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Titanium dioxide nanoparticles with an average diameter of about 10 nm are fabricated using a sintering method.

The degradation of methyl orange indicates that the photocatalytic efficiency is greatly enhanced, which is measured

to be 62.81%. The transmission electron microscopy is used to investigate the microstructure of TiO2 nanoparticles in

order to correlate with their photocatalytic properties. High-resolution transmission electron microscopy examinations

show that all the nanoparticles belong to the anatase phase, and pure edge dislocations exist in some nanoparticles.

The great enhancement of photocatalytic efficiency is attributed to two factors, the quantum size effect and the surface

defects in the nanoparticles.
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1. Introduction

In 1972, Fujishima and Honda[1] discovered the

photocatalytic splitting of water on titanium diox-

ide (TiO2) electrode under the ultraviolet (UV) light.

Since then, the TiO2 material has attracted consid-

erable attention due to its great potential for ap-

plications in catalysis,[2] photocatalysis,[3] and dye-

sensitized solar cells.[4,5] Especially, its high perfor-

mance of degrading a wide range of both gaseous and

aqueous contaminants is noted. In recent years, much

effort has been devoted to obtaining TiO2 nanomate-

rials with large surface areas and high photocatalytic

activities, such as nanotubes, nanowires, nanoparti-

cles (NPs), and thin films.[6−10]

The TiO2 nanomaterial has been frequently used

in the field of photocatalysis due to its high efficiency,

low-cost, non-toxicity, and light stability. However,

there are still some limits to the catalytic activity of

TiO2, because it is active only under the UV light with

an energy of more than 3.2 eV, and the photogener-

ated electrons and holes can easily recombine. More

recently, much more work has been carried out to in-

vestigate the preparation and the catalytic properties

of TiO2 NPs.[4,11−13] The photocatalytic activity of

TiO2 NPs strongly depends on their microstructure.

Extensive researches[14−17] have shown that the sizes

and the surface areas of TiO2 particles can affect their

photocatalytic activities. A lot of work[18−20] has been

conducted to improve the photocatalytic degradation

efficiency by doping with other elements. However,

doping techniques are complex, and few experimen-

tal studies are available concerning the relationship

between their microstructure and photocatalytic ac-

tivity.

In the present paper, we report on a detailed mi-

crostructure investigation of TiO2 NPs fabricated by

a simple sintering method. The degradation of methyl

orange under the UV light is used to study their pho-

tocatalytic properties. The photocatalytic efficiency

is greatly enhanced, and the reasons are explored.

2. Experiment

TiO2 NPs were fabricated by using a simple sin-

tering method. The reaction agent for the preparation

was titanyl sulphate (TiOSO4 · xH2SO4 · yH2O). The

raw materials were transported to the high temper-
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ature (600 ◦C) region with a material loading bowl.

TiO2 nanocrystals were obtained after sintering for

1 h, and the particles were exported through a cool-

ing channel.

Specimens for TEM observations were pre-

pared by dispersing the powder in alcohol by ul-

trasonic treatment for several minutes, and drop-

ping onto a holey carbon film supported by a cop-

per grid. High-resolution transmission electron mi-

croscopy (HRTEM) examinations were carried out us-

ing a JEOL JEM 2100F transmission electron micro-

scope operating at 200 kV, whose point-to-point res-

olution was 2.4 Å.

A UV-757 spectrophotometer was used to mea-

sure the photocatalytic efficiency of the TiO2 NPs. An

aqueous solution of methyl orange (20 mg/L, 40 mL)

was added to a solution of TiO2 NPs (1.5 g/L). Then

the mixture was divided into two parts. One part was

stirred for 10 min by a magnetic stirrer, and the other

was stirred under the UV light for 30 min. After cen-

trifuging for 20 min at a rotation rate of 4000 r/min,

clear liquids were separated, and then examined by

the UV-757 spectrophotometer with the wavelength

of 200–600 nm.

