate the mixture after irradiation had been completed.  The 

Table 1
Characteristics of the nano-TiO2/Ag catalysts used in this study.
Catalyst name TiO2 nanoparticle content (wt%) TiO2 phase

Cat.pH 11 4.7 80% anatase**

Cat.pH 6.2 4.8 80% anatase**

Cat.pH 3 0.2* 80% anatase**

*The TiO2 nanoparticle content of Cat.pH 3 was synthesized at pH 3; the positive TiO2 was difficult 
to adhere to the surface of positive Ag carrier.
**The TiO2 nanoparticles were purchased from Ultra Fine Chemical Technology Corporation (Degussa 
P-25).
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absorption of the MB supernatant was then determined using a spectrophotometer 
(Unico UV2102).  A blank experiment (without a catalyst) was also performed; the 
results indicated that irradiation did not significantly change the MB absorbance.  The 
photocatalytic activity was defined as

	 ,	

where Cinitial and Cirradiation are the absorbance of MB before and after irradiation.  The 
crystal phase and morphology of the catalysts were observed by X-ray diffraction, 
transmission electron microscopy (TEM) and field emission scanning electron 
microscopy (FE-SEM).

3.	 Results and Discussion

	 The SEM images of the Ag nanoparticles are shown in Fig. 1.  This figure shows the 
typical SEM images of the product obtained by self-reducing solutions with AgNO3 
concentrations from 0.1 to 1.5 wt%.  It is apparent that the Ag nanoparticles display 

Fig. 1.	 SEM images of Ag nanoparticles developed from AgNO3 concentrations of (a) 1.5, (b) 1.0, 
(c) 0.5,  and (d) 0.2 wt%.

(a) (b)

(c) (d)
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dendritic growth at concentrations larger than 0.5 wt% AgNO3.  The excess of silver in 
the solution may be favorable for aggregation and growth into the dendritic structures of 
the Ag cluster.  It was found that the concentration of AgNO3 plays a significant role in 
the formation and growth of the silver nanoparticles.  When the concentration of AgNO3 
is decreased to 0.2 wt%, flakelike Ag nanoparticles of 1 μm diameter are observed, as 
shown in Figs. 1(c) and 1(d).
	 This indicates that the concentration of AgNO3 also plays a key role in the formation 
of Ag nanoparticles.  In principle, crystal growth and crystal morphology are governed 
by the degree of supersaturation, the diffusion of the reaction species to the surface 
of the crystals, and the structural anisotropy of the crystals.  The dendritic growth is 
usually expected in the diffusion-limited regime, away from equilibrium conditions.  
Therefore, an increasing AgNO3 concentration could probably change the reaction from 
an equilibrium to a nonequilibrium process and lead to the morphology change from 
flake to dendrite.  Under such conditions and high ion concentrations, crystal growth will 
be anisotropic and nonlinear to promote the growth of dendrite structures along a specific 
direction.
	 Figure 2 shows the XRD patterns of the as-prepared 1.5 wt% AgNO3 sample, in 
which five strong peaks can be indexed to the diffraction from the (1 1 1), (2 0 0), (2 2 0), 
(3 1 1), and (2 2 2) of the face-centered cubic (fcc) Ag, and no impurity peaks from silver 
oxide were detected.
	 Figure 3(a) shows the SEM images of well-defined silver dendrites with at least three 
axial and branchlike shapes.  It was found that the side branches are symmetric and that 
their angles to the main branches are all about 60°, which implies that all side branches 
grow along the same direction.  From bright-field and dark-field TEM images (Figs. 3(b) 
and 3(c)), the side branches of these dendritic Ag are constructed following the growth 
of self-assembled well-crystallized Ag nanocrystals with diameters of 50–60 nm and 
lengths up to 200 nm.  The inset SAED pattern from one of the left-side branches in Fig. 
3(d) reveals that the Ag dendrite displays almost the same growth direction with very few 
variations between the first axial and other axial positions and the side branch direction 
assembles along the [0 1 1] direction.  This may suggest that the large dendrites grow 

Fig. 2.   XRD patterns of the as-prepared 1.5 wt% AgNO3 sample.

