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Abstract

In this work, TiO, powders were prepared by high energy vibrating ball mil-
ling. X-ray diffraction (XRD), Scanning electron microscopy (SEM) and
Photon cross correlation spectroscopy (PCCS with Nanophox) were used to
determine the crystallite size of anatase TiO,. Depending on the grinding
conditions (short grinding time, ball diameter, stainless steel ball and grind-
ing powder ratio), the crystallite size decreased from 34 nm to 8 nm. The av-
erage diameter of a TiO, particle with 8 nm crystals was ~221 nm. No struc-
tural phase transition was observed during milling.
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1. Introduction

The TiO, compound has two main modifications, anatase and rutile, and at high
temperatures the anatase phase is converted to the rutile phase. TiO, powder is
used to produce white paint. Nanostructured TiO, is widely used in photocataly-
sis, electronics, energy and environment [1] [2] [3]. In recent years, much re-
search has been conducted on the use of nanostructured rutile TiO, as a phase
transition material for latent heat energy storage [4] [5] [6] [7]. TiO, has been
used to improve some parameters of phosphate glass for solid state batteries [8]
[9]. Long-term (up to 100 h) grinding of anatase TiO, in a high-energy vibrating
ball mill has been shown to lead to structural phase changes, but not to an
amorphous process [10]. In the mechanochemical synthesis of TiO, nanopar-
ticles, it has been observed that the anatase phase transforms into the rutile

phase with increasing temperature [11].
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In this work, we aim to reduce the crystal size of anatase-type TiO, powder

using a high-energy ball mill for the study of heat storage materials.

2. Experimental

1) Milling process: High purity (99.8%) anatase type TiO, (IV) powder
was used in the present study. The 10 g powder sample was placed in a dry
80 ml steel cylindrical container with a high-purity steel ball in a 1200
rpm/min. Table-top high-energy vibrating ball mill (Across International,
Material Processing Equipment-ISO 9001:2015) manufactured in the United
States. To avoid the agglomeration process of particle and device overheating, it
was milled for 5 minutes and cooled for 1 h at —35°C temperature. This milling
procedure is an advanced part of our work. Milling was carried out between 15
minutes and 8 hours and 25 minutes. The milling process of TiO, powder is
summarized in Table 1.

Eight large steel balls with a diameter of 1 mm were used for 15 and 30 mi-
nutes of grinding. The total weight of these balls was 65.71 g. At this time, the
mass ratio between the powder sample and the steel ball was 1:6. 17 small steel
balls with a diameter of 0.5 mm and a total weight of 58.05 g were used during
the 1- and 3-hour grinding periods. The mass ratio between the powder sample
and the steel ball was 1:5. Also, 36 small steel balls with a diameter of 0.3 mm
were ground for 5, 6, and 7 hours. The total weight of these balls was 34.52 g. In
this case, the mass ratio between the powder sample and the steel ball was 1:3.
Then, a mixture of balls with different diameters (2 steel balls with a diameter of
1 mm, 4 steel balls with a diameter of 0.8 mm, 3 steel balls with a diameter of 0.5
mm, 7 steel balls with a diameter of 0.3 mm) was used during the milling period
of 8 hours and 25 minutes. Their total weight was 41.9 g and the mass ratio be-
tween the powder sample and the steel ball was 1:4. Figure 1 shows the grinding

process and the tools used in the study.

Table 1. Number, diameter, powder/balls mass ratio, and total weight of steel balls at dif-
ferent meals.

. . The total
o . Number of Diameter of steel Mass ratio of .
Milling time weight of the
steel balls balls, mm powder/balls
balls, g
15 min 8 1 1:6 65.71
30 min 8 1 1:6 65.71
1h 17 0.5 1:5 58.05
3h 17 0.5 1:5 58.05
5h 36 0.3 1:3 34.52
6h 36 0.3 1:3 34.52
7h 36 0.3 1:3 34.52
8hand 25
i (2+4+3+7) 1+0.8+0.5+0.3 1:4 41.90
min
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(b)

Figure 1. Tools and equipment used in the grinding process: (a) High energy vibrating
ball mill; (b) Steel container for powder sample; (c) Stainless steel balls with different di-
ameters.

