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Abstract Titanium dioxide is one of the best semicon-

ductor photocatalysts available for photocatalytic reaction

of dye pollutants. To prevent the recombination caused by

the relatively low photocatalytic efficiency, Ag doped TiO2

nanofiber was prepared by electrospinning method. The

photocatalysts (pure TiO2 nanofiber and Ag doped TiO2

nanofiber) were characterized by FE-SEM, XRD, XPS, and

PL analysis. These photocatalysts were evaluated by the

photodecomposition of methylene blue under UV light. Ag

doped TiO2 nanofiber was found to be more efficient than

pure TiO2 fiber for photocatalytic degradation of methy-

lene blue. The photocatalytic degradation rate was applied

to pseudo-first-order equation. The degradation of Ag

doped TiO2 nanofiber was significantly higher than the

degradation rate of pure TiO2 nanofiber. Activation energy

was calculated by applying Arrhenius equation from the

rate constant of photocatalytic reaction. The activation

energies for the pure TiO2 nanofibers calcined at 400 and

500 �C were 16.981 and 12.187 kJ/mol and those of Ag

doped TiO2 nanofibers were 18.317 and 7.977 kJ/mol,

respectively.

Introduction

Titanium dioxide (TiO2) is one of the metal oxide semi-

conductors that has been considerably investigated and

utilized in a wide range of applications such as catalytic

devices, solar cells, sensors, and other optoelectronic

devices [1–5]. It was also well known for its remarkable

photocatalytic properties. TiO2 is known to have three

crystalline phases of anatase, rutile, and brookite. It was

reported that the physical characteristics of TiO2, including

crystallization, grain size, morphology, surface area, sur-

face state, and porosity, clearly influence the photocatalytic

activity of TiO2 [6–10]. Moreover, some metal materials,

such as Ag, Pd, and Pt, supported on the TiO2 surface can

greatly accelerate the decomposition rate of organic com-

pound by effectively consuming the photo-produced elec-

trons in the reduction of oxygen, thereby reducing the

recombination of electrons (e-) and holes (h?) [11–16].

Electrospinning is one of the simple and versatile

methods for generating TiO2 fibers when combined with

the sol–gel process. The fabrication of TiO2 fibers

by electrospinning was first reported in 2003 [17].

Chuangchote et al. [18–20] have already prepared pure

inorganic fibers comprising the TiO2. On the basis of these

previous reports, titania fibers were electrospun from a

mixture of titanium propoxide (TiP) and polymer. After

thermal treatment, titanium oxide (anatase and/or rutile

phase) fibers were obtained. Zhou et al. [21–23] have

studied electrospun TiO2 fiber as the photocatalyst to

be applied for application to the degradation of dye pollu-

tants. Unfortunately, there are hardly any research on
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photocatalyst degradation using metal doped (Ag, Pd, and

Pt) TiO2 nanofiber.

In this study, to prevent the recombination caused by of

the relatively low photocatalytic efficiency, Ag doped TiO2

nanofibers were prepared by electrospinning method. The

sample of photocatalysts (pure TiO2 nanofiber and Ag

doped TiO2 nanofiber) were characterized by conducting

FE-SEM, XRD, XPS, and PL analysis. The photocatalysts

were evaluated for the photodecomposition of methylene

blue under UV light. The reaction rate (k) constant and

activation energy (Ea) were evaluated from the experi-

mental data of photocatalytic reaction.

Experimental

Materials

Poly(vinyl pyrroidone) (PVP) (PVP; Mw = 1,300,000)

and titanium isopropoxide (TiP) were obtained from

Aldrich Company. Silver nitrate (AgNO3), acetic acid, and

ethanol were purchased from Dajung. These chemicals

were used without further purification.

Preparation of TiO2 nanofibers

To date, a few reports have dealt with electrospinning of

precursor solutions that could lead to the formation of

composite fiber [24]. TiP (a sol–gel precursor to titania)

can be directly added to an alcohol solution containing

PVP. To suppress the hydrolysis reaction of the sol–gel

precursor, acetic acid as well as PVP solution in ethanol

must be added. In a typical procedure, 6 mL of TiP was

mixed with 12 mL of acetic acid and 12 mL of ethanol.