3. Results and discussion

Figure 1 shows a typical bright-field (BF) image of

the TiO2 NPs. From the figure, we can find two types

of NPs, nearly spherical ones and elongated ones. To

give a reliable prevalence distribution of the NPs, we

record more than 200 NPs and carry out a statisti-

cal analysis of the particle type. The volume frac-

tion of TiO2 NPs with nearly spherical morphology

Fig. 1. Typical BF image of the TiO2 NPs, and the inset

shows the SAED pattern.

(∼ 73.3%) is higher than that of NPs with elongated

morphology (∼ 26.7%). The TEM analysis of more

than 200 NPs yields an average diameter of about

10 nm. The inset in Fig. 1 shows the corresponding se-

lected area electron diffraction (SAED) pattern, which

confirms that the particles are pure TiO2 NPs. The

diffraction rings are accord with the lattice parame-

ters (a = b ≈ 3.78 Å, c ≈ 9.52 Å) of the anatase-phase

TiO2. The first four rings can be indexed as {100},
{111}, {200}, and {202}, respectively.

The degradation of methyl orange is used to eval-

uate the photocatalytic activity of the TiO2 NPs. Fig-

ure 2 shows the absorbance of methyl orange with

TiO2 NPs versus the wavelength of the UV light. In

Fig. 2, the solid curve is for the sample without the

UV irradiation, and the dashed line is for the sample

under the UV light irradiation. The absorbance peak

of the sample under the UV light is much lower than

that of the sample without the UV irradiation. The

absorbance peak value of the sample without the UV

irradiation is 2.388 at the wavelength of 501 nm, while

that of the sample under the UV light is 0.888 at the

wavelength of 493 nm. The photocatalytic efficiency

η can be calculated from the peak value according to

the following equation:

η =
A0 −A

A0
× 100%, (1)

where A0 and A are the absorbance peak values with-

out and with the UV light for 30 min, respectively.

Based on the experimental results, the photocatalytic

efficiency is calculated to be 62.81%. The efficiency is

twice higher than that reported by Bai et al.,[21] Zhang

et al.,[22] and Yang et al.[23]under the same experimen-

tal conditions.The photocatalytic efficiency increases

about 20% compared with the results of Li et al.[24]
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Fig. 2. UV-Vis spectra of methyl orange with TiO2 NPs.

In order to clarify the mechanism under the great

enhancement of photocatalytic efficiency, extensive
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HRTEM examinations have been carried out. It is

shown that spherical and elongated TiO2 NPs coexist

in the products. Figure 3 shows the typical HRTEM

images of TiO2 NPs. Figure 3(a) is a typical HRTEM

image of nearly spherical NPs with an average diame-

ter of about 6 nm, and figure 3(b) shows the enlarged

HRTEM image of an individual nanoparticle. Figure

3(c) shows a typical HRTEM image of an elongated

nanoparticle. From Fig. 3(c), it can be seen that the

lattice fringes are of around 3.5 Å, corresponding to

the {101} planes of the anatase phase. The HRTEM

examination clearly shows that the nanoparticles be-

long to the anatase phase after sintering at 600 ◦C,

similar to the results reported by Salari et al.[25] The-

oretical studies[26,27] suggested that the surface energy

of an anatase TiO2 macroscopic crystal is smaller than

that of the rutile phase. This could explain the fact

that TiO2 NPs prefer to possess the anatase struc-

ture. This is consistent with what we have observed

from the HRTEM images.
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Fig. 3. HRTEM images of ((a), (b)) nearly spherical TiO2

NPs and (b) the elongated TiO2 NP.

