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Abstract

Cauliflower-like nanostructure of cadmium oxide was synthesized by
utilizing mechanochemical reaction followed calcination procedure
for the first time. The design of experiment (DOE) by Taguchi
method was used to study influence of the chosen factors and to
consider optimum conditions of the experiments. The temperature of
calcining, the duration of milling, the duration of calcining and
reactants molar ratio (M/L) are four chosen factors for DOE. The
value of band gap energy was calculated through UV-visible
absorption spectroscopy and Tauc relation. Data analysis was
performed using Minitab and Qualitek-4 statistical softwares. The
optimum conditions for preparing cauliflower-like structure were
predicted and also, influence of each factor was determined. The
temperature and duration of calcining with the percentage
contribution of 68.23 and 17.72%, respectively are the most effective

factors at this design.
2012 INS All rights reserved

optical and electrical properties so that many

developed in this field.
CdoO, is
semiconductor with a direct band gap of 2.2-2.5 eV
and an indirect band gap of 1.36-1.98 eV [1-4].

1. Introduction investigations have

Cadmium oxide, a known n-type

Nowadays, semiconductor metal oxides in nanoscale

have attracted a lot of attention because of their
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Meanwhile, there are reports that band gap of this
material can change in a wide range from 1.1 to 3.3
eV due to mixing with appropriate materials [5-8].
Diversity in the optical band gap can be assigned to
lattice’s defects as a result of the Burstein-Moss
effect [9]. In fact, optical and electrical properties of
cadmium oxide nanostructures are related to the
difference of band gaps in various structures.

Cadmium oxide nanostructures are applied in solar
cells [10, 11], gas sensors [12-14], transparent
electrodes [15-17] and photodiodes [18], catalysts
and photocatalysts [19 -21] and optoelectronic
[22, 23].

cadmium oxide in nanoscale have been reported

devices The numerous structures of
such as nanoparticles [1], nanowires [3, 4], thin
films [10, 11], nanoneedles [17], nanotubes [24],
nanorods [25], nanocrystals [26, 27].

There are several techniques to prepare these
29],
hydrothermal/solvothermal

materials such as sonochemical [28,
microemulsion  [1],
method [30, 31] and mechanochemical process [32].
Mechanochemical procedure is the act of grinding
associated to the chemical reaction in solid state.
Mechanical alloying, the type of solid state reaction,
was introduced by Benjamin in 1960s for the first
time and then, it was developed as mechanochemical
process to synthesize nanomaterials by McCormick
[33]. In fact, this process is a simple and useful route
so that can be a beneficial technique to prepare
various nanomaterials in industry [33, 34]. Many
efforts have been carried out to improve the reaction
conditions and attain the efficient parameters.
Design of experiment (DOE) is the powerful
statistical technique to reach this aim. Taguchi
method

introduced by Japanese researcher, Taguchi. This

is a technique of DOE, which was

method is employed to optimize the synthesis
conditions and improve the performance of process

by reducing the number of experiments. Decrease
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the number of experiments is performed using
orthogonal arrays and considering the factors and
levels of each factor. The number of experiments is
determined by formula of L , (XY), where n is
number of rows in the array, Y is number of
columns in the array and X is number of levels in the
columns. In classical method by selecting four
factors with three levels, 3*=81 experiments should
be performed while these numbers are decreased to 9
experiments by using an orthogonal array of Lo
based on Taguchi method. In Ly, each row presents
the levels of factors and each column is assigned to
each factor. The Minitab and Qualitek-4 softwares
are employed to analyze this data [35-38].

