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Abstract Nanocrystalline ZnO particles were synthesized
from an aqueous solution composed of zinc acetate dihy-
drate (Zn(CH3;COO),-2H,0) and urea (H,NCONH,). A
precipitating precursor, basic zinc carbonate (Zns(COj3),
(OH)g), was first formed by hydrothermally treating
the solution at 120 °C for 2—4 h. Nanocrystalline ZnO
particles were then obtained by calcining the precursors at
350-650 °C for 0.5-2 h. The synthesis products were
characterized using thermogravimetry—differential scanning
calorimetry—mass spectrometry, X-ray diffraction, scanning
electron microscopy, transmission electron microscopy and
photoluminescence techniques. Based on the experimental
results, a possible reaction mechanism for the ZnO forma-
tion was proposed. The effects of experimental parameters
(namely, the hydrothermal treatment time, the calcination
time, and the calcination temperature) on the characteristics
of the resulting ZnO products (i.e., the crystalline size and
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the photoluminescence properties) were analyzed by the
Taguchi method to attain the optimum synthesis conditions.
By using the appropriate parameters derived from this
method, we verified that the optimized synthesis provided a
yield of ~70% and that the resulting ZnO particles pos-
sessed the characteristics of a ~25 nm crystalline size and a
satisfactory photoluminescence property.

Introduction

Nanostructured zinc oxide (ZnO) is of interest in the opto-
electronic, piezoelectric, sensor, biomedical, and electro-
chemical fields because of its interesting characteristics,
such as a direct band gap of 3.37 eV, a large exciton binding
energy of 60 meV at room temperature, transparent con-
ductivity, noncentrosymmetric symmetry, biosafety, and
biocompatibility properties [1, 2]. Hence, ZnO has attracted
a significant amount of attention from researchers.

Two major categories of techniques have been developed
for the synthesis of nanostructured ZnO, namely, vapor-
phase processes [3, 4] and wet chemical routes [5-9]. In
general, the latter have the potential advantage of larger-
scale preparations for high-technology applications. A fre-
quently adopted method begins with a solution of a
Zn-containing salt in the presence of a precipitant providing
OH™ and/or CO5”~ ions to yield a precipitating precursor.
This precursor can then be transformed into ZnO particles by
a colloidal technique [7] or heat treatment [8—10].

With regard to the hydrothermal synthesis of nano-
crystalline ZnO particles using zinc acetate dihydrate and
urea as starting materials, the reaction mechanism for ZnO
formation and the effects of processing parameters on the
product characteristics have not yet been extensively
studied. In this work, a precipitating precursor was
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prepared in advance by hydrothermally treating an aqueous
solution of zinc acetate dihydrate (Zn(CH;COO),-2H,0,
hereafter termed as ZnAc,) and urea. The precursor was then
calcined to form ZnO nanoparticles. Depending on the
experimental parameters, such as hydrothermal time, calci-
nation temperature, and calcination time, it was expected
that the resulting ZnO would show different grain shape,
crystalline size, photoluminescence (PL) properties, and
SO on.

It has been shown that efficient analyses of product-
quality characteristics can be performed using a statistical
experimental design method, i.e., the Taguchi method,
which is a combination of mathematical and statistical
techniques used in an empirical study [10-13]. This method
has been adopted to optimize various synthetic processes of
nanostructured materials [10-12] due to its potential
advantages of experimental efficiency and reproducibility
[10-13]. Therefore, the Taguchi method was utilized in this
work to identify the optimal conditions and to select the
parameters having the greatest influence on the crystallite
size and PL properties of the resulting ZnO products.

The objectives of this work were: (1) to examine the
formation mechanism of ZnO nanoparticles synthesized by
the proposed route; (2) to apply the Taguchi method to
evaluate the effects of the experimental parameters on the
crystalline size and PL properties of the resulting ZnO
products; and (3) to optimize the experimental parameters
and perform verification experiments using the optimal
conditions.