Apart from the single crystalline NPs, TiO2 NPs

with defects have also been observed. Figure 4 is

a HRTEM image of TiO2 NPs showing a pure edge

dislocation. The dislocation is indicated by D in

Fig. 4(a). A characteristic of the perfect dislocation,

the extra half atomic plane, is indicated by the dashed

line in Fig. 4(a). An enlarged HRTEM image of the

dislocation is shown in Fig. 4(b), which shows the ex-

tra half atomic plane more clearly. The Burgers cir-

cuit for D is drawn to determine the Burgers vector,

as shown in Fig. 4(c). From Fig. 4(c), it can be clearly

seen that there is a gap between the starting and the

ending points of the Burgers circuit, which is indicated

by a white arrow. The Burgers vector for D is deter-

mined to be b = ⟨1̄21⟩. The dislocations might be

generated due to the existence of large strain in the

sintering process.
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Fig. 4. (a) Typical HRTEM image of TiO2 NPs with a

dislocation structure; (b) enlarged HRTEM image showing

the dislocation; (c) the Burgers circuit for dislocation D.

To correlate the microstructure with the higher

efficiency, we first recall the mechanism of the pho-

todegradation. In the photodegradation process, pho-

toexcited electrons (e−) are promoted from the va-

lence band (VB) to the conduction band (CB), cre-

ating holes (h+) at the VB edge as shown in Fig. 5.

The photoexcited electrons and holes then are trans-

ferred to the surface of the particle and join the half-

cell reactions. These electrons in the CB can form the

·O−
2 with O2 in a reduction process, while the holes

in the VB can form the ·OH with H2O or OH− in an

oxidation process. The hydroxyl radicals react with

the methyl orange and oxidize them into non-pollution

products. The half-cell reactions are

O2 + e− −→ ·O−
2 ,

H2O+ h+ −→ ·OH,

OH− + h+ −→ ·OH.
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Fig. 5. Schematic diagram showing the photocatalytic activity of TiO2 NPs.

Based on the photodegradation mechanism and

the results of HRTEM investigation, the enhancement

of photocatalytic degradation efficiency is ascribed to

the small sizes and the surface defects of the TiO2

NPs. On one hand, the TiO2 NPs obtained in our

experiment are small (∼10 nm), so their surface ar-

eas increase a lot. The larger surface area will con-

tribute to the preabsorption of O2 and the degraded

organics on the surfaces of the TiO2 NPs, and thus

a higher efficiency will be obtained. When the parti-

cle size is about 10 nm, a strong quantum size effect,

which broadens the forbidden band, will appear. The

broad forbidden band enhances the oxidation ability

of the TiO2 NPs, which will contribute to the great

enhancement of the photocatalytic efficiency as well.

In addition, there is a close relationship between the

particle size and the time needed for the photogener-

ated electrons and holes to diffuse to the surface of

particle. The relationship is shown by the following

equation:

t =
d2

k2D
, (2)

where t is the time needed for the photogenerated elec-

trons and holes to diffuse to the surface of the parti-

cle, D is the diffusion coefficient of the photogenerated

electrons and holes, d is the diameter of the particle,

and k is a constant. It can be clearly seen from Eq. (2)

that t decreases as d reduces. So the recombination

possibility for the photogenerated electrons and hole

will be reduced, which results in a higher photocat-

alytical activity. On the other hand, dislocations ex-

ist in some anatase TiO2 NPs. The dislocations usu-

ally terminate at the surfaces of NPs, which will cause

more surface defects. It has been reported that sur-

face defects such as stacking faults can enhance the

photodegradation activity of TiO2 NPs.[28] Here, the

surfaces defects caused by the termination of disloca-

tions on the surfaces of TiO2 NPs act as active sites

for the absorption of electron acceptors or donors, and

thus the photocatalytic efficiency of the TiO2 NPs is

greatly enhanced.

4. Conclusion

In this work, TiO2 NPs with an average diameter

of about 10 nm are fabricated using a simple sintering

method. The photocatalytic degradation of methyl

orange is carried out to determine the photocatalytic

efficiency of the TiO2 NPs. The photocatalytic ef-

ficiency is about 62.81%, which is greatly enhanced.

The great enhancement of photocatalytic efficiency is

attributed to two factors, the quantum size effect and

the surface defects in the NPs.
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