In this work, we synthesized cadmium oxide
cauliflower-like  nanostructure by
followed

processing. Then, we used Taguchi method to

utilizing
mechanochemical reaction thermal
optimize the synthesis procedure of this structure
using Minitab and Qualitek-4 statistical softwares.
Due to choose four factors and three levels for each
factor, the number of experiments reduced from 81
to 9. Since the band gap energy has an important
role in the photocatalytic activity, this parameter was
selected as response in DOE. Meanwhile, we
investigated the relative influence of the chosen
factors on the band gap energy. The structural and
morphological characterization of the products at the
all tests was performed using FT-IR, XRD, NMR,

CHN, SEM and TEM.
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2. Experimental
2.1 Materials

All of the chemical used in this work were
purchased from Merck Co. and used without further

purification.
2.2. Synthesis method

Cd(CH3CO0),.2H,0 and CH;CONH, were used as
starting materials to prepare the cauliflower-like
nanostructures. The performance of the process was
considered by four main factors with three levels of
the each factor that is given in Table 1. By selecting
factors and levels (Table 1) and using an orthogonal
array of L9 (3%) based on Taguchi method, were
designed the number of 9 experiments according to
Table 2. In order to perform these experiments, the
mentioned reactants with organized molar ratio were
milled each other by loading into a stainless steel 10
mL container including two small balls of 10 mm
diameter in Mixer Mill apparatus (Retsch MM-400).
The milling process was carried out in the solid state
without any additives through the grinding container
vibrations and the balls rotation at the fixed rate of
1800 rpm and designed periods of time. Then, the
resultant precursors of grinding were calcinated at
the temperatures and durations arranged in Table 2

to obtain the final products.
2.3. Characterization

The powder X-ray diffraction (XRD) measurements
were carried out by a JEOL diffractometer with
monochromatized Cu Ka radiation (A =1.5418 A).
Fourier transform infrared (FT-IR) spectra were
recorded on a Shimadzu-8400S spectrometer in the
range of 400-4000 cm™ using KBr pellets. Scanning
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electron microscopy (SEM) images were taken on a
Philips (XL-30) with gold

absorption and

coating. Optical
Cdo

nanostructures were evaluated in the range of 190-

transmission of the

800 nm by using a UV—Vis spectrophotometer
(Shimadzu-UV-2550-8030) with slit width of 5.0 nm
and light source with wavelength of 360.0 nm at
room temperature. 'H NMR and “C NMR spectra
(500.13 MHz) were recorded using a Bruker
AVANCE 500 spectrometer and remarked internally
using the solvent reference relative to
tetramethylsilane (TMS, & 0). Chemical shifts (3) are
given in ppm. Elemental analysis was performed by
utilizing a FOSS Heraeus CHN microanalyser.
Transmission electron microscopy (TEM) images
and electron diffraction patterns were taken on a

Philips CM-200, FEG microscope.
3. Results and discussion

Nine experiments given in Table 2 were carried out
and each of the resultant precursors and obtained
products were characterized by FT-IR, "H NMR and
C NMR spectroscopy, elemental analysis (CHN)
and X-ray diffraction (XRD) pattern. The band gap
energy was chosen as response of each test. Fig. 1
shows the FT-IR spectra after milling process (Fig.
1-a) and after heating treatment (Fig. 1-b). The
observed peaks in Fig. 1-a are related to the organic
section of the

precursor.
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Table 1. The selected factors and their levels.

A. Tadjarodi et al. / INS 2 (2012) 127-138

Factor Description Level 1 Level 2 Level 3
A Temprature of calcining (°C) 350 450 550
B Duration of milling (min) 30 60 90
C Duration of calcining (h) 2 4 6
D M/L ratio (molar) 3:2 3:4 3:6

The broad absorption band in the range of 3200 -
3350 cm'’' is assigned to the N-H anti-symmetrical
and symmetrical stretching vibrations, which are in
accordance to vibrations of the amine functional
group. This broad band is a result of the overlapping
O-H stretching band of H,O molecule with the NH,
vibrations. The appeared peaks in 1640 -1680 cm™
are attributed to the stretching vibration of C=0 with
low frequency because of the resonance effect of the
amide molecule. The bending vibration of N-H is
observed at 1550 cm-1. The peaks at 1402, 1417 and
1346 cm™ belong to the bending vibrations of CHs
groups. Also, the observed weak bands at 1080,
1025, and 900 cm™ may be assigned to overlapped
C-N and C-O stretching vibrations. Probably, the
weak peak at 673 cm™ can be attributed to Cd-O
stretching vibration formed in precursor molecule.
The observed absorption bands of the organic parts
in Fig. 1-a were removed after heating so that no
peaks of organic molecules are observed in the

spectrum of product

(Fig. 1-b) and only CdO phase remains. The data of
FT-IR analysis is in a close agreement with each of

the prepared samples given in Table 2.
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Fig. 1. FT-IR spectra of (a) the precursor and (b) the
product.

