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Abstract Hemisphere-like F-doped anatase TiO2 has

been synthesized by hydrothermal treatment of TiF4

aqueous solution in the presence of starch at 130 �C for

10 h, and then calcined at 450 �C for 2.5 h in air. The

as-synthesized product has been investigated by photocat-

alytic reaction test and characterized by powder X-ray

diffraction (XRD), scanning electron microscopy (SEM),

transmission electron microscopy (TEM), energy-disper-

sive X-ray (EDX) spectroscopy, X-ray photoelectron

spectroscopy (XPS), and UV–Vis diffuse reflectance

spectra (DRS). The results showed that fluorine was suc-

cessfully doped into the TiO2 hemispheres. The F-doped

TiO2 hemispheres showed high visible light activity in

degradation of acid orange II, which could be attributed to

the creation of oxygen vacancies and good crystallinity.

Introduction

Nowadays, semiconductor photocatalysts have been

attached importance due to their applications to environ-

mental purification and solar energy conversion [1–9].

Among photocatalysts, TiO2 has received the most atten-

tion as a photocatalytic material because of its superior

photocatalytic activity, chemical stability, low cost, and

nontoxicity [10, 11]. A major drawback of TiO2 is the large

band gap of 3.2 eV, and so the wavelengths below 400 nm

are necessary for excitation, and only the small UV fraction

of solar light, about 2-3%, can be utilized, which limits its

effective application of solar energy. Many approaches

have been developed to overcome this limitation. For

example, the modification of semiconductors [12, 13],

addition of transition metals [14, 15], and nonmetal doping

[16, 17] are the common methods for the fabrication of

visible light response catalysts. Among nonmetal dopings,

fluorine doping has been found not only to promote the

activity of TiO2 by slowing down the radiative recombi-

nation process of photogenerated electrons and holes

[1, 18–21] but also to induce a visible-light-driven photo-

catalysis by the creation of oxygen vacancies [22, 23].

On the other hand, due to the photocatalytic perfor-

mance of the TiO2 strongly depending on its size, shape,

composition, and crystallinity, various nanostructures have

been synthesized. To this end, a great deal of effort has

been devoted to the synthesis of TiO2 nanotubes, nano-

rods, nanowires, or shuttle-shape nanocrystals [24–26].

Recently, the fabrication of TiO2 microspheres has been

receiving much attention because of their low density, high

surface area, delivering ability, and surface permeability

[27, 28]. More recently, it has been reported that the hollow

TiO2 hemispheres could provide the enhanced photo-con-

version efficiency with the uniquely geometric effect of the

hollow microstructures [29, 30]. For photocatalysts, the

high-energy conversion efficiencies as well as large light-

harvesting capacities can be achieved by constructing their

complex architectures. Till now, there are comparatively

few reports about the fabrication of well-crystallized TiO2

hemispheres. In this study, we designed a simple approach

to generate hemisphere-like F-doped anatase TiO2 using

TiF4 and starch as the precursors. A high visible light
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photocatalytic performance was obtained over these

hemispheres.

Experimental

Synthesis of the samples

In a typical synthesis, 0.25 g of TiF4 and 2 g of starch were

dissolved in 30 mL deionized (DI) water. The solution was

placed in a Teflon-lined stainless steel autoclave and

maintained at 130 �C for 10 h. The black powders were

collected by centrifugation, washed two times with DI

water, and dried in an oven at 100 �C. Finally, the sample

was placed in a furnace, and the temperature was raised up

to 450 �C with a heating rate of 2 �C/min. The calcined

time is 2.5 h.

Characterization of the samples

The XRD patterns, obtained on a Bruker D8 Advance

X-ray diffractometer using CuKa radiation at a scan rate of

0.05� (2h) s-1, were used to identify the phase constitution

in the samples and their crystallite size. The accelerating

voltage and the applied current were 40 kV and 40 mA,

respectively. The general morphology of the products was

characterized by scanning electron microscopy (SEM,

LEO, 1450VP). The products were conductively coated

with gold by sputtering for 30 s to minimize charging

effects under SEM imaging conditions. Transmission

electron microscopy (TEM) images were recorded on a

CM-120 microscope (Philips, 120 kV), coupled with an

energy-dispersive X-ray (EDX, Oxford Instrument) spec-

trometer. Samples were deposited on thin amorphous car-

bon films supported by copper grids from ultrasonically

processed ethanol solutions of the products. The samples

were also analyzed by X-ray photoelectron spectroscopy

(XPS) on a PHI Quantum 2000 XPS System with a

monochromatic AlKa source and a charge neutralizer. All

the binding energies were referenced to the C1s peak at

284.8 eV of the surface adventitious carbon. UV–Vis dif-

fuse reflectance spectra were achieved using a UV–Vis

spectrophotometer (Cary 100 scan spectrophotometers,

Varian). Absorption spectra were referenced to BaSO4.

Photocatalytic activity measurement

The photocatalytic activities of the samples were deter-

mined by measuring the degradation of acid orange II in an

aqueous solution under visible light irradiation. In visible

light activity test, a 300-W tungsten halogen lamp with a

k\ 420 nm cutoff filter was used as visible light source.

