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Abstract: ZnO powder was synthesized via a hydrothermally assisted sol-gel method. Synthesis variables including Zn-
precursor type, pH value, time, and temperature of hydrothermal treatment were analyzed using the Taguchi approach.
The experimental procedures were defined based on the L9 array for four variables in three levels. The influences of those
variables on the response parameters, i.e. crystallite size, crystallinity, band gap energy ( Ey), and degradation constants
(k), were evaluated. XRD results and E, values showed that ZnO wurtzite appeared to be the only crystalline phase
in the samples. Taguchi analysis predicted that the optimized conditions to achieve the highest photoactivity are as
follows: Zn-precursor = zinc acetate, pH = 8, t = 2 h, and T = 150 ° C. The optimized sample was synthesized based
on the mentioned conditions and characterized. The obtained results confirmed the prediction of the Taguchi method

and the highest k£ value was observed.
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1. Introduction

Zinc oxide, as a well-known semiconductor ceramic, has been investigated in detail. Preparation methods,! ¢

10-13 14—-16

morphologies,”~? applications, and modification processes of ZnO are topics of high current interest.

The photocatalytic performance of this material is very important }7~19 in various fields of applications such as

20,21 24—-26

solar cells, water treatment, 2?23 medicine, etc.

The improvement in photocatalytic performance of ZnO has been investigated by adjusting preparation

2728 morphology,” particle size,?° dopant agent,'®'6 and crystallinity.?® Previous studies have

conditions,
shown that the photocatalytic activity of a photocatalyst is seriously dependent on decreasing the particle
size and increasing the degree of crystallinity. The hydrothermally assisted sol-gel technique is an appropriate

31

method to control these parameters.®* The effect of parameters on the characteristics of the as-synthesized

specimens has been previously investigated. 3234 However, these studies have used direct methods and therefore
only a limited number of parameters could be evaluated. The statistical methods are based on the optimization
of a procedure without the requirement to survey a large number of parameters. The Taguchi statistical method
is one of the powerful and well-known techniques used to facilitate the study of materials chemistry.31:35—38
In this research, the Taguchi approach was utilized to design an experimental procedure for ZnO synthesis
via the hydrothermally assisted sol-gel method. The precursor type, pH value of the sol, and temperature and

time of the hydrothermal treatment were chosen as the variables. The degree of crystallinity, the average

*Correspondence: naghibi@iaush.ac.ir
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crystallite size, and the Eg value were calculated as the intermediate responses. The degradation constant (k)
as an index of the photoactivity was defined as the response parameter. The Taguchi L9 array was chosen
to investigate four variables in three levels. The variables were analyzed and the optimized conditions were

determined and utilized to prepare a sample. The characteristics of the optimized sample were also examined.

2. Results and discussion

2.1. Characterization results

Figure 1 shows the XRD patterns of the as-prepared powder samples. All of them consisted of ZnO with PDF
No. 75-576 and no crystalline impurity could be observed. The difference between the XRD patterns arises
essentially from the intensity of the peaks and consequently crystallinity and crystallite size would be different.
These parameters were calculated and are provided in Table 1.
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Figure 1. XRD patterns of the as-synthesized samples. The circles refer to the standard peak positions of ZnO wurtzite
crystal structure [PDF No. 75-576].

Table 1. Numerical parameters related to the samples, including height of peak, average crystallite size, degree of
crystallinity, band gap energy, and apparent rate constants of MB degradation.

Sample XR.D - DRS UV-Vis
code Height of Ayerage crystallite | Degree of E, (V) | K (min~!)
peak at "36° | size (nm) crystallinity (%)

1 8361 35 69 3.25 0.0109
2 7367 20 85 3.22 0.0132
3 10163 35 84 3.23 0.0129
4 10262 15 86 3.22 0.0178
5 8549 32 82 3.22 0.0176
6 12259 22 86 3.24 0.0156
7 6999 35 80 3.29 0.0100
8 9287 46 88 3.25 0.0125
9 11476 69 86 3.24 0.0092

Figure 2 shows the Tauc curves calculated from the DRS results. The Eg values of the samples were
obtained from these curves and are provided in Table 1. As can be seen, these values are very close and range
from 3.22 to 3.29 eV.
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Figure 2. Tauc plots of the as-synthesized samples.

The photocatalytic performance of the samples was evaluated by degradation of methylene blue in aqueous
solution under direct UV irradiation. Figure 3 shows the ‘In (Co/C)’ vs. ‘UV irradiation time’. The degradation
constants (k) of the samples are equal to the intercept of trend lines. These values were calculated and are
provided in Table 1.