T
4000 3500

XRD pattern (Fig. 2) demonstrates formation of the
CdO phase as the product with lattice constant 4.695

A and the space group £* m3m_The diffraction peaks
at 20 values of 32.90°, 38.20°, 55.20°, 65.80°, and
69.20° matching with 111, 200, 220, 311, and 222 of
CdO (JCPDS- 05-0640) indicated the
formation of CdO.

cubic
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Table 2. Conditions of the tests.
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Temprature of Duration of Duration of M/L ratio

calcining (°C) milling (min) calcining (h) (molar)
Test 1 350 30 2 3:2
Test 2 350 60 4 3:4
Test 3 350 90 6 3:6
Test 4 450 30 4 3:6
Test 5 450 60 6 3:2
Test 6 450 90 2 3:4
Test 7 550 30 6 3:4
Test 8 550 60 2 3:6
Test 9 550 90 4 3:2

No impurity was found in the sample. The EDX
analysis and XRD pattern confirm CdO phase.

CdlLa EDX

111 oty
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220
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311
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Fig. 2. XRD pattern and EDx analysis inserted to this
pattern of the resultant product.

Elemental analysis (CHN) and NMR spectra were
used to characterize the composition of the precursor
as follows: Anal. Calcd. for: (CdCs H;1NOs): C,
24.48: H, 3.79: N,4.8(%) . Found: C, 23.34: H, 3.9:
N, 3.6 (%). Also, "H NMR and "C

NMR spectra of the obtained precursor have been
shown in Fig. 3 and Fig. 4, respectively that confirm
the mentioned structure. The shown peaks in figures
were related to the protons and carbons of the
intermediate molecule(precursor): 'H NMR (MeOD,
ppm) & 6.93— 7.74 (NH, ), & 6.001 (protons of the
CHj; group of the two acetate ligands) and & 3.002
(protons of the CH; group of the acetamide ligand).
BC NMR (MeOD, ppm) & 21.9 (carbon of the
methyl group of the acetate ligand) 6 22.1 (carbon of
the methyl group of acetamide ligand) 6 177 (carbon
of carbonyl group of the acetamide) and & 181
(carbon of carbonyl group of the acetate ligand).
Also, the assigned peak of the used solvent is
observed at 49 ppm. By considering elemental
analysis and NMR data, the molecular formula of
precursor can be
Cd(CH3;CONH,;)(CH3COO),.
Fig. 5 shows the SEM images of obtained precursor.

suggested as

It is found that the grinding is led to the generation
of this structure and then its growth is completed in
furnace as it can be seen in Fig. 6. This figure shows
SEM images of the obtained product after running

each experiment that clearly depicts cauliflower-like
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nanostructure of CdO. The high magnification of
SEM images (Fig. 6 b-c) exhibited the cauliflower-

like structure composed of rods.
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Fig. 3. "H NMR spectrum of the resulting precursor.
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Fig. 4.*C NMR spectrum of the obtained precursor.

Fig. 6-d with the higher magnification revealed that
the average diameter of these rods is 59 nm. It was
found that the running each experiment according to
Table 2, is led to the formation of cauliflower-like

structure.

A. Tadjarodi et al. / INS 2 (2012) 127-138
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Fig. 5. SEM images of the precursor.

TEM images given in Fig.7 clearly show bundles of
rods. In addition, there are tubes, which have
combined with rods and formed final structure as
cauliflower. It is possible that the assembly of
particles with linear orientations is caused to growth
of the rods and tubes. The coordination mode of the
ligands to the cadmium ions at the intermediate
molecule (precursor) can perform important role for
the formation of the mentioned structure [39, 40].
Electron diffraction pattern inserted to TEM image
in Fig 7-c reveals that the components of the
single

cauliflower- like nanostructure have a

crystalline nature.
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Fig. 6. SEM images of the product (a-d).

