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Abstract In this work, nanoparticles of titanium dioxide

(TiO2) were synthesized by means of TiCl4 as precursor.

Effects of alcohol type, calcination, gelatinizing time and

microwave exposure on the particle size, morphology,

crystallinity and particle phase are studied using XRD

patterns and SEM images. Results showed that alcohols

such as ethanol increased the particle size; calcination

increased the particle size and improved the crystallinity of

particles. Microwave exposure of particles resulted in

smaller particles; adding water increased the impact of

microwave. Effect of microwave exposure in rutile phase

formation is also observed during this study.
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Introduction

Titanium dioxide (TiO2) has been widely used in various

technological applications such as photocatalytic layers [1],

diodes [2], sensors [3], cosmetics [4] and solar cells [5].

Therefore, TiO2 nanoparticles can be synthesized in order to

use in diverse methods like laser ablation [6], RF thermal

plasma [7], hydrothermal method [8], mechanochemical [9],

the ultrasonic technique [10], metal organic chemical vapor

deposition method [11] and sol–gel process [12, 13]. The sol–

gel process is vastly used for the formation of TiO2 Nano-

powder. It also involves many complex processes for both

chemical and structural nature [14]. Generally, this process is

a wet-chemical technique for the production of nano-materials

starting both colloidal particles and chemical solutions to

fabricate an integrated network [15]. The sol–gel method

consists of the transmission of a system from a liquid phase

(sol) toward a solid phase (gel). The various precursors such as

organic alkoxides and acetates, in addition to inorganic salts

like chlorides are utilized for synthesis of nanoparticles.

Alcohols are greatly used among various kinds of solvents and

also other solvent like benzene is used for some alkoxides.

Moreover, some parameters such as the order of addition of

reactants, the temperature, the solubility of reagents in the

solvent and the pH affect homogeneity of the gel [16].

In this study, sol–gel method is used to synthesis of TiO2

nanoparticles due to ease of production, low cost and low

experiment temperature. TiO2 nanoparticles synthesis was

done in different situations such as using various kinds of

alcohols, subjecting to microwaves, particle calcination

and also different gelatinizing times. Several properties of

particles such as particle size, homogeneity, crystallinity

and particle phase which are significant characteristics of

particles in technological applications were studied using

SEM and XRD. X’Pert Pro MPD was exploited for XRD

pattern and Hitachi s4160 for SEM.

Experiment

In order to synthesize TiO2 nanoparticles by sol–gel

method, TiCl4 was used as the precursor. TiCl4 was slowly

added to alcohol located on the stirrer with 2500 rpm

speed. The alcohol was ethanol (C2H5OH), isopropanol

(C3H7OH) and butanol (C4H9OH) in each separate sample.
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TiCl4/alcohol molar ratio was 1:10 ml/min. In this study

E = Ethanol, I = Isopropyl and B = Butanol. In the next

steps, synthesis of samples is classified in three groups:

Group (1): after the mentioned process, the solution was

left at room temperature for gelling; some of them for 1 day

(E1, I1 and B1) and some one for 7 days (E7, I7 and B7) then,

they were dried in oven (80 �C) and powdered. The calci-

nation process was performed in the chamber by temperature

of 450 �C. Group 1 samples are listed as follows:

E1C (Ethanol, 1 day placed at room temperature with

calcination), I1C, B1C, E7C, I7C and B7C.

Group (2): the instruction is similar to the group 1 in

exception of adding water (W) to the samples with same

ratio before placing them at room temperature (for 1 and

7 days as mentioned before). Then, the samples were

subjected to microwave in 2450 MHz for 30 s. A single

sample was also subjected to microwave for 30 s without

water. Samples of this group are listed as follows:

E7CWM30, I7CWM30 and E7CM30.

Group (3): at the first, samples of this group were sub-

jected to microwave for 150 s (M150) and then were placed

in centrifuge (400 rpm) in order to separate the liquid part

of the solution (CF). In this process, the liquid phase of the

solution aggregates on the surface of the solution. It was

detached and 2 cc of alcohol (same as the first group) was

added to the solution and subjected to microwave again.

This step was repeated for three times. Then the solution

was placed in oven for 30 min at 80 �C. The produced

sample was then pounded and turned into powder. Some of

the samples were placed in chamber at 450 �C for calci-

nation. These samples are listed as follows:

CFE1CM150, CFI1CM150, CFE1M150 and CFI1M150.

