Optical and Structural Properties of Rutile Nanoparticles Prepared Via Ball Milling

Abstract

This study centered on determining the optical characteristics of Rutile nanoparticles and
synthesizing them using a ball milling process. A top-down approach was utilized to obtain
nanoparticles from the bulk materials utilizing high intensity ball milling technique. The
crystalline size of the nanoparticle was ascertained using the Debye-Scherer formula. TheEnergy
Band gap, optical conductivity, extinction coefficient, transmittance, and refractive index were
among the optical characteristics that were identified. The average crystalline size obtained, was
87.440 nm. The computed dislocation density varied between(0.109 x 1073to 0.0359 x
1073)nm=2. As the wavelength range shifted from the ultraviolet to the visible and near-infrared
regions, the absorbance value was observed to decrease simultaneously.The refractive index of
the particle showed a uniform result from 1leV to 4eV but sharply increased at 4.1eV and also
dropped sharply at 4.3eV and then maintained a uniform outcome as the photon energy
increased. The transmittance value was also observed to gradually increase from the ultraviolet
region, to the visible region, hence reaching 99.9%in the near-infrared region. Furthermore, the
band energy gap was obtained to be 3.88 eV. The unique properties of the Rutile nanoparticles
revealed potential uses in photovoltaic and optoelectronic systems.
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1.0 Introduction

In today’s world, materials play a vital role in our daily lives and exploring the unique
characteristics of the materials at the nano scales has become increasingly important. These
nanoparticles are usually products of nanotechnology whose particles are less than 100nm (Onu
et al.2023). However, the properties of the nanoparticles, present specific and controllable
properties that are different from those they represent on the macroscopic scale thus enabling
unique applications (Yetter et al. 2009; Srivastava et al. 2009; Shalini et al. 2012). The change in
properties is due to two main effects: (i) surface effects or size reduction effect which implies
that when a particle size is reduced, a greater proportion of atoms are found at the surface (ii)
quantum confinement-modification in electronic structure (Srivastava et al. 2009; Gupta and
Gupta 2005; Aline et al. 2010).

It has been observed that the ratio between the number of surface atoms and the number of

massive atoms increases significantly with particle size reduction so that the surface atoms have



less coordination in relation to massive atoms. This resulted in nanostructured materials
exhibiting significantly different physical, chemical, optical, mechanical, electrical and also
magnetic properties (Chaturvedi et al. 2013; Yetter et al. 2009). Due to these characteristics,
nanoscale materials present great potential for applications in several technological areas such as
Nano electronics and computer technology, medicine, aeronautics and space exploration,
biotechnology and agriculture (Srivastava et al. 2009).These nano-composites have copious
importance in semiconducting industries, optoelectronic industries and photocatalytic industries
(Madkhali et al. 2022; Onu et al. 2024). Futhermore, nanoparticles have been reported to have
applications in environmental filed for water treatment, gas sensors, solar photocatalysisetc (Onu
et al. 2023).

The extensive utilization of nanoparticles is predicated on their distinct features, which typically
differ from those of bulk materials. Most nanoparticles possess a substantial energy gap,
exceptional ultraviolet emission capabilities, and a satisfactory binding energy (Rong et al 2018;
Onu et al 2023). Moreover, they possess considerable stability and the capability to alter the
electrical conductivity of gases, along with an inherent aptitude to absorb ultraviolet radiation
(Liu et al. 2011; Madkhali et al. 2022; Onu et al. 2023).

There are two primary ways for nanoparticle preparation: the top-down method (deconstruction)
and the bottom-up method (construction) (Satoshi and Nick 2013; Onu et al. 2023). The top-
down approach entails applying an external force to a much reduced bulk solid material,
resulting in its fragmentation into smaller nanoparticles while the bottom-up approach involves
changing and transforming liquids or gaseous atoms into comparatively bigger nanoparticles by

atomic transformation or molecular condensation.

Therefore, the top-down approach was used, which entails milling or grinding comparatively
substantial material into nanoparticles. Since the milling technique is known to be suitable for
creating widely dispersed nanoparticles that prevent the condensation of freshly formed
nanoparticles (Satoshi and Nick 2013; Onu et al. 2023).