2θ/deg
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from small clusters and that in many places the dendrites lack corners and arms. 
	 In the catalyst preparation, TiO2 nanoparticles were initially suspended in solution.  
The corresponding zeta potentials of the TiO2 solution at pHs 11, 6.2, and 3 were found 
to be –55, –2.5, and 28 mV, respectively.  These results revealed that the TiO2 particles 
tended to be negatively charged by the excess bonding of the hydroxyl ion (OH–) in 
alkaline solution (pH 11), and positively charged by the excess bonding of the hydrogen 
ion (H3O+) in acidic solution (pH 3), suggesting that the electric repulsion between the 
TiO2 nanoparticles was very strong in both alkaline and acidic solutions, causing their 
“effective dispersion”.
	 The mixing of Ag particles with the TiO2 particle solution at pHs 11, 6.2, and 3, 
resulted in the composite shown in Figs. 4(a)–4(c), respectively.  A composite of well-
dispersed nano-TiO2 anchored on the Ag carrier was formed in alkaline solution (pH 11, 
Fig. 4(a)), while nano-TiO2 aggregated in neutral solution (pH 6.2, Fig. 4(b).  Almost no 
TiO2 particles were deposited on the Ag carrier in acidic solution (pH 3, Fig. 4(c)).  The 

Fig. 3.	 Images of well-defined silver dendrites with branchlike shapes: (a) SEM image, (b) bright-
field TEM image, (c) dark-field TEM image, (d) selected-area diffraction pattern.
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results indicated that the pH significantly affects the combination of nano-TiO2 and Ag 
carriers.  The surface of the Ag carrier is preferentially oxidized because of its extreme 
activity, if the size of the Ag particles is reduced to nanoscale.(14)  Accordingly, the 
positively oxidized Ag surface spontaneously attracts negative TiO2 particles in alkaline 
solution, yielding the composite, “well-dispersed” TiO2 anchored on Ag carriers, as 
shown in Fig. 4(a).  In neutral solution (pH = 6.2), the repulsive force between the nano-
TiO2 particles is very weak, because neutral pH is very close to the isoelectric point.(15)  
H2O molecules provide a “bridge” between the nano-TiO2 particles via hydrogen 
bonding, resulting in the aggregation of TiO2 particles, as shown in Fig. 4(b).  Positive 
TiO2 particles could not be easily anchored on the positive Ag carrier, because of the 
electric repulsion, as shown in Fig. 4(c).  Consequently, the effective dispersion of the 
nano-TiO2 and Ag carriers is governed by electrostatic attraction, achieved by adjusting 
the pH of solution.  
	 The catalysts prepared at various pHs were then examined to determine the 
photocatalytic activity.  As shown in Fig. 5, gradual changes in the absorbance of 
MB were observed from its characteristic absorptions at 250, 290, and 666 nm.  The 
absorbance decreased in the order Cat.pH 11, Cat.pH 6.2, and Cat.pH 3 with an irradiation 
period of 20 min.  This result indicates that the “pH status in the catalyst preparation” 
not only affects the dispersion between the nano-TiO2 particles but also significantly 
affects their photocatalytic activity, as can be clearly distinguished from the results in 
Figs. 4 and 5.  The Cat.pH 6.2 has a higher MB absorbance (and thus a lower photocatalytic 
activity) than Cat.pH 11, even though both nano-TiO2 particle loadings are identical.  The 
photocatalytic activity was evidently reduced by the aggregation of nano-TiO2 particles.  
Larger aggregated nano-TiO2 particles correspond to less surface area exposed to UV 
irradiation.
	 Therefore, the enhancement of the photocatalytic activity of the nano-TiO2/Ag 
catalyst depends on effective dispersion and an appropriate proportion of nano-TiO2, 
which can be achieved in this approach without adding a dispersive agent or binder.
	 Figure 6 plots photocatalytic activity as a function of reaction time.  The 
photocatalytic activity also followed the order of Cat.pH 11, Cat.pH 6.2, and Cat.pH 3 for 
various time periods of irradiation.  Cat.pH 11 and Cat.pH 6.2 reached a decomposition 
efficiency of over 90% after an irradiation time of 2 h.  Cat.pH 11 was associated with 

