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Synthesis of titanium dioxide nano-powder via sol–gel method
at ambient temperature
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Abstract Titanium dioxide is a semiconductor with excel-

lent photo catalytic properties and an important material

with high regarded in nanotechnology. In this study, titanium

dioxide nanoparticles was successfully synthesized via sol–

gel method using tetra-n-butyl orthotitanate, hydrochloric

acid and ammonia. Tetra-n-butyl orthotitanate was used

as precursor. The ingredients were mixed at ambient tem-

perature for 9 h on a magnetic stirring, sol was formed

and converted to gel by adding ammonia. X-ray diffraction

analysis clearly showed anatase and rutile phases so that,

with increasing calcination temperature anatase converts to

the rutile. Scanning electron microscopy was used for

agglomerate observations. Energy-dispersive detector anal-

ysis was carried out and confirmed the formation of titanium

dioxide. The influences of calcination temperature and pH

value on particles size were studied. The results indicate

that synthesis at room temperature reduced the particle size

to 15 nm.
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1 Introduction

In recent years much attention has been paid to the prep-

aration of one-dimensional (1D) nanomaterials, such as

nanofibers, nanowires, nanorods, nanotubes, and nanobelts,

which exhibit novel physical and chemical properties due

to their unique characteristics for huge ratio of diameter to

length, superior mechanical toughness, and so on. Due to

its unique properties, titanium dioxide belongs to the group

of the most attractive nanomaterials and recently possesses

a great attention. TiO2 is a n-type dielectric and its energy

gap is about 3.1 eV and its refractive index is 2.6. TiO2

powders possess interesting optical, dielectrical, and cata-

lytical properties, which results in industrial applications

such as gas sensors, chemical sensors, pigments, optical

lasers, solar cells, fillers, catalyst supports, and photocata-

lysts. One of the major limits of using TiO2 as photocata-

lyst is their relatively low value of overall quantum

efficiencies, combined with the necessity of using near

ultraviolet radiation [1–3].

Control of the size, shape, and structure of the colloidal

precursor is an important factor in determining the prop-

erties of the final material. Titania powders have been

obtained either directly from titanium bearing minerals or

by precipitation from solutions of titanium salts or alcox-

ides. The effect of crystallite size and quantum size effect

is observed in gaseous photocatalytic hydrogenation of

acetylene with H2O [4]. However, there are few studies on

photocatalytic activity of nanoparticle TiO2 crystallites in

aqueous suspension systems [5].

There are several methods for producing nanoparticles.

These methods are basically divided into three groups:

Condensation of a vapor, chemical synthesis and solid-state

processes. The most common procedures of TiO2 prepa-

ration were based on the hydrolysis of acidic solutions of

Ti (1 V) salts [4, 5]. In addition, gas-phase oxidation

reactions of TiCl4 and hydrolysis reactions of titanium

alcoxides were used to generate finely separated, high

purity TiO2 powders. However, these powders have gen-

erally lacked the properties of uniform size, equated shape,

and unagglomerated state desired for quantitative studies of

colloidal phenomena [6]. Recently, several techniques
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were reported for synthesizing titania nanoparticles through

controlled nucleation and growth processes in dilute Ti(IV)

solutions such as sol–gel technique, hydrothermal method,

chemical vapor deposition, direct oxidation and others.

Among them, the sol–gel technique is one of the most used

methods due to its possibility of deriving unique metastable

structure at low reaction temperatures and excellent

chemical homogeneity. In sol gel processes, TiO2 is usually

prepared by the reactions of hydrolysis and polycondensa-

tion of titanium alkoxide, (TiOR)n to form oxopolymers,

which are transformed into an oxide network [7–9].

In this work, nanocrystalline anatase and rutile TiO2

particles with crystallite size 15 nm have been derived via

sol gel precipitation of alkoxides followed by calcination.

The influence of calcination temperature and pH towards

the development of titania nanocrystal structure and their

performance as photocatalyst is investigated.