The grinding method we used reduced the crystallite size in a short time, and
this grinding method is slightly different from the grinding methods used by
other reseachers.

2) Scanning electron microscopy (SEM): The study samples were measured by
scanning electron microscope with EDX. The measurement results are shown in
Figure 2 and Figure 3.

In Figure 2, large particles with a size of 5 pm can be seen. Due to the low
resolution of SEM, the shape and size of the particles could not be observed well.
In the section marked with the letter A in Figure 2, the analysis only detected
the elements Ti.

The elemental analysis did not reveal any elements other than only Ti.

3) X-ray diffraction study (XRD): XRD measurements were performed at am-
bient conditions using an X-ray powder diffractometer (Enraf Nonius Delft). A
step size of 0.02°, an integration time of 2 s per step and a scan range of 13° to 70°
were used. The program “FullProf. Suite” [12] was used to calculate peak posi-
tion, peak width and peak intensity in the X-ray patterns. The X-ray diffraction
spectrum of the non-milled primary sample is shown in Figure 4.

X-ray phase analysis revealed that the primary sample TiO, is a tetragonal
symmetric anatase-type titanium oxide (TiO, (IV)) with space group I41/amd.
Figure 3 shows the Miller indices (hkl) corresponding to the diffraction peaks of
the anatase type of TiO,, with the numbers in parentheses. This shows that the
diffraction peak with the highest intensity is the Miller index (101). The exten-
sion of the diffraction line analysis was performed on an actual peak profile with
an index (101). No phase changes and no amorphization were observed in the
X-ray pattern during the milling period of up to 8 hours. However, in [8], two
structural phase transitions (metastable phase TiO, (II) and high pressure TiO,
(B)) were observed during milling of anatase-type TiO, powder for up to 100
hours. Figure 5 compares the X-ray patterns of TiO, samples measured at dif-
ferent times using an X-ray diffractometer. As can be seen in Figure 5, the in-
tensity of the diffraction peaks decreases and the width of the peaks increases
with increasing grinding time.

The following Scherrer’s equation was used to determine the crystallite size of

the samples:
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Figure 2. Micrograph of the original TiO. powder taken by Scanning Elec-
tron Microscopy (SEM) (Image magnified up to 50 um).
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Figure 3. Results of elemental analysis performed on individual large particles (A).

K-1

(1

© cos0- AB(20)

where A is the wavelength of the X-rays (Cu/K, = 0.154 nm), AB(26) is the full
width corresponding to half the height of the highest intensity peak in the X-ray
pattern, @is the Bragg angle. The factor K depends on the shape of the particle
and is 0.94 in the case of spherical particles.

The crystallite sizes of TiO, were determined using Equation (1). The values of
the full width at half height of the highest peak on the X-ray pattern of the sam-
ples (see Figure 5) were used. The results are shown in Table 2.

As can be seen from Table 2, the corresponding crystallite size in the original
sample was fixed at 34 nm. After grinding for 15 to 30 minutes, the crystallite
size was reduced to 27 nm. However, during 1 hour grinding, it increased
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Figure 4. X-ray diffraction pattern of the (unmilled) primary sample TiO..
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Figure 5. Comparative X-ray patterns of TiO. samples measured by grinding at different
times (15 and 30 min; 1, 3, 5, 6, 7 and 8 h).

Table 2. The relationship between grinding time and crystallite size of TiO. powder.

N  Milling time @ cosé, AB(26,) K (éul;z) D, nm
1 0 (unmilled) 12.640 0.9757 0.250 0.94 0.154 34.0
2 15 min 12.690 0.9755 0.290 - - 29.3
3 30 min 12.670 0.9756 0.310 - - 27.4
4 1h 12.690 0.9755 0.300 - - 28.3
5 3h 12.670 0.9756 0.380 - - 22.3
6 5h 12.670 0.9756 0.830 - - 10.2
7 6h 12.640 0.9757 1.030 - - 8.2
8 7h 12.660 0.9756 0.530 - - 16.0
9 8 h 25 min. 12.690 0.9755 0.490 - - 17.3
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slightly to 28 nm. The sample was further ground for 6 hours to reduce the crys-
tallite size to ~8 nm. When the sample was ground for 7 hours and 8 hours and
25 minutes, there was a tendency that the crystallite size in the samples increased
again. In the work [11], the reason for the increase in particle size was explained
by the electrostatic effect of very fine particles.