2.2. Taguchi analysis of the numerical results

Based on the available numerical data in Table 1 and according to the Taguchi method, Figures 4A-4D were
drawn, illustrating the effects of the mentioned parameters on the average crystallite size, degree of crystallinity,
band gap energy, and apparent rate constants of MB degradation (k), respectively. On the other hand, the
influence percentage and ranking of the factors on the evaluated parameters were calculated by Minitab software
and are provided in Table 2.

Table 2. Influence percentage and ranking of the factors on the evaluated parameters.

Factors Zn-precursor | Temperature | Time pH
Indexes % | Rank % | Rank % | Rank | % | Rank
Average crystallite size | 44 | 1 23 | 3 1 |4 32 |2
Degree of crystallinity | 22 | 3 29 | 2 20 | 4 29 [ 1

E, 35 |1 25 | 2 22 | 3 18 | 4

k 50 | 1 14 | 4 16 | 2 15| 3

2.2.1. Crystallite size

The crystallite size is indicative of a series of atoms having the same orientation in one crystal. It is known as
the dimension of a coherently diffracting domain in the crystalline structure. This is dependent on the formation
of point defects and dislocations in the as-synthesized crystals.?® Therefore, variation in the average crystallite
size is an important variable affecting the physical as well as photocatalytic properties.

Figure 4A shows that Zn-precursor type and pH value have the largest effect on the average crystallite
size. It is clear that zinc chloride is responsible for the largest crystallite size. To investigate this issue, TEM
images of three selected samples, i.e. sample 2 (containing zinc nitrate), sample 4 (containing zinc acetate),

and sample 9 (containing zinc chloride), were taken and are shown in Figures 5A—5F. These images confirmed
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Figure 3. Kinetics of the photodegradation of MB solution containing the as-synthesized powder samples. The first-

order kinetics are consistent with the lines due to the high values of R2.

the crystallite size results. Sample 2 contains semispherical particles with particle size distribution of 50-100
nm. Sample 4 consists of rod-like particles with a length of “100 nm and a diameter of “30 nm. Unlike the two
previous samples, the microstructure of sample 9 was changed. The particles grew extensively and micron-sized
hexagonal flakes were formed. The exaggerated growth of the particles from the zinc chloride precursor is
responsible for the larger crystallite size in this series of samples. Pourrahimi et al. studied the effect of zinc
salt on the grain size of ZnO particles. They stated that, during ZnO crystallization, some petals are formed
from an oriented self-assembly and condensation of the nanoprisms. Then octahedrons are shaped from the
petals and interconnect to shape polygons. The polygons consequently grow into larger particles in the chloride
case by migration and addition of crystallites via dissolution and reprecipitation. The other Zn salts (nitrate
and acetate) have a strong ability to prolong the stabilization of the as-formed crystallites.® Even though the
mechanism of ZnO formation is beyond the aim of the present research, it should be mentioned that this subject
has been investigated thoroughly. %41 =43

The pH value is another parameter that has a considerable influence on the crystallite size. By increasing
the pH value from 8 to 9, crystallite size increased, whereas more increase in pH up to 10 led to the decrease of
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Figure 4. Effects of the design parameters on the crystallite size (A), degree of crystallinity (B), E4 values (C), and k

values (D).
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Figure 5. TEM images of the selected samples. A and B) Sample 2, C and D) sample 4, E and F) sample 9.
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the crystallite size. When pH is equal to 8, there are several zinc hydroxide complexes in the solution. At the
intermediate pH, Zn(OH)4 is the dominant zinc hydroxide complex and leads to formation of bigger particles.
By increasing the pH to 10, the condensation process is postponed and leads to the slowing of the particle
growth.?* The third parameter affecting the crystallite size is the hydrothermal temperature. The crystallite
size grew with an increase in temperature due to the provision of more energy for nucleation and particle growth.
The last parameter is the hydrothermal time, which has no significant effect on the crystallite size.

2.2.2. Degree of crystallinity

Based on Figure 4B and Table 1, pH and temperature are the factors exerting the most influence on the
crystallinity. However, it must be mentioned that the effects of the other factors are not negligible. The highest
crystallinity is achieved by adjusting the pH to 8. Increasing the pH to 9 significantly decreases crystallinity
and more increase in pH (to reach 10) leads to increased crystallinity. This behavior might be attributed to
the change in the sol component. ZnO crystallites could be formed and stabilized at elevated pH values,*® so
its higher crystallinity at a pH of 10 might be explained by this phenomenon. Under the lower pH conditions
(pH 9), the as-synthesized ZnO crystallites were not stable anymore, and, as a result, particles with lower
crystallinity are synthesized.4% However, particles with the highest crystallinity were formed under the lowest

pH value (pH 8), in which more Zn(OH), ions as the building units of the ZnO structure exist.?