Experimental
Synthesis and characterizations

Both the starting materials, ZnAc, and urea ((NH;),CO),
were of analytical grade and were purchased from WACO
Ltd., Japan. The precursor was first prepared by the
following hydrothermal route: 0.05 mol of ZnAc, and
0.1 mol of urea were dissolved in 100 mL of deionized
water at room temperature from a clear and homogenous
solution. Then, the mixed solution was transferred into a
120-mL Teflon-lined autoclave and securely sealed. The
solution contained in the autoclave was heated in an
electronic furnace at a temperature of 120 °C for 2—4 h.
The reaction was then quenched using cold water. The
precursor was collected by centrifugation, washed with
absolute alcohol (99.8%), and then dried in a vacuum oven
at 25 °C for 2 h. The desired product, ZnO, was obtained
by calcining the dried precursors in a muffle furnace at
350-650 °C for 0.5-2 h. The experimental procedure for
preparing the ZnO nanoparticles is shown in Fig. 1.
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Fig. 1 Experimental procedure for preparing the ZnO nanoparticles

Phase formation was identified by particle X-ray dif-
fraction (XRD), which was performed on a SIEMENS
D5000 X-ray diffractometer with Cu Koy radiation
(4 = 0.15406 nm). In addition, the crystallite size (D) of the
calcined particles was calculated by the X-ray line-broad-
ening technique performed on the (1 1 0) diffraction of the
ZnO lattice using computer software (Siemens Diffrac AT
program V3.10) based on the Scherrer formula [14]:

0.94

b= Bcos 0y’ (1)
where 0y is the Bragg angle of the diffraction lines, 4 is the
wavelength of the incident X-ray, and B is the full width at
half maximum (FWHM). Fourier-transform infrared spec-
troscopy (FTIR) measurements were carried out with a
Nicolet-870 spectrometer in transmittance mode, where the
samples were dispersed in KBr pellets. The morphological
features of the samples were observed with scanning
electron microscopy (SEM, Hitachi S4800-I) and trans-
mission electron microscopy (TEM, JEOL JEM-2010). The
precipitates obtained were simultaneously analyzed by
thermogravimetry (TG) and differential scanning calorim-
etry (DSC), carried out at a heating rate of 10 °C/min in
static air (flow rate: 50 cm>/min) using a thermal analyzer
(NETZSCH, Instruments 404). The gas escaping from the
TG-DSC cell was analyzed with a mass spectrometer (MS,
NETZSCH, QMS Skimmer). PL spectra of the particles
were measured at room temperature using an He—Cd laser
with a wavelength of 325 nm as the excitation source.
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Taguchi design

For our experimental design, we chose to study three
parameters that could affect the crystallite size and PL
properties of the ZnO nanoparticles: the hydrothermal
processing time, the calcination temperature, and the cal-
cination time. In the Taguchi method for optimizing the
properties of the ZnO products synthesized through the
hydrothermal route, these three experimental parameters
were taken as the controlling factors in ZnO synthesis;
hydrothermal time was symbolized as A (h), calcination
temperature as B (°C), and calcination time as C (h). Each
experimental parameter was varied at three levels for
study. The three experimental parameters and their corre-
sponding levels are shown in Table 1. A template of the
Lo (3% orthogonal array, as given in Liu et al. [10], was
selected for study with the Taguchi method, as shown in
Table 2. As seen here, there were in total nine experiments
needed for this work. Each experiment was repeated three
times. Two characteristics of the ZnO products, i.e., the
crystallite size (D) and the intensity ratio of UV emission to
visible-light emission (R;), were selected as the quality
characteristics and used for response analysis. A verifica-
tion experiment was finally performed to verify the
Taguchi-derived optimum processing conditions.

Table 1 Experimental parameters and corresponding levels used in
this study

Experimental parameters Corresponding levels

1 2 3
A: Hydrothermal time (h) 2 3 4
B: Calcination temperature (°C) 350 500 650
C: Calcination time (h) 0.5 1 2

Results and discussion
Product characteristics and reaction mechanism

Figure 2 shows the typical results of simultaneous TG-—
DSC analyses of the precursor. There were two stages of
weight loss lying in the temperature ranges of 200-290 °C
and 310-350 °C. The obvious endothermic peak centered
at ~250 °C on the DSC curve was accompanied by a
significant weight loss of ~25%. The abundant release of
H,0 and CO, was detected at 250 °C by MS (see Fig. 3)
and was attributed to the thermal decomposition of the
precursor. As also shown in Figs. 1 and 2, the other minor
exothermic reaction occurred between 300 and 350 °C,
which may correspond to the oxidation of residual carbo-
naceous substances in the precursor as evidenced by the
slight weight loss of ~2.5% along with the detected CO,
gas.
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Fig. 2 Typical results of simultaneous TGA-DSC analyses of the
precursor at a heating rate of 10 °C/min in static air

Table 2 Experimental results and S/N ratios for crystalline size and intensity ratio of UV emission to green emission (R;) of the as-synthesized