After 60 min, this solution was added to 30 g of ethanol

that contained 10 wt% PVP and 2.5% AgNO3 of TiP fol-

lowed by magnetic stirring for 24 h (with the solution held

in a capped bottle). The mixture was immediately loaded

into a glass syringe equipped with a 21 G needle made of

stainless steel. The needle was connected to a high voltage

supply (DC power supply PS/ER 50R06 DM22, Glassman

High Voltage Inc., USA) that is capable of generating DC

voltages up to 50 kV. A voltage of 20 kV was applied

between the needle and the collector. The distance between

the needle and the target was 15 cm. A flow rate of 50 lL/

min was maintained using a syringe. Electrospinning pro-

cess was carried out the room temperature. TiO2 nanofibers

were calcined at 450 and 500 �C for 4 h.

Characterization of TiO2 fibers

The morphology of electrospun fiber was observed on a

field emission scanning electron microscopy (FE-SEM)

(Hitach, S-4800). X-ray diffraction (XRD) pattern was

recorded using a Philips (X’Pert PRO MPO) diffractometer

(Cu Ka radiation) at a scanning rate of 0.01�/s in 2h
ranging from 10� to 90�. XPS analysis was conducted using

a photoelectron spectrometer VG Scientifical MultiLab

2000 system equipped with a non-monochromatic Mg Ka

radiation. All binding energies (BE) were calibrated by the

BE (284.6 eV) of C1s, which gave BE values within an

accuracy of ?0.1 eV. The PL spectra were recorded on PE

LS55 FS spectrometer, with an excitation wavelength of

300 nm.

Photocatalytic activity

Photocatalytic degradation of methylene blue solution was

performed by placing a 500 mL quartz tube in the middle

of four 8 W shortwave UV lamps (254 nm) (Philips, USA),

and the distance between two lamps is 5 cm. The UV lamp

was positioned inside a cylindrical Pyrex vessel and sur-

rounded by a circulating water jacket to remove the heat.

50 mg photocatalyst (pure TiO2 nanofiber and Ag doped

TiO2 nanofiber) and 10.0 mg/L of methylene blue were

added to the quartz tube. The photocatalyst was extended

well in the methylene blue solution without stirring. Prior

to irradiation, the photocatalytic reaction system was stir-

red in a dark condition for 10 min to establish an adsorp-

tion–desorption equilibrium condition. The photocatalytic

reaction system was sampled at regular intervals. The

remaining methylene blue concentration after adsorption–

desorption equilibrium (C0) and during the photodegra-

dation (C) was detected by UV/VIS at 660 nm. The

degradation efficiency was expressed by (C/C0).

Results and discussion

The pure TiO2 nanofiber and Ag doped TiO2 nanofiber at

different calcination temperatures are shown in Fig. 1. The

surface of Ag doped TiO2 nanofiber is smoother than that of

TiO2 nanofiber and the grain size of the fiber is smaller. This

phenomenon can be explained by the fact that the silver

suppressed the phase transition and the size of a single crystal

was reduced. The diameter of the calcinated nanofiber is

smaller than that of the as-spun fibers because of the

shrinkage caused by loss of ethanol, degradation of PVP,

decomposition of TiP, and the succeeding sintering [22].

Figure 2 shows XRD pattern of pure TiO2 nanofiber and

Ag doped TiO2 nanofiber at calcination temperature. The

pure TiO2 nanofiber has both anatase and rutile phase,

while Ag doped TiO2 nanofiber has only the anatase phase.

From these results, we found that silver decreases the phase

transition temperature. There were two possible reasons for

the decrease in the phase transformation temperature. One
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was that the density of surface defects of Ag doped TiO2

nanofiber would increase with the increase Ag doping

content, which would promote the phase transformation

because the surface defects were considered as the rutile

nucleation sites [25, 26] The other reason that the surface

oxygen vacancy concentration of anatase grains is

increased with an increase in the Ag dopant content [27],

which favored the rearrangement of ions and reorganiza-

tion of the structure for rutile phase. Thus, Ag dopant

retained the anatase to rutile phase transformation.