Through the mechanical process of ball milling, a greatly reduced substance is subjected to the
kinetic energy of moving balls, which breaks down the chemical bonds and produces
nanoparticles (Tan et al. 2013; Carmen et al. 2019; Onu et al. 2023). This will produce



nanoparticles with novel surfaces and characteristics (Joy et al. 2022). This high energy milling
has been proven to be a highly effective method for processing bulk materials. This technique
offers several benefits, including: Efficient particle size reduction, simplified processing, cost-
effectiveness, broad material applicability and scalability to large quantities (Zhang et al. 2014).
Investigations into the effects of various ball milling parameters on bulk samples properties have
demonstrated the versatility and potential of this technique. Ball milling has attracted
considerable attention and is an effective physical mechanical milling synthesis method owing to
the relatively low installation cost, the large number of particles can be easily obtained by solely
grinding bulk materials in a milling vessel.

Rutile is an accessory natural occurring mineral in a variety of metamorphic and igneous rocks it
also occurs as a detrital mineral in clastic sediments. Although the main formula of rutile is TiO,,
there are commonly several possible substitutions for titanium, for example, Al, V, Cr, Fe, Zr,
Nb, Sn, Sb, Hf, Ta,W and U (Graham and Morris, 1973; Hassan, 1994; Murad et al., 1995; Smith
and Perseil, 1997; Rice et al. 1998; Zack et al. 2002; Bromiley and Hilairet, 2005; Scott, 2005;
Carruzzo et al., 2006).Variations in the geochemical composition are host rock specific and
allow the rutile source to be traced and the chemical and physical properties during rutile
formation to be characterized.

Titanium dioxide (TiO,) is among the most useful materials for many applications due to its
nontoxicity, low cost, physical and chemical stability, availability and optical properties (Wang
et al. 2016). Titanium dioxide (TiOy) exists as three different phases; anatase, rutile and brookite
(Zhang et al. 2014) and its band gaps ranges from (3.0 — 3.2 eV). Hence the aim of this research
is to prepare nanoparticles from Rutile bulk materials and determine its structural and optical

properties.



2.0 Materials and Methods

2.1 Sourcing and Preparation of the samples

The Rutile was sourced from Taraba state in Nigeria, the Rutile ore were initially crushed
manually into tiny pebbles because of their comparatively considerable bulkiness. This is to
prepare it for the experiment with the ball mill.

2.2 Preparation of the Nanoparticle through Bia milling Technique

The ball milling experiment was carried out in a planetary ball milling machine located in
Faculty of Engineering, Department of mechanical Engineering, NnamdiAzikiwe University
Awka. It has vials steel balls inside about 10.0mm diameter to prepare the fine nanoparticles.
The Rutile was introduced through the milling lid. The milling was done in ambient atmosphere.

A constant ball-to-powder weight ratio of 10:1 (wt/wt) was maintained during the operation. The
ball milling was performed in a horizontal operation technique at 25 Hz. The milled materials
were used directly with no added milling media. The ball milling was for a total of 10 hours with
some time intervals which helped in avoiding undesirable rapid increase in temperature inside
the milling vial. After the ball milling experiment, the milled nanoparticles were taken out for

specific particle size sieving.

2.3Particle size sieving of the prepared nanoparticles

A mechanical sieve shaker (model: OCIASION 2022) was used to sieve the nanoparticles.The
milled nanoparticles were introduced through the top sieve tray. When the power is switched on,
the vibration of the shaker makes the finer nanoparticles placed at the top sieve tray to pass
through the sieve size and down to the next lower tray. Again, the finer particles that can pass
through that sieve size will pass through it down to the next sieve tray. The process continues
until the finest nanoparticle sizes have reached the last sieve tray. Then the nanoparticles were

collected for characterization.

3.0 Characterization

3.1 X-ray Diffraction technique

It is also known as x-ray diffractometer. XRD is a popular technique used for the analysis of the
structural properties and the identification of minerals in solid state and nanoparticle sizes. As



seen in figure 1, abruker D 5005 power X-ray diffraction with Ni-filtered, C,,K-radiation was
used to record diffraction spectra, prior to the measurement, each sample was prepared using a
standard method for powdered sample preparation. The sample was dried in the over at 100°C.
About 1g of each sample was grinded to fine powder and homogenized as much as possible, then
loaded into the poly-methyl mete-acrylate sample holder. The powder was gently pressed into
the cavity using a glass slide, while the glass was gently lifted off to reveal the sample surface.
Each diffraction spectrum recorded with condition 26 angle of between 5° and 50° Cu-target,
35Kv, 35mA and scan speed of 0.3 degree/0.02 second. Typically, the data was expressed in the
plot between intensity of diffraction peaks and 26angle. The positions of diffraction peaks were

compared with a reference data base and the identifications of compounds calculated.
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Figure 1: Schematic diagram of X-ray diffraction technique.