ZnO particles (Taguchi orthogonal array table of Ly (34))

Exp. no. Adopted levels (conditions) Crystalline size (smaller is better) R; (bigger is better)
A (h) B (°O) C (h) Error Raw data (nm) S/N ratio (dB) Raw data S/N ratio (dB)

1 1(2) 1 (350) 1 (0.5) 1 15.2 —23.64 0.24 —12.40
2 1(2) 2 (500) 2 (1) 2 23.8 —27.53 4.85 13.71
3 1) 3 (650) 3(2) 3 45.8 —33.22 1.62 4.19
4 23 1 (350) 2 (1) 3 22.6 —27.08 0.38 —8.40
5 2(3) 2 (500) 3(2) 1 35.7 —31.05 5.12 14.19
6 2(3) 3 (650) 1 (0.5) 2 24.1 —27.64 1.26 2.01
7 34 1 (350) 3(2) 2 34.3 -30.71 0.72 —2.85
8 34 2 (500) 1 (0.5) 3 18.3 —25.25 1.20 1.58
9 34 3 (650) 2 (1) 1 36.1 -31.15 3.13 9.91
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Fig. 4 XRD patterns of a the precursor and b—d the as-synthesized
product calcined at b 350 °C for 0.5 h, ¢ 500 °C for 1 h, and d 650 °C
for 2 h

Figure 4a shows the XRD pattern of the precursor
precipitate, which is consistent with that of JCPDS No. 19-
1458. It was thus proven that the precursor was basic zinc
carbonate with the chemical composition Zns(CO3),(OH)s.
After the precursors were calcined at 350 °C for 0.5 h,
500 °C for 1 h, or 650 °C for 2 h, all of the particles had
the same phase composition of wurtzite ZnO with a P63mc
structure (JCPDS 36-1451), and their crystalline sizes were
estimated to be ~15, 25, and 46 nm, respectively
(Fig. 4b-d).
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Fig. 5 SEM photographs of a the precursor and b as-synthesized
product calcined at 650 °C for 2 h

Figure 5a shows that the precursor precipitate had the
appearance of chrysanthemum-like particles with diame-
ters of ~10 um. After calcination, the shape and size of
the resulting particles remained nearly the same on
the microscale (Fig. 5b). This observation implied that the
experimental parameters affecting the morphology of
the precursor may also have an influence on that of the
resulting product. The inset in Fig. 5b shows a detailed
surface view of the resulting product, revealing
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interconnected discrete nanocrystallites forming a loose
shard. Such a feature is similar to the nanostructure of the
“two-dimensional flake-like aggregates” reported by Wu
et al. [9]. Based on the results of our thermal analyses and
morphological observations, it is evident why Wu et al.
claimed that the synthesis of flake-like single-crystal ZnO
nanocrystals with porous structure can be achieved via this
hydrothermal route. They also proposed that when the
precursor was calcined in particle form, the dipolar ZnO
nanoparticles could only rotate to a limited extent; to
decrease the high surface energy, the adjacent particles self
assembled and grew one by one toward the formation of
large single-crystal flakes. In our opinion, however, the
resulting ZnO product would inherit the prototypical shape
of the precursor. We suggest that the nanostructure of
so-called “two-dimensional flake-like ZnO aggregates”
resulted simply from the shards of fractured precursor
particles possessing a chrysanthemum-like appearance.
Moreover, the nanopores among the aggregated ZnO
nanocrystallites may result from the evolution of CO, and
H,O gases due to thermal decomposition of the precursor
during heat treatment.

A possible reaction mechanism including three steps,
which is consistent with the experimental results, is thus
proposed as follows:

Step I: Thermal decomposition of urea and generation of
OH™ and CO;°” ions

NH,CONH, + 4H,0
— 2NH, " +20H™ + CO,*" 4 2H" (2)

Step 2: Precipitation of basic zinc carbonate precursor
under hydrothermal conditions

5Zn** 4+ 60H™ +2C0,>~ — Zns(CO3),(OH), | (3)

Step 3: Formation of ZnO by calcination of the
precursor, i.e.