As shown in Table 1, the size of average crystals

(anatase and rutile) of Ag doped TiO2 nanofiber is smaller

than pure TiO2 nanofiber because silver controls the phase

transformation. In other words, it can be seen that the phase

transformation temperature of TiO2 nanofiber in the Ag

doped TiO2 nanofiber catalyst from anatase to rutile went

down, and the anatase crystallinity was hindered as silver

was doped.

Figure 3 shows the typical XPS survey spectra of pure

TiO2 nanofiber and Ag doped TiO2 nanofiber. It is

observed that pure TiO2 nanofiber consists of the Ti, O, and

C element; and the binding energies of Ti2p1, Ti2p3, O1s,

and C1s are 464.1, 458.4, 529.6, and 284.6 eV, respec-

tively, while Ag doped TiO2 nanofiber contains Ag in

addition to two elements above elements because of the

Fig. 1 FE-SEM image of pure TiO2 nanofiber and Ag doped TiO2 nanofiber: a TiO2 nanofiber (450 �C), b Ag doped TiO2 nanofiber (450 �C),

c TiO2 nanofiber (500 �C), d Ag doped TiO2 nanofibers (500 �C)

Fig. 2 XRD pattern of pure TiO2 nanofiber and Ag doped TiO2

nanofiber at different calcination temperature

Table 1 Diameter of physical properties of precalcined as-spun TiO2/PVP composite nanofiber and calcined TiO2 nanofiber at different

temperature

Material Calcination

temperature (�C)

Percentage of the

anatase phasea
Size of the anatase

crystalsb (nm)

Size of the rutile

crystalsc (nm)

Size of average

crystals

TiO2 nanofiber Precalcined – – – –

TiO2 nanofiber 450 67 10.95 11.00 10.96

TiO2 nanofiber 500 46 15.33 28.83 13.99

Ag doped TiO2 nanofiber Precalcined – – – –

Ag doped TiO2 nanofiber 450 100 6.39 6.39

Ag doped TiO2 nanofiber 500 100 10.95 10.95

a Cacluated based on the procedure given by Cullity et al. [28]
b,c Calculated by the Scherrer equation
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presence of Ag3d3 and Ag3d5 peaks. The binding energies

of Ag3d3 and Ag3d5 peaks are 367.5 and 373.7.

Figure 4 presents the results of the quantitative XPS

analysis of pure TiO2 nanofiber and Ag doped TiO2

nanofiber. The Ti2p1 and Ti2p3 spin-orbital splitting

photoelectrons of pure TiO2 nanofibers are located at the

binding energies of 464.2 and 458.4 eV. The O1s peak of

pure TiO2 nanofiber is shown at 529.6 eV and a shoulder is

located toward the side of higher binding energies. The

contents of Ti and O of pure TiO2 nanofiber are 38.9 and

61.1%. Also, the contents of Ti and O of Ag doped TiO2

nanofiber are 38.2 and 61.8%. As shown in Fig. 4, the Ti2p

binding energy of the Ag doped TiO2 nanofiber is increased

as compared to that of pure TiO2 nanofiber because the

Fermi level of Ag is lower than that of TiO2 nanofiber so

that the conduction band electrons of TiO2 nanofiber are

Fig. 3 XPS survey spectra of pure TiO2 nanofiber and Ag doped

TiO2 nanofiber prepared at 500 �C

Fig. 4 XPS spectrum (Ti2p and O1s) of pure TiO2 nanofiber and Ag

doped TiO2 nanofiber prepared at 500 �C

Fig. 5 PL spectra of pure TiO2 nanofiber and Ag doped TiO2 fiber

at different calcination temperature (kmax = 300 nm): a 450 �C,

b 500 �C
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transferred to the Ag doped on the surface of TiO2 fiber,

which results in a decrease in the out electron cloud density

of Ti ion [11].