Table 3. The response and S/N ratio for each
experiment.

Test # Y (eV) S/N ratio

1 2.08 6.361
2 2.19 6.808
3 2.01 6.059
4 2.04 6.192
5 1.90 5.575
6 2.07 6.319
7 1.85 5.343

1.92 5.666
9 1.83 5.249

After running each experiment, the direct band gap
energy (E£g) as response of each test was obtained
using Tauc relation and determining extrapolation
point through plotting (ahv)’ vs. hv (eV) (Fig 8)
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based on UV-Vis absorption spectrum given in Fig

Fig. 7. TEM images of resulting cadmium oxide
nanostructure with electron diffraction pattern in the inset

(c).

Actually, the base of absorption is the excited state
of electrons from the valance band to the conduction
band, which can be used to determine value of Eg.

The Tauc relation is given as follow [41]:
(ahv)" =B(hv-E,) (1)

Where, Av is the photon energy, a is the absorption
coefficient, B is a constant value and Eg is the direct
optical band gap energy. The absorption coefficient
() is estimated by the following relation:

a= _TllnT (2)
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In this relation, T is the transmittance value and ¢ is
the thickness of the substance that places under UV-
Vis irradiation.

After performing the whole experiments and
determining the responses, these results are analyzed
by calculating signal to noise ratio (S/N) for each
experiment and analysis of variance (ANOVA).
ANOVA represents error variance and the relative
importance of the factors. In statistical analysis,
three classes of the S/N ratio are considered: (1) the
higher is the better (HB), (2) nominal is the best
(NB), (3) the lower is the better (LB).

In this work, the LB type was chosen to obtain the
most appropriate response. The S/N ratio is given as

follows:

B

% = —10L0g(l %J 3

2
ng Y

Where, n is the number of the repetitions under the
same experimental conditions, Y is the result of
measurement that in this study the band gap energy
was selected as Y.

The response (Y) and signal to noise ratio(S/N)
related to each experiment are presented in Table 3.
The tests of 2 and 9 indicated the maximum and
minimum values for Y; 2.19 and 1.83 eV and S/N
ratio; 6.80 and 5.24, respectively. The mean of S/N

Level=i

ratio,( )F““‘”=1 , for each factor at a certain level is
calculated by equation (4). The level with the
minimum value is chosen as optimum level for the

each factor.

Level=i
Level=i 1 L] S IIl
MFm‘mr:I = ; z L (4)

=l
i N Factor=I ,

this equation, ny; is the number of appearances of the

factor I in the level 1.
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The optimum conditions were predicated by

i

considering the values of (M )1 to synthesize the
better structure with the most appropriate band gap
energy (Table 4). In the theoretical estimation,
considering the minimum state as the selected
analysis, the average values of response and S/N
ratio changed from 1.98 eV and 5.95 to 1.72 eV and
4.82, respectively.
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Fig. 8. The plot of (ahv) > vs. hv (eV) for determining direct

1 12 14 24 26 28 3

band gap energy of the resulting CdO nanostructure with
UV-Vis spectrum in the inset. (a) is the theoretical
estimation and (b) is the obtained value from running the

optimal experiment.
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Table 4. Optimum conditions.
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Factors Teperature of Duration of Duration of M/L ratio
calcining (°C) milling (min) calcining (h) (molar)
Predicated
Optimum 550 90 6 3:2
conditions
Table 5. Analysis variance (ANOVA) data.
Sum of Sqrs. Variance Percent Pr
Factors DOFg (SSp) (Vi) (%)
Temprature of 2 1.49 0.748 68.23
calcining
Duration of milling 2 0.03 0.015 1.38
Duration of calcining 2 0.38 0.194 17.72
M/L ratio 2 0.27 0.138 12.64
Table 6. Comparison the Test 9 and Optimal Test.
Test Calcining Mll.hng Calcmmg ML % SN
temprature during time
9 550 90 4 3:2 1.83 5.24
Optimal 550 90 6 3:2 1.65 4.35
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When the optimal conditions was run, the mentioned
results practically altered to 1.65 eV and 4.35, which
introduce the best performance of the prepared
nanostructure.