3.20ptical Analysis (UV Spectroscopy)

UV-Vis spectroscopy is an analytical technique that measures the amount of discrete
wavelengths of UV or visible light that are absorbed by or transmitted through a sample in
comparison to a reference, control or blank sample as shown in figure 2. However, one gram of
Rutile was dispersed in ethanol. The sample was passed through the instruments which have two

lamps, tungsten or halogen lamp commonly used for visible light, whilst a deuterium lamp is the



common source of UV light.As two different light sources are needed to scan both the UV and
visible wavelengths, the light source in the instrument was switch on during measurement. This
switchover typically occurred during the scan between 300 and 350 nm where the light emission

is similar from both light sources so that the transition can be made more smoothly.

Mirror
Control
Photo detector
Mirror |
1 b
'ﬁ
Result
Tungsten Lamp Deuterium Lamp I §
! Data 1 &
Inlet I Processing | 5
Sample e e o
=
Wavelength
V Outlet eam
| Separator v
Monochromator Photo detector

Figure 2. Schematic diagram of UV-vis spectrophotometer.

4.0 Result and Discussion

4.1 X-ray Diffraction and Crystal Analysis

The structural and lattice properties of the Rutile particle were evaluated from the x-ray
diffraction (XRD) analysis. The analysis revealed that the full width at half maximum ranged

from0.090 — 0.163 nm. While the nanoparticle distance spacing ranged from1.682 - 3.222 A

The nanoparticle crystalline size was obtained using Debye-Scherer formula given in equation 1
(Ashraf et al. 2015; Sutapa et al. 2018; Onu et al. 2023)

0.9
Bcos@

(1)
Where, K representthe Scherrer constant usually 0.9,8 is full width at half maximum (FWHM),
A is the x-ray wavelength (0.15406 nm) and is Bragg’s diffraction angle.

Dislocation density of nanoparticles was calculated by using equation 2 (Sutapa et al. 2018; Onu
et al. 2023).



Da = (2)
Where Dy is the dislocation density and D is the crystalline size

The results obtained are tabulated in Table 1 below. The crystalline size ranged from52.776nm to
95.529 nm with an average crystalline size 0f87.740 nm. The full width at half maximum
showed an indirect relationship with crystalline size.

This dislocation density calculated ranged from(0.109 x 1073to 0.0359 x 10~3)nm™2. The
dislocation density defines the number of dislocation lines per unit volume of crystals. Since
dislocation density obtained from the analysis is small, the nanoparticles prepared have a high
degree of crystallinity (Sutapa et al. 2018; Onu et al. 2023).

Table 1. Crystal properties of the Rutile

Lattice Miller

spacing | FWHM, ° |indices (hkl) | Crystalline Dislocation
20, ° d, (A) B size (nm) density (nm)?
27.66 3.222 0.162 111 52.776 0.000359
32.696 2.737 0.163 112 54.410 0.000337
36.316 2.472 0.090 123 95.529 0.000109
54.525 1.682 0.112 246 83.613 0.000143

The XRD diffraction pattern shown in Figure 3 reveal a distinct peaks were observed at 2theta
angles of 27.66,32.69,36.31,and 54.52 corresponding to miller indices of 111, 112, 123, and 246
respectively on the crystallographic planes (Mbonu, 2015; Falak, 2010). The peaks might have
resulted due to contaminants in the sample, some XRD peaks are left out without indexing. The
effect of impurities on the crystal structure has a significant role in the change of the physical
properties (Saleem et. al., 2016). The XRD spectrum demonstrated the nanoparticles

polycrystalline composition.

4.2Absorption spectra of Rutile particles

The absorption spectra of the Rutile particles dispersed in ethanol is depicted in figure 4. The

Rutile particles showed relatively high absorbance within the range of 40.9% to 65.8% at the




ultraviolet region. However, at the ultraviolet region a constant decrease in the absorbance was

observed within 45.4% to 63.6%. At the visible region it decreases further to 35.5% showing low

absorbance. Similar results were also gotten by previous studies as revealed in Table 2. The

absorbance was near zero at the near-infrared regions indicating that the Rutile particles are non-

absorbing at the near-infrared regions.

Table 2: Optical results of previous studies in comparative with the present study.