The optical properties of solid materials are closely

related to their microstructure, such as electronic state,

defect state, and energy level structure [29]. The PL spectra

are related to the transfer behavior of the photoinduced

electrons and holes so that they can reflect the separation

and recombination of photoinduced charge carrier, thus it is

used to primarily evaluate the recombination rate of charge

carriers [30]. As shown in Fig. 5, the PL intensity of Ag

doped TiO2 nanofiber is lower than pure TiO2 nanofiber.

Ag ions are diffused into the crystal lattice of TiO2 nano-

fiber, and the Ago deposited on the surface can act as traps

to capture the photoinduced electron, inhibiting the

recombination of electron–hole pairs so as to make PL

single decrease [11].

Figure 6 indicates the changes MB concentration with

pure TiO2 nanofiber and Ag doped TiO2 nanofiber versus

the irradiation time. As to the MB solution with both cat-

alysts, the concentration of MB is significantly decreased.

A comparative analysis shows clearly that the decrease rate

of the concentration of MB with Ag doped TiO2 nanofiber

as catalyst is higher than that of pure TiO2 nanofiber as

catalyst. Under the same reaction condition, photodegra-

dation efficiency of catalysts was affected by reaction

temperature.

Table 2 presents the results of removal efficiency of

methylene blue by photocatlytic degradation at different

temperature after reaction time 3 h. Ag doped TiO2

nanofiber showed a higher efficiency than pure TiO2

nanofiber regardless of the calcination temperature. The

removal efficiency was high at the calcination temperature

of 500 �C. In the case of Ag doped TiO2 nanofiber, the

degradation ratio was the highest, which may have been

attributed to the following four reasons: (1) Appropriate

amount of the doped and deposited Ag species on the

surface layer of TiO2 nanofiber effectively captured the

photoinduced electrons and holes. (2) Photoinduced elec-

trons were quickly transferred to the oxygen adsorbed on

the surface of TiO2 nanofiber. (3) The amount of the sur-

face hydroxyl was increased. (4) The response range to

light was expanded to the visible region [11]. These

advantages of the Ag doped TiO2 nanofiber remarkably

improved its photocatalytic performance. In other words,

the greater increase of photocatalytic ability of Ag doped

TiO2 nanofiber than that of pure TiO2 nanofiber must have

contributed to effective separation of photogenerated

electron–hole pairs in the anatase shell, which attributed to

the facile injection of photogenerated electron into the

doped silver.

We calculated the reaction rate constant by using a

pseudo-first-order equation (Eq. 1), a simplified equation

of Lanmuir-Hinshelwood kinetic model (Eq. 2) [31, 32]

Fig. 6 Photocatalytic

degradation of the methylene

blue with UV irradiation: a pure

TiO2 nanofiber (450 �C), b Ag

doped TiO2 nanofiber (450 �C),

c pure TiO2 nanofiber (500 �C),

d Ag doped TiO2 nanofiber

(500 �C)

7244 J Mater Sci (2011) 46:7240–7246

123



ln
C0

C

� �
¼ kKt ¼ k

0
t ð1Þ

r ¼ dC

dt
¼ kKC

1þ KC
ð2Þ

where r is the rate of reaction (mg L-1 min), C0 is the

initial concentration of MB (mg L-1), C is the concentra-

tion of the MB (mg L-1), t is the illumination time (min),

k is the reaction rate constant (min-1), and K is the

adsorption coefficient (L mg-1). From the results, we

found the degradation rate of Ag doped TiO2 nanofiber was

higher than that of TiO2 nanofiber.

From the experimental data of Fig. 6, we found to fit

approximately a pseudo-first-order kinetic model by the

linear transforms. The values of the rate constant (k) are

listed in Table 2.