2.2.3. E; values

Although the difference between E, values is negligible, the lowest value was achieved by using zinc acetate
in a solution with the pH value of 8 and hydrothermal treatment at 150 °C for 2 h. Zn-precursor type is the

factor exerting the highest influence on this parameter (see Figure 4C).

2.2.4. k values
This work was conducted to obtain highly active ZnO NPs. To evaluate this, the photocatalytic performances
of the as-synthesized powders were measured and reported as k. The highest k& value was observed with the
sample prepared from zinc acetate precursor in a solution with pH value of 8 and hydrothermal treatment at
150 °C for 2 h (see Figure 4D).

Zinc acetate as the selected Zn-precursor is the factor exerting the highest influence on the crystallite
size, B, values, and consequently k. The lowest crystallite size, the highest crystallinity, and the lowest F
value were achieved by using this precursor. Each of these factors could have a considerable effect on the
photocatalytic behavior, to the effect that if all of them are simultaneously provided, the highest photoactivity
will be achieved. The other three parameters, i.e. time, pH, and temperature, have similar impact rates. The
selected time was 2 h and Figures 4A—4C show that the highest crystallinity and lowest E,; were obtained under
this condition. The average crystallite size was not affected by this parameter. In this way, achievement of the
highest k seems to be practical. In relation to the other two parameters (temperature and pH), however, the

improvement in k is attributed to the enhanced crystallinity and the decrease of the E; value.

2.3. Preparation of the optimized samples based on the Taguchi statistical method

The target parameter in this work was k as an index of the photoactivity of the as-synthesized samples.

Optimization of the preparation conditions to achieve the highest & value was accomplished using the Taguchi
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statistical method. As mentioned before, Zn-precursor type has the greatest effect on k. The impact weights
of other factors are relatively similar. Based on the results, it can be predicted that the sample prepared from
zinc acetate precursor in a solution with pH of 8 and hydrothermal treatment at 150 ° C for 2 h has the highest
k value and the highest photocatalytic performance. This sample was prepared and characterized as described
below.

Figure 6A shows the XRD pattern of the as-synthesized optimized sample, confirming the formation of
Zn0O as a unique phase as was observed in the other 9 samples. Based on this result, the crystallinity and

crystallite size are calculated as 82% and 15 nm, respectively.
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Figure 6. Characteristics of the optimized sample. A) XRD pattern, B) Tauc plot, C) kinetics of the photodegradation
of MB solution containing the optimized powder samples.

Figure 6B is related to the DRS results of this sample, showing an E,; value of 3.22 eV, supporting the
XRD results. As can be seen, these conditions (i.e. zinc acetate precursor, pH 8, T = 150 °C, and t = 2 h)
were relatively effective in increasing the crystallinity and decreasing the crystallite size and E, value. The
influences of these values on photoactivity should be considered. Figure 6C shows the ‘In (Co/C)’ vs. UV
irradiation time’ for the optimized sample. The k value was calculated as 0.0187, which is bigger than those
of the other 9 samples. This observation confirmed that the Taguchi method is authentic for optimizing the

preparation parameters to achieve the highest photoactivity.
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3. Experimental
3.1. Experimental procedure design based on the Taguchi approach

The L9 array of the Taguchi approach was applied to design the experimental plan of this study. For this
reason, four variable parameters (Zn-precursor, time and temperature of hydrothermal process, and pH value)
were selected and adjusted in three levels. These parameters and their relative values are presented in Table
3. Based on the L9 array of the Taguchi approach, the preparation conditions were defined and are presented
in Table 4. The optimization of the mentioned parameters was conducted via the comparison of the means of

mean values.

Table 3. Parameters and their relative values for the experimental procedure design.

Factors Zn-precursor | T (°C) | Time (h) | pH
Zinc nitrate 100 2 8

Levels | 2 | Zinc acetate | 150 4 9
Zinc chloride | 200 6 10

3.2. Starting chemicals

The Zn-precursors were zinc nitrate hexahydrate (molecular formula: Zn(NOg)s.6H2 O, molecular weight =
297.48 g/mol, Merck), zinc acetate dihydrate (chemical formula: Zn(CH3COO)2.2H5 O, molecular weight =
219.49 g/mol, Merck), and zinc chloride (chemical formula: ZnClsy, molecular weight = 136.30 g/mol, Merck).
Triethylamine (TEA, chemical formula: (C2Hs)3N, molecular weight = 101.19 g/mol, Merck) and distilled

water were used as the pH-adjusting agent and solvent, respectively.