of variance (ANOVA) is
technique at the statistical calculations, which is

Analysis another
used to study the relative influence of factors and
their interactions (Table 5). In this Table, Pr is the
percentage contribution of each factor that obtains
through the relation of 5:

SSF — (DOFFVEr)

P =
d SS,

x 100 )

Where, DOFy is the degree of freedom for each
factor that is DOFr = L-1 (L is the number of level
for each factor). SS7 is the total sum of squares that
is determined according to relation (6).

In this equation, m and n present the number of
experiments and the number of the repetitions,

respectively. Y is the total average value of the

measured results that can be computed by equation

).

ss, =30, (20, v2), —ma(r, ) )
?T _ z;";l (Z:;l Yz)J (7)
mn

Yi is the response of experiment that in this work,
the band gap energy has been chosen as Yi.
Meanwhile, SSr is the factorial sum of squares,

which was estimated using the following relation:

mn — =
S8y = Tziﬁ(ylg - YT)Z (8)
VF
Yy is the average value of the results for each
factor measured at Ktk level. Vg, is the error variance

that was computed by relation (9).
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SS, - ?:A SS -
m(n—l)

With attention to the mentioned calculations in

VEr = (9)

Table 5, temperature and duration of calcining were
revealed with percentages of 68.23 and 17.72%,
respectively, which have high influence on the
response. It was found that the temperature of
calcining is the most influence factor chosen in this
study. Practically, this effect can be attributed to
change the component size of the nanostructure due

to calcination step.

ficc.V  Spot Magn Det WD ——
7.0kV 1.0 30000% 134 48nm

Fig. 9. SEM images of the optimal product.

Fig 9 shows the SEM images of the synthesized
sample under the optimum conditions. Clearly, the
decrease of component size of the cauliflower
structure with uniform morphology is observed from
59 to 48 nm, which confirms the mentioned results.
The participation curve and its pie chart of the main
factors are indicated in Fig. 10. These findings show
that all selected factors can be contributed to obtain
the favorable conditions with different percentage.
Also, it was observed that the proposed optimal

experiment is comparable with the Test 9 from Table
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2. These two tests are different at the factor of
calcining time, which is led to improve response
(Table 6).

Without further statistical calculations and easily
obtained the promising conditions to synthesize
cauliflower-like structure in nanoscale. In fact, the
value of band gap energy was modified due to
operate the proposed optimum conditions, which is
the most important parameter in the photocatalytic

activity of semiconductor materials.

€0
50
40
30
20
10

0

Calcining
temprature

Pie chart

.acnng temprature

# Duration of milling
» Duration of calcining
= reagent ratio (M/L)

Duration of
calcining

Duration of milling reagent ratio (M/L)

Fig. 10. The participation curve of the selected factors
with its pie chart in inset.

4. Conclusion

In this study, the design of experiment was used to
optimize the preparation of CdO nanostructure with
the cauliflower-like morphology. This structure was
synthesized via the mechanochemical reaction
followed heating treatment. In order to reach this
aim, nine experiments were designed using Taguchi
method with considering four main factors and three
levels for each factor. So the whole experiments
were performed and the optimum conditions were
predicted, which the results improved through

running the optimum conditions. Moreover, the
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uniform morphology with the smaller size of
components obtained due to perform the optimal
conditions. The percentage contribution of each
factor to improve the response was studied and
found the temperature and duration of calcination
relative to other factors have the main role on the
response. Obviously, mechanochemical reaction is a
low- cost and useful method to synthesize the
nanostructures in the laboratory and industrial scales
and also, design of experiments (DOE) is an
effective strategy to achieve in this goal as soon as

possible.
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