Zn5 (CO3)2(OH)6 — 57Zn0 + 3H20 T + 2C02 T (4)

Figure 6 shows the room temperature PL spectra of the
ZnO nanoparticles derived from different heat-treatment
conditions. Two obvious emission peaks, a narrow near-
UV emission (located at ~380 nm) and a broad green one
(centered at ~500 nm), were observed in all of the PL
spectra. The near-UV emission (~ 3.2 eV), which is close
to the theoretical band gap of ZnO, comes from the
recombination of free excitons [4, 9]. The green emission
is the most commonly observed defect emission in
ZnO nanostructures and its origin is still controversial
[15]. Different hypotheses have been proposed to explain
the green emission, such as transitions between the
photoexcited holes and ionized oxygen vacancies (V)
[16], surface defects [17], transitions between the electrons

Relative Intensity

350 400 450 500 550 600 650
Wavelength (nm)

Fig. 6 Room temperature PL spectra of the nanocrystalline ZnO
particles calcined under different conditions: a 350 °C for 0.5 h,
b 500 °C for 1 h, ¢ 650 °C for 2 h; the hydrothermal time for
precursor formation was constant at 2 h

in the conduction band and deeply trapped holes at doubly
ionized oxygen vacancies [18], antisite oxygen [19], and
donor—acceptor transitions [20]. Considering the synthetic
processes, i.e., calcination in air, it is suggested that the
green emission in this study may be mainly attributed to the
singly ionized oxygen vacancy, which is supported by
reports of the enhancement of the green emission by
annealing ZnO at temperatures above 600 °C (due to out-
diffusion of O [16, 21]). Moreover, Bagnall et al. [22]
demonstrated that the improvement of crystal quality (a
decrease of structure defects and impurities) could result in
detectable UV emission at room temperature. Therefore,
the intensity ratio of the UV emission to the green emission
(R;) is a reasonable criterion to evaluate the crystalline
quality of the resulting ZnO products [4, 15, 16]. The
sample obtained by calcining at 350 °C for 0.5 h had the
low R; value of 0.24 (Fig. 6a). This is because a lower heat-
treatment temperature, along with a shorter duration, may
give rise to a larger number of defects in ZnO. The
crystalline quality can be enhanced by heat-treating the
samples in an O, atmosphere due to the effects of oxygen
entering the crystal lattice, thereby improving the
stoichiometric proportion of the sample and eliminating
the oxygen vacancies in ZnO. This is why the sample
obtained by calcining at 500 °C for 1 h had the higher R;
value of 4.85 (Fig. 6b). However, the material calcined at
higher temperatures with an increase of heating time may
generate a higher concentration of defects (oxygen
vacancies) in the ZnO nanoparticles, likely due to the
re-evaporation of oxygen. This is evident by the fact that
the intensities of both the near-UV emission and the green
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emission increased, but the R; decreased (R; = 1.62), as
observed in the sample calcined at 650 °C for 2 h (Fig. 6¢).
Such phenomena may be due to the competition between
oxygen atoms penetrating into the ZnO lattice and those
evaporating out of the lattice in an O, atmosphere. At
lower heating temperatures, the kinetic energy of atoms in
the ZnO lattice is relatively low, and the adsorption rate of
oxygen atoms is faster than the escape rate. Thus, the
greater availability of oxygen atoms can compensate for
the oxygen vacancies at lower temperatures (<500 °C).
Conversely, the kinetic energy of atoms becomes larger at
higher heating temperatures (for instance, 650 °C), likely
causing an oxygen desorption rate greater than the
adsorption rate, resulting in more oxygen vacancies in
the ZnO lattice.

Taguchi method analysis

The Taguchi method allows the user to determine the
experimental conditions having the least variability as the
optimum condition. Here, the signal-to-noise (S/N) ratio is
employed to measure the deviation of the selected quality
characteristics from their desired values. The experimental
conditions possessing the maximum S/N ratio are thus
considered the optimal conditions. The S/N ratio is defined
as [13]:

S/N ratio = —10log(MSD) (unit : decibel (dB)), (5)

where MSD is the mean squared deviation from the target
value of the output characteristic. Consistent with its
application in science and engineering, the value of the
S/N ratio is to be maximized; therefore, the value of the
MSD should be minimized. Consequently, the MSD
was defined differently for each of the three quality
characteristics considered, namely, bigger is better,
smaller is better, and nominal is better. In this section,
the response analyses of the S/N ratios were used to find
the optimum conditions for the synthesis of ZnO
nanoparticles with smaller crystalline size and better
crystalline quality (i.e., a larger R; value). The former is
the characteristic type of smaller is better, while the latter
belongs to the bigger is better response. Their MSD
values are, respectively, expressed as [13]:

1 n
MSD =~ 2 6
and
MSD*—EXH:i (7)
ni3 Vi

where y; is the result of experiment i and » is the replication
number of experiments (n = 3 in this study).