3.3. Preparation procedure

Nine samples should be prepared according to the conditions described in Table 4. For this reason, the Zn-
precursor and distilled water were mixed and stirred for 1 h to gain a solution with the concentration of 5 g/L.
Then TEA was added to the solution under stirring dropwise to adjust the pH to meet the requirements of Table
4. After pH adjustment, the solution was stirred for 1 h and then aged for 24 h at room temperature to gain
a white sediment. After that, the solution was hydrothermally treated by an autoclave. The temperature and
time of this treatment were adjusted according to Table 4. The instrument was then switched off and cooled
down at its natural rate. The obtained suspensions were filtered, washed, and dried at <100 °C to achieve

powder samples. A schematic workflow of the synthesis procedure is shown in Figure 7.

3.4. Characterization

The phase component of the as-synthesized samples was determined via XRD analysis, conducted with a
PANalytical diffractometer (X'Pert Pro., the Netherlands). The analysis of the XRD patterns was accomplished
using PANalytical X’Pert HighScore software. The statistical approaches require numerical data.

To convert the XRD patterns into numerical data, the crystallite sizes and degree of crystallinity of
the specimens were calculated. The Williamson—Hall equation (B.cos 6 = 0.9\ /d +n.sin 0) was utilized for
estimating the average crystallite size, where d, 8, A, A\, and B are crystallite size, diffraction angle, wavelength
of the X-ray, lattice strain, and the peak full width at half maximum, respectively. Plotting ‘B.cos 6’ vs. ‘sin

6’ yields a straight line with the intercept as 0.9\ /d.%” The crystallinity estimation was made dividing ‘sum of
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Table 4. Series of the required samples, based on the L9 orthogonal array.

Sample Factors

Zn-precursor | T (°C) | Time (h) | pH
1 Zinc nitrate 100 6 9
2 Zinc nitrate 150 2 10
3 Zinc nitrate 200 4 8
4 Zinc acetate | 100 2 8
5 Zinc acetate | 150 4
6 Zinc acetate | 200 6 10
7 Zinc chloride | 100 4 10
8 Zinc chloride | 150 6
9 Zinc chloride | 200 2

Distilled water

| Hydrothermal treatment

C=5g/L

1 h stirring ‘ pH-adjusting

1 h stirring

ging Temperature and #
W time adjusting
\— Zn-precursors: pH=8,9,0r 10
1. Zinc nitrate T =100, 150, or 200 °C

2. Zinc acetate t=2,4,0r6h
3. Zinc chloride

Filtrations, washing, Characterization: XRD, DRS, TEM, Identification of the best sample
and drying at <100 and photocatalytic behavior assessment using Taguchi approach

Preparation of the best sample to Characterization: XRD, DRS, and
evaluate the Taguchi results photocatalytic behavior assessment

Figure 7. Schematic illustration for the synthesis procedure of ZnO NPs.

net area’ by ‘sum of total area’. These values were obtained from the PANalytical X'Pert HighScore software.

This method has been used previously.?31:36:48:49 Tt should be mentioned that these numerical data are not
absolute values but are dependent on many factors and yield relative values to compare the effects of various
parameters.

Microscopic images were obtained via transmission electron microscopy (TEM, LEO equipment, Japan).
TEM images were utilized to determine particle size of the as-synthesized powder samples.

UV-Vis diffuse reflection spectroscopy (DRS) was carried out with a UV-Vis scanning spectrophotometer
(JASCO, Japan). The results of this test were used to determine the direct band gap energy (E,) via Tauc
method, in which ‘(ahwv)?’ was plotted versus ‘hv’, where ‘hv” and ‘.’ are the photon energy and the absorption

coefficient, respectively. The E, value is achieved by extrapolating the linear part of the (ahv)? vs. ho plot
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31,50

The photoactivity of the samples was measured by evaluating the degradation of methylene blue (MB)

under UV irradiation. The MB solution was prepared with a concentration of 30 mg/L. Powder samples (100

mg) were mixed with 100 mL of MB solution and used for photodegradation measurements. Two UV lamps

with a power of 15 W and a wavelength of 365 nm were utilized to irradiate the solutions. Then the solid

part was separated from the irradiated MB solution and the changes of MB concentration were measured. The

decomposition rate of MB vs. irradiation time (k) was obtained from the In(Cy /C) vs. irradiation time curve

(Cp and C values are MB concentration without irradiation and after irradiation, respectively).
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