2 Experimental

In this study, tetra-n-butyl orthotitanate (CH3CH2CH2

CH2O)4Ti was considered as metal precursor and deion-

ized water used as diluents solution. The molar ratio of

tetra nbutyl orthotitanate to deionized water calculated by

stoichiometry. Tetra-n-butyl orthotitanate mixed to deion-

ized water with a ratio of 1–5. Deionized water stirred

steadily with magnetic stirring, then tetra-n-butyl orthoti-

tanate added drop wise into it using a syringe under mag-

netic stirring at room temperature [10]. At this stage, by

adding hydrochloric acid 35 % as a catalyst, we adjusted

the pH to a certain extent to achieve the sol (pH = 5).

This sol was stirred for 12 h at ambient temperature, to be

uniform. An addition stirring up to 48 h revealed that sol

was still uniform and stable and no sediment was observed.

So, chemical and physical stability of sol was proved in

duration of 48 h. For transition of sol to gel, pH of a dis-

persion changed using ammonia solution (pH = 5). The

obtained gel was milky color and completely stable and

dried at 80 �C in an oven for 18 h. Afterward bulks were

crumbled easily into powders and calcined at 450, 500,

550, 600, 650, 700 and 750 �C at the heating rate of 15 �C/

min with a soaking time of 2 h in electric furnaces and

cooled overnight to reach the final titanium dioxide pow-

der. Then samples were milled for 3 h in a ball mill.

Methanol used to prevent particles from sticking and sin-

tering while samples were milling. Milled powders dried

for 2 h to get out of methanol at a temperature of 80 �C

[11, 12]. X-ray diffraction (XRD) patterns of different

powders recorded between 10� and 60� (2h). Samples were

diaglomerated by soaking in an ultrasonic bath for 5 min,

then shape and size of these samples observed by scanning

electron microscopy (SEM). A quality of synthesis of TiO2

samples in this experiment proved using EDS analysis.

3 Results and discussion

Most processes involve deposition of sulfate or chloride

solutions which led to the synthesis of anatase, however,

many practical applications need to have the rutile phase.

Both anatase and rutile have photocatalytic properties, but

in different degrees. In some cases, the highest photocat-

alytic degree of titanium dioxide is a mixture of anatase

and rutile in a ratio of 70–30 which have the highest

activity (commercial available Degussa P25). Simulta-

neously with increasing anatase activity, more absorption

of visible light can be achieved by rutile. Alcoholic rinsing

media speed up the conversion of anatase to rutile and

reduce titanium dioxide conversion temperature from 800

to 550 �C. Acceleration of conversion kinetics and its

mechanisms due rinsing media can be accepted from ana-

lyzing of temperature and time dependence of rutile [13, 14].

Figure 1 shows the XRD pattern of calcined samples at

different temperatures. These patterns clearly show that the

crystalline particles are calcined at these temperatures and

they often have anatase structure. Conversion of anatase to

the rutile starts in the range of 550–650 �C.

Change in particle size than the calcination temperature

is shown in Fig. 2. Particle size has been changed as a

function of calcinations temperature change, so that the

particle size also increased with increasing calcinations

temperature. Particles growth at low calcinations temper-

atures has occurred slowly and then this growth speed up at

high temperatures. The particle growth rate (The rate of the

increasing particle diameter) is obtained by Eq. 1 [15].

Fig. 1 XRD pattern of samples at various calcinations temperatures
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V ¼ a � t ½expð�Q=kTÞ� ½1� expðDFm=kTÞ� ð1Þ

In this equation, a is particle diameter, U is atoms

mutation frequency, Q is the activation energy of an atom

that has left the network and attaches itself to the growing

phase, and DFm is the Molar free energy difference between

the two phases. For non-crystalline structures DFm is much

greater than kT, so Eq. 1 can be modified Eq 2.

V ¼ a � t ½expð�Q=kTÞ� ð2Þ

When calcinations temperature is high, the activation

energy is too small, so growth rate is at a high level, thus

the particle size increases very rapidly. While when

calcinations temperature is low, the activation energy is

too high and so growth rate will be reduced, therefore,

the particle size decreases with decreasing calcinations

temperature.

