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Abstract

Mechanochemical process has attracted a worldwide interest in the synthesis of nanomaterials since reactions can
be run in solid state without any organic solvent. Therefore, this method is an environmentally friendly reaction.
Cadmium oxide is a category of the practical semiconductor metal oxides, which is widely applied in various
scientific and industrial fields because of its catalytic, optical, and electrical properties. In this study, cadmium oxide
spherical nanoparticles were successfully synthesized using a facile and effective solid-state process called
mechanochemical reaction. This performance was carried out by employing cadmium acetate dihydrate and urea
as reactants without any additives at room temperature and an adjusted rate of 30 Hz (1,800 rpm) for 130 min. Due
to calcination of the resulting precursor at 500°C for 2 h in a furnace, the organic sections disappeared and only the
CdO phase remained. The X-ray diffraction pattern confirmed the formation of the CdO phase with an excellent
crystalline structure. Scanning electron microscopy and transmission electron microscopy images indicated that the
morphology of the product is spherical nanoparticles with an average particle size of 46 nm and a standard
deviation of 1.95. Particle size distribution was concluded using a statistical method and image processing program.
Meanwhile, the solid-state diffuse reflectance spectrum of the resulting product was evaluated to study its optical
property via measurement of the band gap energy value (£g).

Keywords: Mechanochemical; Nanoparticles; Urea; Band gap energy; CdO

Background

Recently, nanosized semiconductor metal oxides have
attracted a wide attention because of their optical and
electrical properties. Cadmium oxide, CdO, is a known
n-type semiconductor with a direct band gap of 2.2 to
2.5 eV and an indirect band gap of 1.36 to 1.98 eV [1-4].
Some reports have presented that the band gap of this
material can change in the range of 1.1 to 3.3 eV [5-8].
Such diversity can be assigned to lattice’s defects due to
the Burstein-Moss effect [9]. Meanwhile, it can be origi-
nated from the nanosized structure, i.e., the preparation
of the material in nanoscale can impress the optical and
electrical characteristics. Because of the appropriate op-
tical and electrical properties, cadmium oxide nanostruc-
tures are used in solar cells, gas sensors, transparent
electrodes, photodiodes, catalysts, and optoelectronic
devices [10-18].
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Up to now, various methods have been employed to pre-
pare the cadmium oxide nanostructures such as
microemulsion [2], chemical precipitation [19], sono-
chemical/hydrothermal technique [20], solvothermal
process [1], and also mechanochemical process [21-23].
The feasibility of the mechanochemical method to
synthesize the nanomaterials has been of interest in the
past few decades. This process is a facile solid-state reac-
tion, which is performed via mechanical fragmenting and
welding of the raw materials. The use of this procedure
called as mechanical alloying was developed by Benjamin
and his co-workers in the early 1960s. Mechanochemical
process is a type of mechanical alloying technique, which
was reported by McCormick in 1989 for the first time
[24]. Mechanochemical reaction is an effective, useful, and
low-cost technique that can be nominated as an applicable
route to prepare nanomaterials in various industrial fields
[25]. A lot of research in this area remains to be done.

In the present work, we prepared cadmium oxide
spherical nanoparticles using mechanochemical process
followed by calcination treatment. We used the low-cost
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chemical of urea as a promoter agent to prepare the pre-
cursor for the first time. The particle size distribution of
the resulting product was measured via a statistical
microstructure measurement program as an image pro-
cessing program. Finally, the band gap energy of the
product was estimated using diffuse reflectance spectros-
copy (DRS) and Tauc relation. The products were char-
acterized by thermogravimetric analysis (TGA), Fourier
transform infrared (FT-IR), X-ray diffraction (XRD),
scanning electron microscopy (SEM), and transmission
electron microscopy (TEM) techniques.

Methods

Materials for synthesis

All of the chemicals used in this study were purchased
from Merck Co. (Whitehouse Station, NJ, USA) and
used without further purification.