Research Title | Number of | Method Absorbance Transmittance result Band gap Reference
sample of result
studies synthesis
Structuraland | 4 Sol gel A low All samples revealeda | 3.54 and Staet al.
Optical absorbance high transmittance in the | 3.75eV (2014)
properties of value was seen | visible range with an
TiO, thin in the visible average transmittance
films prepared range for the value ranging from 80
by spin number of to 92 % with the number
coating layers of layers
Optical and 4 Electrode | A low The samples showed 3.5,3.6,3.7 | Domtau et
Electrical depositio | absorbance high transmittance in the | and 3.8 eV al. (2016)
Properties n was observed | visible region within the
Dependence in all the films | range of 68% to 78%
on Thickness within the
of Screen- visible range
Printed TiO,
Thin Films
Investigation |1 Chemical | Very low The mean transmittance | 3.219 eV Fehmi et
of Optical precipitati | absorbance of the semiconductor al. (2020)
Properties of on was observed | metal oxide TiO, in the
Ti0, Nano from the visible region was
Powder spectrum in the | calculated as 89.72 %
visible region
Structureand | 5 Sol gel All the samples | The results showed that | 3.83; 3.80; Doyan et
optical showed low the transmittance value | 3.79; 3.79; al. (2022)
properties of absorbance in | was very low in the and 3.75 eV
Titanium the visible ultraviolet region but
Dioxide thin region increased in the
film with wavelength range of
mixed 350-700 nm (visible
Fluorine and light region) given as
Indium doping 73.76, 73.01, 72.78,
for solar cell 71.01 and 69.55%.

components




Optical and 1 Ball A low The sample revealed a 3.88 eV Present
Structural milling absorbance high transmittance in the Study
Properties of value was seen | visible range with an (2025)
Rutile in the visible average transmittance

Nanoparticles range for the value of 92.8%

Prepared Via number of

Ball Milling layers

4.3 Transmittance of Rutile

The transmittance was obtained from the absorbance as the exponent of the negative value of the

absorbance. Figures 5 the transmittance spectra of the Rutile particles dispersed in ethanol. The

transmittance was observed to be zero at the wavelength of 200 — 300nm within the ultraviolet

region before it began to increase as it approaches visible region, it increases up to 92.8% in the

visible region and increases further to 99.9% in the near-infrared region. Similar results were

also gotten by previous studies as revealed in Table 2.The plot revealed a Low transmittance in

the ultraviolet region while relatively high transmittance was observed in the near-infrared and

the visible regions of the spectra, this was also reported by (Ozobialu et al.2022; Onu et al.

2023).This shows that Rutile particles have good optical transmission in the visible and near-

infrared spectrum. These results also showed that the Rutile particles can be utilized in

optoelectronic and photovoltaic devices.
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Figure 3: X-ray diffraction pattern
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Figure 5: Plot of Transmittance against wavelength



4.4 Reflectance of Rutile

The plot of the reflectance of the Rutile particles as a function of wavelength is shown in figure
6. The plot revealed that the ethanol dispersed Rutile particles initially increases irregularly from
66.6% to 70.6% before it then decreases sharply to 34.6% in the ultraviolet region and it was also
observed to increase irregularly just before the visible region. However, in the visible region it
also decreases sharply and approach zero in the near-infrared region of the spectrum. This have
been reported that low reflectance are always observed at visible region (Okafor et al. 2022)
Hence, the poor reflectivity over the whole spectrum indicates it can be utilized in the window
layer of a solar cell (Wanjala et al 2016; Simon et al. 2022; Onu et al. 2023).

4.5 Refractive index of Rutile

The refractive index was determined from the reflectance values. The plot of the refractive index
of the Rutile particles as a function of photon energy can be seen in figures 7. Therefractive
index of ethanol dispersed particle showed a uniform result from 1eV to 4eV and sharply
increased at 4.1eV. Hence it was seen to sharply decrease at 4.3 eV and then maintained a
uniform outcome as the photon energy increased. This suggests that the refractive index of Rutile
particles can be adjusted to influence their matrix properties at the molecular level (Hiroshi et al.
2016). The refractive index is contingent upon wavelength and influences the interaction
between nanoparticles and light in diverse applications (Edwin et al. 2014). Also, the refractive
index in the semiconductor is a measure of its transparency to incident spectral radiation (Onu et
al. 2024).
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Figure 7: Plot of Reflective index against Photon energy
4.6Absorption coefficient of Rutile

Absorption coefficient is a direct function of absorbance and wavelength of the particles. The
variation of absorption coefficient of the Rutile particles with wavelengths was shown in figure
8. It was observed from the plot that the absorption coefficient of the Rutile particles dispersed in

ethanol decreases as wavelength increases. However, the absorption coefficient of Rutile was



almost constant at near-infrared region with further increase in the wavelength. This high
absorption coefficient of the Rutile particles at the ultraviolet region and visible region indicates
the ability of Rutile films to absorb light in these regions.