The photocatalyst (0.05 g) was suspended in 80-mL

aqueous solution of acid orange II with the concentration of

C0 = 0.020 g/L. Prior to light illumination, the suspension

was strongly magnetically stirred for 40 min in the dark for

adsorption/desorption equilibrium. The suspension was

vigorously stirred with the photoreactor during the process,

and the temperature of suspension was maintained at 22 �C

by circulation of water through an external cooling coil. At

given intervals of illumination, the sample of suspension

was taken out and centrifuged. The clear upper layer

solution was analyzed by a Milton Roy Spectronic 3000

Array spectrophotometer (New York, USA). The dye

concentration was measured at k = 484 nm, the maximum

absorption wavelength for acid orange II.

Results and discussion

Morphology and crystallinity analysis

It was reported that carbon microspheres could be prepared

from sucrose by a hydrothermal method [31]. In our case,

the hydrothermal treatment of the starch also produced

very good morphologic carbon microspheres with the size

of 2–3 lm, as shown in Fig. 1a. The products of the

hydrothermal treatment of TiF4 aqueous solution in the

presence of starch are the C/TiO2 core–shell microspheres

with the diameter of 2–3 lm, which was confirmed by

removing the core of carbon and XRD test. From Fig. 1b, it

can be seen that these C/TiO2 core–shell microspheres

have no smooth surface as that of pure carbon micro-

spheres. The core of carbon was burnt off in the calcination

process, and the quas-ordered hollow TiO2 hemispheres

were produced, as shown in Fig. 1c. High-resolution

transmission electron microscopy (HRTEM) image,

Fig. 1d, shows the TiO2 hemispheres with well-defined

structure. The interplanar distance is about 0.35 nm. This

fringe spacing is a characteristic of the anatase crystal

phase in the (101) plane. From the HRTEM image, the size

of prime crystalline is estimated to be about 10 nm.

Figure 2 is an EDX spectrum of the F-doped hemispheres.

Five elements are shown. These elements are C, O, Ti, F,

and Cu (the peaks of C and Cu come from the supporting

copper grid with carbon films). These results confirmed

that the F was introduced into TiO2 hemispheres.

The phase composition and the crystallinity of the car-

bon microspheres, C/TiO2 core–shell microspheres and

TiO2 hemispheres were determined by XRD test, and the

results are shown in Fig. 3. The XRD pattern of the carbon

microspheres shows that this carbon formed at this condi-

tion is amorphous. Over C/TiO2 core–shell microspheres,

four diffraction peaks at 2h of 25.3, 38.2, 48.1, 53.5, and

55.6� appear. All of these peaks can be readily indexed to

the pure anatase phase with lattice constants, a = 3.7806 Å
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and c = 9.4977 Å, which are in agreement with the

reported values (JCPDS No. 21-1272). Over TiO2 hemi-

spheres no characteristic peaks of other impurities are

observed, which indicate that the product has high purity.

The average crystallite sizes of the TiO2 hemispheres were

calculated according to the Scherrer’s equation using the

fwhm data of each phase after correcting the instrumental

broadening. The prime crystalline size of TiO2 is estimated

to 10–13 nm which is almost consistent with the former

TEM test.

XPS-analysis

The elemental composition of the F-doped TiO2 hemi-

sphere was further determined by XPS. Fig. 4a shows that

the prepared TiO2 hemispheres consist of Ti, O, C, and F

elements. The C element may mainly be ascribed to the

adventitious hydrocarbon from XPS itself. The atomic ratio

Fig. 1 a carbon microspheres;

b C/TiO2 core–shell

microspheres; c TiO2

hemispheres; d The fringes with

a spacing of 0.35 nm

correspond to (101) planes

Fig. 2 EDX spectrum of the F-doped TiO2 hemispheres

Fig. 3 XRD patterns of the synthesized carbon, TiO2/carbon micro-

spheres, and TiO2 hemisphere
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of Ti:O:F was estimated to be 1:2.12:0.018, which is in

good agreement with the nominal atomic composition of

TiO2. Figure 4b shows the high-resolution XPS spectra of

F1s. The F1s peak can be deconvoluted into two peaks with

Gaussian distributions, which indicates that two forms of F

are present. Peak l located at around 684.8 eV could be

attributed to the F atoms in TiOF2. However, it is reasonable

to ascribe peak 2 to the substitutional F atoms in TiO2

because the position of this peak (686.3 eV) is close to the

value previous reported in the literatures [4, 18]. The sub-

stitutional F atoms could occupy oxygen sites in the TiO2

crystal lattice and result in the appearance of oxygen

vacancies. This confirms that F atoms were doped into the

oxygen sites of the TiO2 crystal lattice. It should be men-

tioned that when the -1 fluoride ions replace the -2 oxygen

ions in the lattice, a charge imbalance is created. The extra

positive charge is probably neutralized by the hydroxide

ions by forming surface adsorbed hydroxyl groups [23].