Results and discussion

When the TiO2 nanoparticles were synthesized, the

impressive factors on the size and homogeneity and for-

mation of different phases of TiO2 (i.e. the solute alcohol in

TiCl4, adding water to the primary solution, subjecting to

microwave before the primary solution is dried, leaving

them for definite days to be dried, calcination and also

using centrifuge and microwave for synthesis) were

investigated. The results are described as follows:

Using different alcohols (ethanol, butanol

and propanol)

As mentioned in experimental section, different alcohols

are used for sol formation. Figure 1a and b shows the XRD

pattern corresponding to three groups of synthesis which all

of them are similar with exception of using alcohol.

Using Debye–Scherrer’s formula, L ¼ Kk
b cos h

� �
size of

particles for three samples was calculated according to

Fig. 1a corresponded to butanol, isopropanol and ethanol

as 26, 30 and 32 nm, respectively. The size of particles is

also calculated as 25, 30, and 33 nm for the samples of

Fig. 1b which are synthesized with butanol, isopropanol

and ethanol, respectively. The synthesis of these three

samples is similar to the samples of Fig. 1a, however, the

only difference between samples of Fig. 1b is using dif-

ferent alcohols. In this formula, K (Scherrer’s constant) is

0.89 for TiO2 [17], b is full width at half maximum

intensity and h is the angle. It is clear that the size of

particles with respect to the using alcohol can be sorted as:

Fig. 1 a XRD pattern of different alcohol samples, b XRD patterns

of different alcohol samples
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ethanol [ isopropanol [ butanol. By considering the

structure of these alcohols, ethanol (C2H5OH), isopropanol

(C3H7OH) and butanol (C4H9OH), it can be concluded that

existence of smaller and more active –OH and –C2H5

groups in ethanol, is the reason for good reaction with

TiCl4 and it causes polymer precursor with high degree of

polymerization to be formed. The –C2H5 group in precur-

sor can eliminate H2O well [18]. Eliminating water mole-

cule causes the more agglomeration of Titania molecules

and formation of larger nanoparticles. This sequence also

holds for other two alcohols.

Because of difference in size of particles, remarkable

diversities are also seen in homogeneity of particles.

Homogeneity of the synthesized sample include of butanol

was higher than ethanol one. SEM images of these two

samples are shown in Fig. 2a and b.

Number of leaving days to be dried at room

temperature (gelatinizing time)

Figure 3a, b and c shows the XRD pattern of the samples

differing only in leaving days to be dried. One sample was

left for 1 day and the other one for 7 days. Using Debye–

Scherrer’s relation, the size of particles was calculated as

Fig. 2 a SEM image of butanol sample, b SEM image of ethanol

sample

Fig. 3 a XRD pattern of dried samples, b XRD pattern of different

gelatinizing times samples, c XRD pattern of different gelatinizing

times samples
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about 30 nm according to Fig. 3a. For samples of Fig. 3b,

1 day left sample 33 nm and 7 days left sample 32 nm and

also for Fig. 3c, 1 day left sample 25 nm and 7 days left

sample 26 nm.

SEM images related to the samples of Fig. 3c are shown

in Fig. 4a and b. In this image the homogeneous size dis-

tribution of particles can be seen. In fact, leaving the

samples to be dried has not affected on the size of particles.

According to unchanged size of samples during the various

gelatinizing times, it can be deduced that the synthesized

nanoparticles are highly stable.

Calcination

To study the effect of calcination on the size of particles,

two types of similar synthesis were implemented. The only

difference between these types is that one single sample

was not calcinated. Figure 5a and b shows the related XRD

patterns. Size of particles was calculated 10 nm for

uncalcinated sample and 28 nm for the calcinated sample

of Fig. 5a. For the uncalcinated sample of Fig. 5b, the size

was calculated as 11 and 21 nm for the calcinated sample.

Comparison between the XRD patterns of Fig. 5a and b,

shows the sharp peaks after calcination. It shows that

calcination increases the both of crystallinity of samples

and size of particles. The results are similar to the research

of Luis et al. [19].