Preparation

Cd(CH3CO0)5-2H,0 and CO(NH,), as the initial mate-
rials were mixed together with a molar ratio of 1:3. The
supplied powder was put into a stainless steel container
(10 mL) including two small stainless steel balls (10 mm).
The grinding operation was performed by utilizing a
mass ratio of 8:1 (ball to powder) in a Mixer Mill
(Retsch MM-400, Retsch, Haan, Germany) apparatus.
The rate of milling was adjusted at 30 Hz (1,800 rpm)
for 130 min at room temperature. Finally, the obtained
precursor was calcined at 500°C for 2 h in air to pro-
duce CdO nanostructures.
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Figure 1 TGA curve of cadmium oxide.
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Figure 2 FT-IR spectra of (a) the precursor and (b) the product.
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Figure 3 Flow chart for the formation of CdO nanopatrticles by
mechanical milling technique.
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Figure 4 XRD pattern of the resulting CdO nanoparticles.
A

Characterization

The powder XRD measurements were carried out by a
JEOL diffractometer (JEOL Ltd., Akishima, Tokyo, Japan)
with monochromatized Cu Ka radiation (A = 1.5418 A).
FT-IR spectra were recorded on a Shimadzu-8400S spec-
trometer (Shimadzu Corporation, Kyoto, Japan) in the
range of 400 to 4,000 cm™" using KBr pellets. SEM images
were obtained on a Philips XL-30 (FEI Co., Hillsboro, OR,
USA) with gold coating. TEM images were taken on a
Philips-Cm 120, Eb Leo-912 microscope (FEI) with an ac-
celerating voltage of 120 kV. The solid-state absorption/
diffuse reflectance spectra of the CdO nanoparticles were
evaluated in the range of 190 to 800 nm by using a UV—
vis spectrophotometer (Shimadzu-UV-2550-8030 with a
slit width of 5.0 nm and a light source change wavelength
of 360.0 nm) at room temperature. TGA measurement
was carried out on a TGA PerkinElmer Pyris-US appar-
atus (PerkinElmer, Waltham, MA, USA) with a heating
rate of 10°C min~" under nitrogen flow.
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Results and discussion

Structural and morphological studies

Thermogravimetric analysis of the milled powder is il-
lustrated in Figure 1. According to this curve, the decay
of this composition has been performed in the two-step
pattern of weight loss. The first weight loss of 13% is
observed in the temperature range of 178°C to 245°C,
which can be attributed to the evaporation of the
adsorbed water. The second weight loss step of 44% in
the range of 350°C to 500°C can belong to the decay of
the organic components in the precursor structure. It
was found that the weight loss, as a result of thermal de-
composition, ends in 500°C. Therefore, this temperature
was determined as the calcination temperature to reach
the metal oxide phase.

Figure 2 shows the FT-IR spectra from the resulting
precursor after milling process (Figure 2 (a)) and the
product after heating treatment at 500°C for 2 h
(Figure 2 (b)). The peaks that appeared obviously
belong to the organic functional groups of the synthe-
sized precursor. The absorption bands at 3,450 and
3,350 cm ™' can be attributed to the N-H asymmetrical
and symmetrical stretching vibration bands, respect-
ively. The observed broad band in this area can be orig-
inated from the overlapping O-H stretching bands of
H,O molecules with the NH, vibration bands. The ob-
served vibration modes at 2,900 and 2,850 cm™* can be
assigned to the C-H asymmetrical and symmetrical
stretching vibrations, respectively. The specified strong
peaks at about 1,660 cm ™' belong to the stretching vi-
bration bands of the carbonyl groups. The observed ab-
sorption bands at 1,452 cm™' can be attributed to the
v(CN). In addition, the weak peak at 1,165 cm™" is re-
lated to the C-O vibration band. The appearance of the
weak absorption band at 675 cm ™ indicates the forma-
tion of the cadmium-oxygen phase in the precursor
structure [26]. By heat treatment at 500°C, the organic
functional groups were removed and only the absorp-
tion band of metal oxide phase remained (Figure 2 (b)).
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Figure 5 SEM images of the product.
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Figure 6 TEM images of resulting cadmium oxide nanoparticles.

