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Abstract

Plate-shaped zinc oxide nanoparticles (ZnO-NPs) were successfully synthesized by a modified sol–gel combustion method. Zinc acetate, pure

water and isopropanol were used as the starting materials. Acetic acid, diethanolamine and nitric acid were used as the polymerization agent,

complexing agent and fuel, respectively. The precursors were formed by mixing aqueous solutions of zinc acetate, acetic acid and diethanolamine.

Nitric acid was used to dry the produced gel. The resulting xerogel was annealed at 600 8C, 650 8C and 750 8C for 1 h. The synthesized ZnO-NPs

were characterized by X-ray diffraction analysis (XRD), thermogravimetric analysis (TGA) and high-magnification transmission electron

microscopy (TEM). The XRD results revealed that the samples produced were crystalline with a hexagonal wurtzite phase. The TEM results

showed single-crystal ZnO-NPs with nearly hexagonal plate shapes. The optical properties of the ZnO-NPs were studied by UV–visible and

Fourier-transform infrared spectroscopy (FTIR). The UV–vis absorption spectra of the ZnO-NPs indicated absorption peaks in the UV region,

which were attributed to the band gap of the ZnO-NPs. The results of the FTIR and UV–vis studies showed that the optical properties of the ZnO-

NPs depended on the annealing temperature.
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1. Introduction

Zinc oxide (ZnO) exhibits several unique properties, such as

semiconductivity and piezoelectric behavior [1], and it is

consequently used in a wide variety of sensors and actuators.

ZnO nanostructures have been explored for a wide range of

applications in nanoscale devices, such as nanogenerators [2],

sensors [3], field-emission transistors [4], ultraviolet photo-

detectors [5], and in biomedical systems, such as ultrasensitive

DNA sequence detectors [6]. Apart from the technological

significance of ZnO nanostructures, their quasi-one-dimen-

sional structure, with diameters in the range of tens to hundreds
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of nanometers, makes them interesting from a scientific point of

view. In this size range, they are expected to possess interesting

physical properties and pronounced coupling quite different

from their bulk counterpart [7].

Recently, several new routes have been developed for the

synthesis of ZnO nanostructures, such as the organometallic

precursor method [8], a microemulsion process [9], sol–gel

synthesis [10], physical vapor deposition [11,12], precipitation

[13], solvothermal and hydrothermal methods [14,15], and sol–

gel combustion [16]. In the sol–gel combustion method, the raw

materials, which are usually a nitrate compound and a fuel, are

dissolved in water. After the pH is adjusted with a weak base

such as ammonia, the mixed solution is then heated to convert

the sol into a high-viscosity gel. Increasing the temperature of

the gel causes an exothermic combustion process to occur.

Annealing the resulting substance produces the final product

[17]. Gel combustion gives homogenous, high-purity, and high-

quality nanopowders with the possibility of stoichiometric
d.
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Table 1

The methods and solvents which used to prepare ZnO-NPs and their morphology.

Refs. Method Precursor material and solvents Morphology

[10] Sol–gel Zinc nitrate, citric acid and distilled water Whisker

[14] Solvothermal Zinc acetate, 1-butanol, 1-hexanol, 1-octanol and 1-decanol Nanorod

[15] Hydrothermal Zinc acetate, cyclohexane, cetyltrimethyl ammonium bromide (CTAB),

n-butylalcohol and distilled water

Hollow nanospheres and

hexagonal microtubes

[25] Solochemical Zinc chloride, distilled water Amorphous

[26] Dehydration Zinc acetate, alcohol Spherical

Present work Sol–gel combustion Zinc acetate, citric acid and distilled water Hexagonal nanoplate
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control [18]. de Sousa et al. [19] used metallic nitrate with urea

and made a ZnO nanopowders with a size of about 0.4–0.5 mm

for a varistor application. Hwang and Wu [20] worked on ZnO

nanopowder made by a combustion method. They used glycine

as the fuel and metallic nitrates in a specific stoichiometric

ratio. The morphology of the nanoparticles can be changed by

changing the solvent; different morphologies give rise to

different properties, as shown in Table 1.

In this study, a modified sol–gel combustion method was

used to prepare ZnO nanoparticles, using nitric acid as the fuel,

diethanolamine as the complexing agent and acetic acid as the

polymerization agent. The size, morphology, crystallinity, and

optical properties of the resulting ZnO particles were

investigated as well as the influence of annealing temperatures

on their size and optical properties.