Fig. 4.	 Effect of pH on the morphology of the nano-TiO2/Ag photocatalyst. (a) pH 11, (b) pH 6.2. 
(c) pH 3.
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the near complete decomposition of MB after irradiation for 1 h.  Notably, the MB 
concentration (100 ppm) tested herein is much higher than the 10 ppm tested in the 
literature [3, 5, 10].  A high initial MB concentration was removed completely in 
a short period, indicating that the well-dispersed nano-TiO2/Ag catalyst exhibited 
outstanding catalytic activity.  Cat.pH 3 comprised mainly the Ag carrier, which still had a 
decomposition efficiency of 40% after irradiation for 2 h, suggesting that the Ag carrier 
also exhibited a high photocatalytic activity.
	 The reaction constants (k) calculated from Fig. 6 were 0.0269, 0.0142, and 0.0024 
for Cat.pH 11, Cat.pH 6.2, and Cat.pH 3, respectively.  The rate constants of all nano-TiO2/Ag 
catalysts were determined for a first-order reaction, and were consistent with the results 
found in Refs. 3, 5, and 10.  However, it was found that the reaction rate constant of Cat.pH 11 
obtained herein clearly exceeded those in Refs. 3, 5, and 10.  Zainal et al.(5) reported that a 

200 400 600 800
Wavelength (nm)

–0.0

0.2

0.4

0.6

0.8

1.0

A
bs

or
ba

nc
e

Cat.pH 11

Cat.pH 6.2

Cat.pH 3

Initial MB

0 20 40 60 80 100 120
Reaction time (min)

0

20

40

60

80

100

Ph
ot

oc
at

al
yt

ic
 a

ct
iv

ity
 (%

)

Cat.pH 11

Cat.pH 6.2

Cat.pH 3

Fig. 5.	 MB absorbance of the nano-TiO2/Ag catalysts used in this study.  The data was obtained 
after an irradiation of 20 min.

Fig. 6.	 Photocatalytic activity of the catalysts as a function of the irradiation time.  Experimental 
conditions: 1 g of catalyst, 30 ml of 100 ppm MB solution.
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TiO2 thin film was prepared using a typical sol-gel method and then treated at 600°C for 
6 h.  The TiO2/glass contained a rutile-phase TiO2.  Unfortunately, the calcination period 
was usually several hours to ensure strong adhesion on the substrate.  The amount and 
crystallinity of the formed rutile increased with the calcination temperature.  In this study, 
well-dispersed nano-TiO2 particles were combined with Ag carriers in alkaline solution.  
No further thermal annealing was applied in the catalyst preparation.  The aggregation or 
phase transition of the TiO2 particles did not occur in the catalyst preparation discussed 
herein.  Therefore, the photocatalytic activity was enhanced by the increase in the 
effective reactive surface area of the “well-dispersed” nano-TiO2 particles.

4.	 Summary

	 A highly dispersed nano-TiO2/Ag catalyst was synthesized in alkaline solution.   
Nearly all of the dimethyl-blue target pollutant present at high concentrations was 
removed when the photoreaction was performed over a short period of time.  This novel 
nano-TiO2 photocatalyst exhibits excellent photocatalytic activity because it is well-
dispersed.  Since no dispersant or organic binder was used, this synthetic process has the 
advantages of low cost and convenience.
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