Figure 3 depicts the proposed mechanism for the for-
mation of the intermediate molecule (precursor) and
CdO nanoparticles. As a matter of fact, the use of urea
in a mechanochemical reaction for the formation of
CdO nanostructures has not been reported. In fact,
urea as a promoter agent can be easily coordinated to
cadmium ions and lead to the production of the inter-
mediate molecule. At the next step, the cadmium oxide
phase is prepared as a function of heat treatment.

The XRD pattern of the final product is shown in
Figure 4. This pattern clearly confirmed the presence
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Figure 7 Histogram graph of the particles size distribution. The
average particle size is 46 nm with the standard deviation of 1.95.

of the CdO phase with a lattice parameter of a = 4.695
A. The diffraction peaks at 26 values of 32.90°, 38.20°,
55.20°, 65.80°, and 69.20° matching with the 111, 200,
220, 311, and 222 of cubic CdO (JCPDS 05-0640) in-
dicated the formation of this compound. No other
peaks for impurities were detected.
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Figure 8 DRS of the product.
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Figure 9 The plot of (ahv)? vs. hv (eV) for determining band
gap energy of the product.

Figure 5 reveals the SEM images of the obtained CdO
nanoparticles at 500°C. These images illustrate the uni-
form spherical morphology of the synthesized particles in
the range of 40 to 50 nm. The TEM images confirmed
the obtained data of the SEM images (Figure 6). Image
processing via the microstructure measurement program
and Minitab statistical software was used to evaluate the
particle size and distribution particle size. It was found
that the average size of the prepared nanoparticles is 46
nm with a standard deviation of 1.95. The histogram of
the particle size distribution according to TEM images has
been displayed in Figure 7. Although there are few reports
in the synthesis of this material in nanoscale by the men-
tioned method, these obtained products are the agglomer-
ated particles without any uniformity. Meanwhile, a long
reaction time to synthesize this compound has been
reported [21]. In our previous studies published elsewhere,
we reported the preparation of CdO nanostructures by
this method and using other reagents [22,23]. In this work,
we changed the reactants and used urea as a promoter of
reaction. It was observed that the change of agents leads
to the alteration of the morphology of the product [22,23].

The evaluation of band gap energy

Solid-state DRS was employed to determine the band
gap energy value of the resulting CdO nanoparticles
(Figure 8). Generally, the direct band gap energy is cal-
culated by using the Tauc relation as follows [27]:

(ahv)" = B(hv-E,), (1)

where hv is the photon energy, a is the absorption coef-
ficient, B is a constant value, and E, is the band gap
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energy. The value of n refers to direct (n = 2) or indir-
ect (m = 1/2) electron transition [28]. The following
equation was applied to calculate the absorption coeffi-
cient (a):

-1
a=— InT, (2)

where T is the transmittance and ¢ is the thickness of the
substance placed under UV-vis irradiation. By plotting
the (ahv)® vs. hv (eV) (Figure 9), the band gap energy of
221 eV was estimated for synthesized nanoparticles,
which can nominate this nanomaterial to be applied in
photocatalytic activities and optical devices.

Conclusions

In summary, the spherical nanoparticles of cadmium
oxide were synthesized using a high-energy ball milling
process. This product was obtained by using Cd
(CH3CO0),2H,0 and NH,CONH, as starting materials
without any template, catalyst, or surfactant at a short
time reaction and room temperature. An average particle
size of 46 nm with a standard deviation of 1.95 was esti-
mated for the resulting nanoparticles by utilizing the
image processing and statistical programs. The optical
property of the produced nanoparticles was studied by
measuring the band gap energy value based on the DRS
spectrum. The obtained band gap energy is an accepted
value for the photocatalytic activities in visible light and
also for application in the photovoltaic and optical de-
vices. The mechanochemical process used in this study
is a simple, useful, and economic technique to prepare
metal oxide nanoparticles and can be introduced as an
effective route in the synthesis of nanomaterials in a
large scale.
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