2. Experimental

2.1. Preparation of ZnO-NPs

In order to prepare 10 g of the ZnO-NPs, 135 mL of pure

water was mixed with 65 mL of isopropanol, and the solution

was stirred for 5 min at 30 8C. Water is a necessary solvent to

hydrolyze the solution, but disorder reactions can occur when

adding excess water to the solution. The temperature was then

increased to 45 8C, and 27 g of zinc acetate was gradually

added to the solution. The stirring was continued to achieve a

clear sol of Zn+ cations. In this process, suitable polymerization

and complexing agents should be used. While citric acid and

ethylene glycol are normally used for this application, in this

work, acetic acid and diethanolamine were used as the

polymerization and complexing agents, respectively. The high

combustion temperature of citric acid, however, caused the

reaction to be more difficult to control compared to the use of

acetic acid. The weight ratio of these materials was chosen as

follows:

(Diethanolamine/metal cation) = 1

(Acetic acid/metal cation) = 2

The acetic acid was mixed with diethanolamine, and the

mixture was stirred to achieve a clear solution. Subsequently,

the solution was added to the zinc solution. The mixture then

stirred for 30 min at 40 8C. One of the advantages of using these

materials is that the pH of the solution reaches 7 spontaneously

without requiring the addition of ammonium hydroxide to
control the pH. To obtain homogenous nanoparticles and a

stable sol, the solution was then refluxed for 4 h at 110 8C (the

refluxing temperature must be higher than the boiling

temperature of the solvents). The solution was then placed

in a water bath, and the temperature was held at 80 8C for 16 h

to prepare a viscous gel from the refluxed sol. Finally, a xerogel

was obtained by treating the gel with acid nitric. The xerogel

was calcined for 2 h at 600 8C, 650 8C and 750 8C to obtain

white ZnO-NP powders.

2.2. Characterization methods

The prepared ZnO-NPs were characterized by powder X-ray

diffraction (XRD), ultraviolet–visible (UV–vis) spectroscopy,

Fourier-transform infrared Spectroscopy (FTIR), thermogravi-

metry (TGA, Q600) and transmission electron microscopy

(TEM). The phase evolutions and structure of the ZnO-NPs

were studied by X-ray diffraction (Philips, X’pert, Cu Ka) and

FTIR (ST-IR/ST-SIR spectrometer). The UV–vis spectra were

recorded over the range of 350–700 nm with a Lambda 25-

Perkin Elmer UV–vis spectrophotometer. Transmission elec-

tron microscopy (TEM) observations were carried out on a

Hitachi H-7100 electron microscope. The band gap of the ZnO-

NPs was calculated from the UV absorption results.

3. Results and discussion

3.1. TG and FTIR analyses

The TGA/DTA curves of ZnO-NPs synthesized by the sol–

gel combustion method, as described in Section 2, are presented

in Fig. 1. The TG traces show a minor weight loss (3%) during

the heating step from 50 8C to 190 8C. This minor weight loss

was attributed to the removal of physically absorbed water. A

major weight loss (22%) was also observed in the step from

190 8C to 750 8C, which was related to the combustion of

organic materials. No further weight loss was observed up to

900 8C. This indicates that the formation of ZnO nanocrystal-

line as the decomposition product was complete at 750 8C.

Fig. 2 shows the FTIR of the ZnO-NPs prepared by the sol–

gel combustion method, in the range of 4000–280 cm�1. A

broad band is observed for each spectrum that is attributed to a

Zn–O vibration mode. It is also observed that there is a

negligible shift to a lower wavenumber due to increase in the

annealing temperature. This shift can be related to a change in

the lattice parameters of the ZnO-NPs. There were several
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Fig. 2. FTIR spectra of the ZnO-NPs prepared at different annealing tempera-

tures: (a) 600 8C, (b) 650 8C and (c) 750 8C. The absorption band related to Zn–

O vibration mode was clearly observed.

[(Fig._3)TD$FIG]

Fig. 3. XRD pattern of ZnO-NPs prepared at different annealing temperatures.

A slight change of intensity and position was observed for the (2 0 1) peak.

[(Fig._1)TD$FIG]

Fig. 1. TGA and DTA curves of xerogels from 50 8C to 900 8C. The traces show

two steps; (a) is related to the evaporation of water and (b) is related to the

decomposition of organic materials.
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absorption bands at 1750 cm�1, 1350 cm�1 and 1250 cm�1.

These absorption bands were likely related to CO2 absorbed

from the atmosphere (air) and can therefore be neglected.

3.2. X-ray diffraction and particle-size analyses

The XRD patterns of the prepared samples are shown in Fig. 3.