Investigation of particle size of powdered TiO,: Photon cross correlation
spectroscopy (PCCS with Nanophox) is an instrument that simultaneously
makes accurate measurements of particle size and stability of opaque suspen-
sions and emulsions in the range of 1 nm to 10,000 nm. The powdered TiO,
sample was prepared in the form of suspension samples by immersion in double
distilled water, depending on the grinding time. KS 900F ultrasonic generator
was used to disperse the suspension for 1 minute. The suspension sample for
PCCS measurements was prepared in a 12.5 mm wide, 12.5 mm deep, and 36
mm high disposable clear plastic cuvette (Eppendorf UVette@, Sympatec part
No. NZ0020) with a filling volume of 50 pl to 2000 pl. The cuvette was placed in
a thermostatically adjusted container of clean water so that it is orthogonal to
the beam path of the 632.8 nm HeNe laser. Then the thermostat was filled with
0.22 pm filtered double distilled water to a level of 3/4. Windox 5 software was
used to process the measurement results. As an example, Figure 6 shows the
density distributions of a TiO, powder sample. Similar plots as in Figure 6 were
also obtained for other milled samples.

The particle size, which is 50% of the cumulative distribution, indicates the
average particle size of the sample. As shown in Figure 6, the average particle
size is 221 nm, the range of particle size distribution is 41 nm - 343 nm, and the
specific surface area is 27.35 (m?/cm?). The number of nanoparticles (<100 nm)
was 0.04% by volume. The shape of the density distribution curve is Gaussian
symmetric. The particle sizes measured with the PCCS device at different meals

were taken from the graphs of experimental results and summarized in Table 3.
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Figure 6. Particle size and cumulative distribution (Q(x)), particle size and density distribution (q*(x)).

DOI: 10.4236/msce.2021.911002

12 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2021.911002

G. Batdemberel et al.

Table 3. Particle size parameters of TiO..

The average

Grinding time Particle size Specific surface

N (1) partiil e size distribution area (m?/cm?)
(X0)
1 0 (unmilled) 4.6 um 133 nm + 7.7 um 1.30
2 15 min 429 nm 319 nm + 6.5 ym 14.06
3 30 min 381 nm 296 nm + 530 nm 15.80
4 1h 470 nm 368 nm + 659 nm 12.81
5 3h 280 nm 238 nm + 368 nm 21.49
6 5h 406 nm 319 nm + 570 nm 14.84
7 6h 221 nm 41 nm + 343 nm 27.35

The surface area to surface volume ratio increases drastically with the decrease
of particle size. After the TiO, sample was ground for 6 hours, the specific sur-
face area increased from 1.30 to 27.35 (m?/cm?®). This indicates an increase in the
chemical activity of the TiO, powder. The average particle size of the TiO, sam-
ple was reduced from 4.6 pm to 221 nm. The lack of PCCS measurements for
ground samples up to 7 and 8 hours is due to the inability to prepare water stable

suspensions.

3. Conclusions

Based on the above analysis, the conclusions were summarized as follows:

1) Short-time grinding and slow cooling can be an effective way to rapidly re-
duce the crystallite size of powder materials.

2) X-ray diffraction analysis showed that no phase transition was observed in
anatase TiO; as a function of the short grinding time.

3) The crystallite sizes of the anatase TiO, powder sample were reduced from
34 nm to 8 nm as a function of milling time.

4) Photon cross-correlation spectroscopic measurements revealed that the av-
erage particle size of a TiO, particle with ~8 nm was 221 nm. The number of

nanoparticles (<100 nm) was 0.04% of the volume.
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