UV–Vis diffuse reflectance spectra

Figure 5 shows the result of diffuse reflection spectra of the

pure anatase TiO2 and F-doped TiO2 hemispheres. The

pure anatase TiO2 presents the photo-absorption properties

in the UV light region at around 400 nm. Compared to the

absorption spectra of pure anatase TiO2, F doping does not

cause an obvious shift in the fundamental absorption edge

of TiO2. This conclusion is consistent with the previous

report in literature [23] and theoretical band calculations

for F-doped TiO2 reported by Asahi et al [32]. When TiO2

is doped with fluorine, localized levels with high density

appear below the valence band of TiO2. These levels

consist of the F 2p state without any mixing with either the

valence band or the conduction band of TiO2.

The mechanism for the formation of TiO2 hemispheres

A simple model for the formation of TiO2 hemispheres was

suggested in Fig. 6. At the hydrothermal conditions, the

starch is easy to be dehydrated and form the carbon

microspheres. On the other hand, with time prolonging,

TiF4 slowly got hydrolyzed and formed colloidal Ti(OH)4.

The hydrolysis reaction of TiF4 could be expressed as the

following equation: TiF4 ? 2H2O ? Ti(OH)4 ? 4HF.

The Ti4? colloidal species was easily coated on the surface

of carbon microsphere. Owing to the amorphous Ti4?

colloidal being in a thermodynamically metastable state,

the species transforms to the stable crystalline state under

hydrothermal conditions. Therefore, good crystalline TiO2

was obtained under hydrothermal conditions. Most of the

fluorine in TiF4 was hydrolyzed and the residual fluorine

would naturally remain as a dopant in the TiO2 lattice. This

phenomenon is similar to the situation of the conventional

method in the synthesis of N-doped [33], S-doped [34], and

C-doped TiO2 [35] by oxidative annealing of TiN, TiS2,

and TiC. In the process of calcination, the core of carbon

was burnt off, and the TiO2/carbon microspheres were

broken into the qua-ordered TiO2 hemispheres. The F

doping may be further strengthened in calcination treat-

ment. Our calcination experiments also showed that the

mass ratio of starch to TiF4, the heating rate, and the cal-

cination temperature are the key factors for the formation

Fig. 4 a The survey spectrum

of F-doped TiO2 hemispheres;

and b F1s XPS spectra

Fig. 5 UV–Vis diffuse reflectance spectra
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of TiO2 hemispheres. The high ratio of starch to TiF4, high

heating rate, and calcination temperature caused TiO2/

carbon microspheres break into TiO2 pieces, which mainly

relates to the high production velocity of carbon dioxide. If

a great deal of carbon dioxide was produced instanta-

neously, then TiO2/carbon microspheres are easy to break

up and no regularly morphologic TiO2 can be obtained.

Activity test of the F-doped TiO2 hemispheres

The photocatalytic activities of the F-doped TiO2 hemi-

spheres and pure anatase TiO2 were measured by degra-

dation of acid orange II as a model reaction. Prior to

irradiation, the dispersions were magnetically stirred in the

dark for 40 min to achieve the adsorption/desorption

equilibrium between TiO2 and orange II. Figure 7 shows

the acid orange II concentration changes under visible light

(k[ 420 nm) irradiation. It can be found that acid orange

II almost cannot be degraded under visible light irradiation

without catalysts, indicating that the photolysis of acid

orange II can be ignored. The experimental data in the acid

orange II decolorization with anatase TiO2 as the catalyst

shows that acid orange II almost cannot be degraded by

pure TiO2. Surprisingly, the F-doped TiO2 hemispheres are

effective in the photocatalytic degradation of acid orange II

under visible light illumination. It has been reported that

the photoexcitation of extrinsic absorption bands of a cat-

alyst can also lead to surface photoreactions [36]. It was

also reported by Yu [23] that the F-doped hierarchical TiO2

spheres are very effective in the photocatalytic degradation

of 4-chlorophenol under visible light illumination. In this

study, the photocatalytic mechanism is similar to that

described in Yu’s article. As suggested in the literature

[22], the high photocatalytic activity of F-doped TiO2

hemispheres is probably due to the excitation of the

extrinsic absorption bands by these oxygen vacancies

rather than the excitation of the intrinsic absorption band of

bulk TiO2 because no obvious difference was observed on

the UV–Vis diffuse reflectance spectra of the pure anatase

TiO2 and F-doped TiO2. The extrinsic absorption originates

from the photoionization of original or newly formed

defects, and the excitation of surface states. Such extrinsic

absorption requires less energy to activate. Thus, it is

possible to generate free charge carriers to induce surface

chemical reactions by using visible light.

Conclusions

In summary, hemisphere-like F-doped anatase TiO2 was

fabricated by a simple hydrothermal combination with

calcination method. The new photocatalysts show a high

visible light photocatalytic activity on the degradation of

acid orange II. The good crystallinity and the creation of

oxygen vacancies by F doping could result in the high

visible light photocatalytic activity.
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