In the above section, the experimental results show that
the crystallite size and PL properties of the resulting ZnO
nanoparticles could be affected by the hydrothermal time,
the calcination temperature, and the calcination time. The
raw data and the corresponding S/N ratios for the crystal-
line size and the R; value of the nine designed experiments,
calculated using the above equations (5)—(7), are shown in
Table 2. The average S/N ratios for each experimental
parameter at each level were summarized, and the S/N
responses for the crystalline size and the R; values are
shown in Table 3. The S/N response to each parameter
level is shown in Fig. 7. Here, a higher S/N ratio indicates a
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Fig. 7 Response graph of S/N ratios for crystalline size and R; value

Table 3 S/N ratio responses for

cach experimental parameter Experimental Mean S/N ratio for crystalline size (dB) Mean S/N ratio for R; (dB)
arameters
at each level P Level 1 Level 2 Level 3 Level 1 Level 2 Level 3
A —28.13 —28.59 —29.04 1.83 2.60 2.88
B —27.14 —27.94 —-30.67 —7.88 9.83 5.37
C —25.51 —28.59 —31.66 —2.94 5.07 5.18
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larger contribution by a given experimental parameter at
that level to the objective function. Moreover, greater
slopes of the connecting lines of the S/N ratios indicate
larger effects of the experimental parameters on the
objective function. Therefore, the optimum conditions for
the crystalline size are factor A at level 1, B at level 1, and
C at level 1, whereas those for the R; value are A at level 3,
B at level 2, and C at level 3. In addition, the calcination
time had the most important influence on the crystalline
size, while the calcination temperature had the first impact
on the R; value. However, the hydrothermal time seemed to
have little effect on the crystalline size and the R; value
when compared with the other two parameters. The vari-
ation range of the S/N ratio with respect to the hydrother-
mal time was small, so it can be neglected and regarded as
within experimental error. Based on our experience, how-
ever, it was found that the formation of the precursor was
enhanced with an increase of hydrothermal time, resulting
in an increased yield of the ZnO product. Note that the
yield may be limited due to incomplete reactions and/or
chemical equilibrium in the hydrothermal treatment or
product loss during the washing process.

Prediction and confirmation of characteristics

To prepare ZnO products with a small crystalline size and
large R; value, the calcination temperature and time were
selected as 500 °C and 1 h, respectively, as the experi-
mental condition of 500 °C gave rise to the largest S/N
ratio (9.83) as well as the greatest variance (S/Npax —
S/Nmin = 9.83—(—7.88) = 17.71) in the R; value (see
Table 3). The adoption of the other experimental condition,
1 h instead of 2 h, was a compromise to avoid overgrowth
of the ZnO crystallites and to obtain an acceptable R; value
(see Fig. 7). A single-factor experiment was then carried
out to investigate correlations among the hydrothermal
time, product yield, crystalline size, and R; value. As
shown in Table 4, an increase of the hydrothermal time
enhanced the product yield substantially. Considering
processing economics, 4 h was selected as the appropriate
level for the hydrothermal time; the resulting product
properties remained close to the best ones (i.e., the smallest

Table 4 Product yields, crystalline sizes, and R; values of ZnO
particles synthesized with different hydrothermal times

Hydrothermal Product Crystalline R; value
time (h) yield (%) size® (nm)

2 15 23.8 4.85

3 42 38.7 5.15

4 70 22.5 4.54

* The crystalline size was estimated using the Scherrer formula
(see Eq. 1)

crystalline size and the largest R; value). It is thus sug-
gested that 4 h of hydrothermal time (A3), a calcination
temperature of 500 °C (B2) and 1 h of calcination time
(C2) could be the alternative optimal conditions based on
the consideration of product yield. In addition, a confir-
mation experiment was performed and the yield and
product properties are shown in Table 4.