The first-order rate constant and activation energy of

TiO2 nanofiber and Ag doped TiO2 nanofiber on photo-

catalytic degradation are listed in Table 3. The k (rate

constant) increased as the temperature increased. Gener-

ally, increasing the reaction temperature enhances the

reaction rate. The k values were adopted to calculate acti-

vation energy. The apparent activation energy was calcu-

lated by applying Arrhenius equation [33].

ln kð Þ ¼ ln Að Þ � Ea=RT ð3Þ

where k is the rate constant of the pseudo-first-order model

(h-1), A is the Arrhenius coefficient, Ea is activation energy

(kJ/mol), R is the gas constant (8.314 J/mol K), and T is

temperature (K).

For pure TiO2 nanofiber, activation energies of the

calcination temperature of 450 and 500 �C are 16.981 and

12.374 kJ/mol. The activation energies of Ag doped TiO2

nanofiber at 450 and 500 �C were 18.137 and 7.977 kJ/

mol. Also, the activation energy of photocatalyst sample

with calcination temperature of 500 �C was relatively

lower than of 450 �C.

Conclusions

To prevent the recombination caused by the relatively low

photocatalytic efficiency, Ag doped TiO2 nanofibers were

prepared by the electrospinning method. The prepared

photocatalysts (pure TiO2 nanofiber and Ag doped TiO2

nanofiber) were characterized by FE-SEM, XRD, XPS, and

PL analysis. The surface of Ag doped TiO2 nanofiber is

smoother than that of TiO2 nanofiber and the grain size the

fiber is smaller. The pure TiO2 nanofiber has both anatase

Table 2 The removal efficiency of photocatalytic degradation by

using TiO2 nanofiber and Ag doped TiO2 nanofiber about methylene

blue

Sample name Calcination

temperature

(�C)

Reaction

temperature

(�C)

Removal

efficiency

(%)

TiO2 fiber 450 30 37

TiO2 fiber 450 40 44

TiO2 fiber 450 50 51

Ag doped TiO2 fiber 450 30 60

Ag doped TiO2 fiber 450 40 67

Ag doped TiO2 fiber 450 50 76

TiO2 fiber 500 30 55

TiO2 fiber 500 40 62

TiO2 fiber 500 50 69

Ag doped TiO2 fiber 500 30 70

Ag doped TiO2 fiber 500 40 74

Ag doped TiO2 fiber 500 50 78

Table 3 First-order rate

constant and activation energy

of TiO2 nanofiber and Ag doped

TiO2 nanofiber on

photocatalytic degradation of

methylene blue

Number (–) Reaction

temperature

(�C)

First-order

rate constant

(k) (h-1)

Activation

energy (Ea)

(kJ mol-1 K-1)

TiO2 fiber (450 �C) 30 0.1251 16.981

TiO2 fiber (450 �C) 40 0.1559

TiO2 fiber (450 �C) 50 0.1898

Ag doped TiO2 fiber (450 �C) 30 0.2630 18.137

Ag doped TiO2 fiber (450 �C) 40 0.3296

Ag doped TiO2 fiber (450 �C) 50 0.4106

TiO2 fiber (500 �C) 30 0.2244 12.374

TiO2 fiber (500 �C) 40 0.2616

TiO2 fiber (500 �C) 50 0.3041

Ag doped TiO2 fiber (500 �C) 30 0.3460 7.977

Ag doped TiO2 fiber (500 �C) 40 0.3813

Ag doped TiO2 fiber (500 �C) 50 0.4209
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phase and rutile phase, while Ag doped TiO2 nanofiber has

only the anatase phase. Ag doped TiO2 nanofiber was

found to be efficient than pure TiO2 fiber at photocatalytic

degradation of methylene blue. Compared to the pure TiO2

fibers, the Ag doped TiO2 nanofibers were found to be

highly efficient for photocatalytic degradation of methy-

lene blue. The activation energies for the pure TiO2

nanofibers calcined at 400 and 500 �C were 16.981 and

12.187 kJ/mol and those of Ag doped TiO2 nanofibers were

18.317 and 7.977 kJ/mol, respectively. In addition, the

activation energy of photocatalyst sample with calcination

temperature of 500 �C was relatively lower than of 450 �C.
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