The SEM images of samples relating to Fig. 5b are

shown in Fig. 6a and b. According to the size of particles

after calcination, homogeneity of uncalcinated sample

Fig. 5a is higher than the calcinated one Fig. 5b.

Microwave

As mentioned in experimental section, some samples were

subjected to microwave after adding water for 30 s. Fig-

ure 7a and b shows the XRD patterns of different samples

only in microwave effect. According to the sample include

Fig. 4 a SEM images related to the samples of Fig. 3c, 1 day, b SEM

images related to the samples of Fig. 3c, 7 days

Fig. 5 a XRD pattern of different samples, one with calcination and

another without calcination, b XRD pattern of different samples, one

with calcination and another without calcination
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of water and microwave effects, the size of particles is

calculated as 20 nm which is shown in Fig. 7a and 30 nm

for the sample without water and microwave effect. It is

also calculated as 25 nm for Fig. 7b, the sample include of

water and microwave and 32 nm for the sample without

water and microwave. Finally, using water and microwave

effect before getting dried, cause the smaller particles.

The XRD patterns of two samples are shown in Fig. 8

having the only difference in adding water before sub-

jecting to microwave. For the sample included water before

microwave effect, the particle size is calculated as 25 nm

and for the no water sample as 28 nm. It shows that adding

water before microwave effect, decreases the particle size.

The SEM images of the later samples are shown in Fig. 9a

and b which clarifies that homogeneity in no water sample

is higher than the included one.

As explained before, centrifuge and microwave were

used in synthesis of some samples. Discussions of this

section are related to the effect of microwave on the par-

ticle size in this synthesis method. The XRD patterns of the

samples with and without microwave are shown in

(Fig. 10a, b). Using the Debye–Scherrer’s equation, the

particle size for the sample of Fig. 10a with microwave is

calculated as 28 nm and the sample without microwave as

30 nm. For the samples of Fig. 10b, with microwave it is

calculated as 21 nm and without microwave 32 nm.

Obviously the effect of microwave on samples is the for-

mation of smaller particles, as mentioned. Since the fre-

quency of microwave was 2450 MHz, about the vibration

frequency of water molecules, energy is absorbed in water

and transferred to nanoparticles. As the kinetic energy of

particles increases, the probability of particles agglomera-

tion decreases and therefore the size of TiO2 nanoparticles

is decreased. Similar results of microwave effect on

Fig. 6 a SEM images related to the samples of Fig. 5b, without

calcination, b SEM images related to the samples of Fig. 5b, with

calcination

Fig. 7 a XRD pattern of different samples, one with water and

microwave and another one is without them (A anatase, R rutile),

b XRD pattern of different samples, one with Water and Microwave

and another one is without them
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particle size are previously reported by Z. Ounaies et al. on

during the study of Lead Zirconate Titanate [20].

Particle phase

In some cases of scientific applications, the phase of TiO2

particles is of great important [21]. Titanium dioxide, TiO2,

is an important photocatalytic material that exists in two

main polymorphs, anatase and rutile. The presence of

either or both of these phases impacts on the photocatalytic

performance of the material. In this work, the weight per-

centage of rutile phase is calculated by the following

equation:

Fig. 8 XRD pattern of different samples, one with water and another

without water. (A anatase, R rutile)

Fig. 9 a SEM images related to the samples of Fig. 8, with water,

b SEM images related to the samples of Fig. 8, without water

Fig. 10 a XRD pattern of different samples, one with microwave and

another without microwave, b XRD pattern of different samples, one

with microwave and another without microwave
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Wrutile ¼
1

1 þ 0:8 Ia
Ir

; ð1Þ

where Ia and Ir are the peak intensity of the (101) and (110)

planes for the anatase and rutile phase, respectively [15].

Table 1 shows the percentage of the anatase phase for each

sample.

Conclusion

TiO2 nanoparticles were synthesized by sol–gel method

using TiCl4 as precursor. The results showed that using

ethanol led to smallest size TiO2 nanoparticle formed

among three kinds of alcohols, and then the propanol and

finally the largest particles were corresponding to the

butanol. Stability of nanoparticles caused the particle size

to be remained unchanged during the various gelatinizing

times. Calcination improved the crystallinity and increased

the size of particles. Microwave exposure resulted in

smaller particles and in some cases, caused the formation

of rutile phase.
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