SEM images of titanium dioxide nanoparticles that were

prepared at different calcinations temperatures can be seen

in Figs 3, 4, 5, 6. Nanoparticles of titanium dioxide with

dimensions less than 15 nm at a calcinations temperature

of 450 �C are visible and accessible. This is clearly seen in

the SEM images, and is easily recognizable. Also in SEM

images we can see that with increasing in calcinations

temperature particle size is relatively increased [16].

As we see, the results of the SEM images are consistent

with the results of XRD (peaks breadth) and are coordi-

nated with each other, and confirm the dependence of

particle size with calcinations temperature. The particles

sizes in the SEM images are shown in Figs. 4, 5, 6 (mag-

nification of 75,0009). In this magnification synthesized

powder can be clearly seen, better than at magnification of

50,0009 (Fig. 3).

To ensure the accuracy of the SEM and XRD results,

formation of titanium dioxide powder was fixed again

(Fig. 7) by EDS analysis on samples that were studied by

scanning electron microscope.

The sol–gel process is usually used to have an efficient

mixture of ions at the atomic scale. In the liquid phase

Fig. 2 Changes in particle size as a function of calcination

temperature

Fig. 3 SEM image of sample 1 (T-Cal: 450 �C)—950,000)

Fig. 4 SEM image of sample 3 (T-Cal: 550 �C)—975,000)

Fig. 5 SEM image of sample 5 (T-Cal: 650 �C)—975,000

70 J Sol-Gel Sci Technol (2013) 66:68–72

123



solution, the concentration of hydrochloric acid can affect

on hydrolysis reaction that can lead to the formation of

many compounds. Many of organic precursor and mineral

one’s (metallic salts) from the point of hydrolysis view are

non-stable. Hydrolysis reactions use to occur in the coor-

dinated water molecules to metal ions because charge

transfer of oxygen to metal atoms is more acidic than non-

coordinated conditions. Sticking colloid particles to toge-

ther and sink them in the form of larger particles, called

clotting and if in converting to a semi-solid mass, it being

called gel-forming type and final phase synthesis occurs

during the gel formation and calcination on the acid con-

centration which is the changing in pH value. In this pro-

cess, transmission from sol to gel, often obtained by

changing the pH value or the concentration of the solution

[17].

In Table 1, the crystallite size changes with respect to

pH changes can be observed in the calcination temperature

(650 �C). As we see, by changing the acid concentration

with respect to metal cations, crystallite size will change.

In Fig. 8 we observe XRD results for three different pH

(for the sample with the calcination temperature of 650 �C)

and also evaluation of pH changes in the phase change

from anatase to rutile. We see that by increasing pH, rutile

nucleation will start and with the continuing increase in

mole fraction of the intensity of rutile’s peaks in the XRD

images also increases. Crystallite sizes given in Table 1 are

calculated by the Debye-Scherer method [17].

4 Conclusion

The results showed that the titanium dioxide powder with

dimensions below 15 nm by sol–gel method is reproducible.

Particle size distribution in this chemical method of producing

nano-powders is less evident. So that with careful control of

experimental conditions we find the dimensions below 5 nm.

The produced powders had spherical morphology and were

almost regular, that it is due to the high chemical and physical

stability of the primary sol was prepared at the beginning.

Among the effective parameters on titanium dioxide particle

size, the pH and its change and calcinations temperature with

respect to solution concentration and calcinations time have

more effect. Also calcinations times with regard to calcina-

tions temperatures can have the same effect on particle size.

Fig. 6 SEM image of sample 7 (T-Cal: 750 �C)—975,000

Fig. 7 EDS analysis of sample 3 (T-Cal: 550 �C)

Table 1 Changes in crystallite size by changing the pH levels at a

calcinations temperature of 650 �C)

pH 4 5 6

Crystallite size

(nm)

9 14 23

Fig. 8 XRD pattern of samples at T-calcinations 650 �C
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At calcinations temperatures below 550 �C the stable phase

is often anatase and phase transformation from anatase to

rutile which had start at 550 �C. As we observed in this study

with increasing in molar fraction, we had increased in peak

intensity for anatase phase in XRD patterns. By more

increasing in molar fraction of acid and increasing the pH, we

saw the starting of rutile nucleation and by continuing of this

molar fraction increasing, intensity of rutile’s peaks also

increased in XRD patterns.
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