The predicted S/N ratio using the appropriate levels of
the experimental parameters can be calculated as:

S/Npredicled = S/Naverage + [(S/NA3,mean - S/Naverage)
+ (S/NBZ,mean - S/Naverage>
+ (S/NC3,mean - S/Naverage)]a (8)

where S/N,yerage 18 the total average S/N ratio, whereas
S/INA3.means S/NB2.means a0d S/Nc3 mean are the mean S/N
ratios at the optimal level of each experimental parameter.
In the case of crystalline size, the value of S/Nyyerage
calculated from Table 2 is (—28.59). The S/Na3means
S/NB2means and  S/Nc3mean Vvalues in  Table 3 are
(—29.04), (—27.94) and (—31.66), respectively. With
these values, the above equation can be re-written as:

S/ Noredicted = — 28.59 + [(—29.04 + 28.59)
+ (—27.94 + 28.59) + (—31.66 + 28.59)]

and the predicted S/N ratio (—31.46) for crystalline size can
thus be obtained. Then, the corresponding estimated
crystalline size can be derived from Eq. (5), i.e.,

—31.46 = —101log[y’] (9)

and the estimated crystalline size (37.41 nm) can be
obtained. Both the predicted S/N ratio for the R; (13.01) and
the estimated R; value (4.47) can be calculated through a
similar procedure with the “bigger is better” analysis.
Table 5 shows the comparison of the crystalline sizes and
R; values with the experimental results using the optimal
conditions.

Although the crystalline size obtained from the confir-
mation experiment (22.5 nm) was slightly smaller than the
predicted (37.41 nm) and confirmed (26.27 nm) sizes, they
were all roughly consistent. According to the TEM obser-
vations (see Fig. 8), the actual crystallite size of the ZnO
synthesized with the optimal conditions was estimated to
be ~25 nm, which agrees with the result calculated using
the Scherrer formula. As shown in Table 5, there was a
good agreement between the predicted and experimental R;
values. The decrease of the S/N ratio from that in experi-
ment No. 5 (14.19) to that in the confirmed experiment
(13.14) was about 1.05 dB, which means that the R; value
slightly decreased. Even so, the actual R; value of 4.54
obtained at the optimal conditions (see Table 4) was much
better than those of most of the experiments shown
in Table 2. Consequently, it was confirmed that the
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Table 5 Comparison of the crystalline size and the R; value with the experimental results using the optimal conditions

Condition Crystalline size (smaller is better) R; (bigger is better)

Level Raw data (nm) S/N ratio (dB) Level Raw data S/N ratio (dB)
Prediction A3B2C3 37.41% —31.46 A3B2C3 4.47 13.01
Confirmed prediction A3B2C2 26.27% —28.39 A3B2C2 4.42 12.90
Confirmed experiment A3B2C2 22.5° —27.04 A3B2C2 4.54 13.14

? The crystalline size was predicted using Eq. 9

° The crystalline size was estimated using Scherrer formula (see Eq. 1)

1

Fig. 8 TEM photograph of the ZnO nanoparticles synthesized with
the optimal conditions (i.e., 4 h of hydrothermal time, a calcination
temperature of 500 °C, and 1 h of calcination time)

crystalline size and R; value (i.e., the crystalline quality) of
the synthesized ZnO particles can be concurrently reduced
and improved with the Taguchi method. In addition, a
product yield of ~70% could be obtained under the
alternative optimal conditions.

Conclusions

(1) ZnO nanoparticles were synthesized via a wet chemical
route using zinc acetate dihydrate and urea as starting
materials. The reaction mechanism, deduced from the
XRD, TG-DSC-MS and SEM observations, was divided
into three steps: first, thermal decomposition of urea and
the generation of OH™ and CO5~ ions; next, precipitation
of the zinc carbonate precursor under hydrothermal con-
ditions; and finally, the formation of ZnO by calcination of
the precursor. It was found that the morphology of the

@ Springer

resulting ZnO product was similar to that of the precipi-
tated precursor if no grinding was performed.

(2) The Taguchi method with an Lo orthogonal array
was implemented to optimize the experimental parameters
for this synthesis process. The calcination time had the
most influence on the crystalline size, while the calcination
temperature had the greatest impact on the R; value. The
influence of the hydrothermal time, however, was insig-
nificant compared to the other factors. Through the appli-
cation of Taguchi’s method, the individual optimum
processing conditions for the crystalline size and the R;
value were attained.

(3) To enhance the product yield with acceptable char-
acteristics, a set of alternative optimal conditions was
proposed, i.e., a hydrothermal time of 4 h, a calcination
temperature of 500 °C and 1 h of calcination time. The
verification experiment revealed that ZnO nanoparticles
with a small crystalline size of ~25 nm and a high R; value
of 4.54 were prepared using the processing parameters.
These results were consistent with the predicted data
derived from the Taguchi method. The optimized route
achieved a product yield of 70% and has the advantages of
a shorter production time and smaller crystalline size
compared with previous reports [9, 10].
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