4.7 Extinction coefficient of Rutile

The extinction coefficient of the Rutile particles was determined from the absorption coefficient
and the wavelength. The plot of the extinction coefficients is a function of absorption coefficient
and wavelength. This is presented in figures 9.The extinction coefficient of the Rutile particles
dispersed in ethanol initially increases irregularly and then decreased sharply in the ultraviolet
region, it then increased irregularly before decreasing progressively in the visible region and the
reduction continued towards the near-infrared region.According to Krohnke (2001); Onu et al.
(2023) a relatively high extinction coefficient indicates the capacity to naturally release absorbed
energy as heat rather than harmful radiation.
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Figure 8: Plot of Absorption coefficient against wavelength
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4.8 Real Dielectric constant of Rutile

The real part dielectric constant was calculated by deducting the square of the extinction
coefficient from the square of the refractive index (Noor et al. 2019; Onu et al. 2023). The
variation of the real part dielectric constant with photon energy was presented in figures10 for
the ethanol dispersed Rutile particle. However, the dielectric constant remained at zero
throughout the whole spectrum except for the sudden rise and fall observed at 2eV.

4.9 Imaginary dielectric constant of Rutile

A variation of the imaginary dielectric constant of the Rutile particles with photon energy was
presented in figures 11. According to Noor et al. (2019); Onu et al 2023 the imaginary dielectric
constant can be evaluated as twice the product of extinction coefficient and the refractive index
of the particle. Hence imaginary dielectric constant is a function of the extinction coefficient and
the refractive index. The results showed that for the ethanol dispersed Rutile particles the
imaginary dielectric constant was stable as photon energy increases aside the abrupt increase and
decrease observed at 2eV of the photon energy.



4.10 Optical conductivity of Rutile

The plots of the optical conductivity against the photon energy are shown in figures 12
According to Al-Hammadi and Sadiq (2023), optical conductivity is given as a function of
absorption coefficient and the refractive index of the material. The results showed that for the
ethanol dispersed Rutile particles the optical conductivity was stable as photon energy increases
aside the abrupt increase and decrease observed at 2eV of the photon energy. The optical
conductivity shows the rate of absorption of incident photons (Choudhary et al. 2022; Onu et al.
2023).The correlation between current density and a material's exposure to various light
wavelengths in an electric field is governed by optical conductivity, which is crucial for
determining the atomic structure of the particles (Onu et al. 2023). Additionally, optical
conductivity plays a decisive role in shaping the spectra of specific nanoparticles. Furthermore,
optical conductivity is essential in determining the spectra of particular nanoparticles.

4.11 Band energy gap of Rutile

The band energy gap is the smallest amount of energy required to excite an electron to a state
where it may conduct in the conduction band (Onu et al. 2023).According to Jothibas et al.

(2017), the optical band gap with direct transition can be calculated from equation 3

« v=A( v—Eg)" 3)

Where v is the photon energy, A is a constant that depends on the transition probability, « is
the absorption coefficient, Eg is the optical band gap and n is a number that characterizes the
transition process. The band energy gap is major parameter used in the design of optoelectronic
instruments (AL. Hammadi and Sadiq 2013). The direct band gap was obtained by extrapolating
the linear Tauc plots of (ahv®against v).This implies that the optical band gap of the Rutile
nanoparticles sample was extracted from thecurve shown in figure 13. So that the bang gap of
Rutile dispersed in ethanol was obtained to be 3.88eV
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5.0 Conclusion

In this research, the Rutile nanaoparticle were source and prepared using high energy ball milling
technique and characterized for its structural and optical properties. The crystalline size ranged
from 52.776nm to 95.529 nm with an average crystalline size of 87.740 nm. Its dislocation
density was obtained to be ranged from (0.109 x 10~3to 0.0359 x 10~3)nm~2. The optical
properties revealed that Rutile nanoparticles showed relatively high absorbance within the range
of 40.9% to 65.8% at the ultraviolet region. However, at the ultraviolet region a constant
decrease in the absorbance was observed within 45.4% to 63.6% which further decreased as it
approaches the visible region and then decreased to 35.5% at the near infrared region.
Furthermore, the transmittance value was observed to be zero at the wavelength of 200 to 300nm
which were within the ultraviolet region but increased as it approaches visible region up to
92.8% and increases further to 99.9% in the near-infrared region. The optical conductivity result
was seen to be stable as photon energy increases aside the abrupt increase and decrease observed
at 2eV of the photon energy. Hence, the band gap of Rutile dispersed in ethanol was obtained to
be 3.88eV. This research revealed that Rutile nanoparticle can be prepared using ball milling
technique for optoelectronic devices and photovoltaic application such as solar cells.

6.0 Recommendation

Further research should be conducted on determining the magnetic properties and other
characteristics of the nanoparticles which can aid in exploring more possible applications of the
Rutile particle.
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