All the detectable peaks can be indexed to the ZnO wurtzite

structure. The reflection peaks clearly became sharper with

increasing thermal decomposition temperature, indicating an
Table 2

Lattice parameters of ZnO-NPs prepared at calcination temperatures of 600 8C, 650

Temperature 2u � 0.1 h k l dh k l (nm) � 0.006 Structu

600 8C 67.9 (1 1 2) 0.138 Hexag

69.1 (2 0 1) 0.136

650 8C 67.9 (1 1 2) 0.138 Hexag

69.0 (2 0 1) 0.136

750 8C 68.0 (1 1 2) 0.138 Hexag

69.0 (2 0 1) 0.136
enhancement of crystallinity. The wurtzite lattice parameters,

e.g., the values of d, the distances between adjacent crystal planes

(h k l), were calculated from the Bragg equation, l = 2d sin u; the

lattice constants a, b and c, interplanar angles, the angles w

between the planes (h1 k1 l1) of spacing d1 and the plane (h2 k2 l2)

of spacing d2 and the primary cell volumes were calculated from

the Lattice Geometry equation [21]. It was observed that there

was little change in the lattice parameters when the annealing

temperature was increased. This change in lattice parameters can

be attributed to the change of particle size and quantum size

effects [22]. The lattice parameters of the ZnO-NPs calcined at

different temperatures are summarized in Table 2.

Although TEM is the best way to determine the particle size

of nanoparticles, XRD is also widely used. The Scherrer

method for calculating particle size gives an average value.

However, with TEM, besides directly measuring particle size,

the morphology of the particles can also be observed. The

crystal sizes of the ZnO-NPs were determined by means of an
8C and 750 8C (the measurements were done at room temperatures of 25 8C).

re Lattice parameter

(nm) � 0.005 � 0.01

V (nm3) � 0.2 Cos w � 0.002

onal a = 0.322 48.1 0.848

c/a = 1.67

onal a = 0.322 48.0 0.848

c/a = 1.66

onal a = 0.322 47.7 0.847

c/a = 1.65
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Fig. 4. TEM images of ZnO-NPs prepared at different annealing temperatures: (a) 600 8C, (b) 650 8C and (c) 750 8C. The nearly hexagonal plate shape of the ZnO-

NPs is clearly shown (in I, for example).
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X-ray line-broadening method using the Scherrer equation:

D = (kl/bh k l cos u), where D is the particle size in nanometers,

l is the wavelength of the radiation (1.54056 Å for Cu Ka

radiation), k is a constant equal to 0.94, bh k l is the peak width

at half-maximum intensity and u is the peak position. The

(1 0 2) and (1 1 0) planes were chosen to calculate the crystal

size (either plane can be used for this application); the results

are presented in Table 3. The typical TEM result shows various

hexagonal shapes with smooth surfaces. There was a �25%

variation between the TEM and XRD results for particle size. In
very small particles, the atoms on the surface apply a strain on

the particle due to the surface effect [22], but we did not

consider this effect in the XRD measurements. The TEM

results are presented in Fig. 4.

3.3. UV–vis diffuse reflectance spectra

The UV–vis absorption spectra of the ZnO-NPs prepared at

annealing temperatures of (a) 600 8C, (b) 650 8C and (c) 750 8C
are shown in the inset of Fig. 5. The relevant increase in the
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Fig. 5. Absorption edge (inset) and band gap of the ZnO-NPs prepared at

different annealing temperatures: (a) 600 8C, (b) 650 8C and (c) 750 8C.

Table 3

The crystal size of ZnO-NPs prepared at calcination temperatures of 600 8C,

650 8C and 750 8C.

Temperature 2u � 0.1 FWHM � 0.01 Average crystal

size (nm)

600 8C 47.5 0.53 17.1 18 � 2

56.6 0.50 19.0

650 8C 47.5 0.49 18.4 19 � 2

56.6 0.50 19.0

750 8C 47.5 0.44 20.8 21 � 2

56.6 0.44 21.4
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absorption at wavelengths less than 400 nm can be assigned

to the intrinsic band-gap absorption of ZnO due to the

electron transitions from the valence band to the conduction

band (O2p! Zn3d) [23]. Interestingly, an obvious redshift in

the absorption edge was observed for the products annealed at

different temperatures. This might be due to changes in their

morphologies, particle size and surface microstructures.

Moreover, the direct band-gap energies estimated from a

plot of (a � hn)2 versus the photo energy (hn) according to

the Kubelka–Munk model [24], shown in Fig. 5, were

3.31 eV, 3.26 eV and 3.24 eV for the ZnO-NPs obtained at the

increasing annealing temperatures of (a) 600 8C, (b) 650 8C
and (c) 750 8C, respectively. Such an increase in the ZnO

band-gap energy is in good agreement with the corresponding

redshift seen in the absorption edge mentioned above.

4. Conclusions

A modified sol–gel combustion process was designed to

prepare ZnO-NPs. The products were characterized by powder

XRD, TGA, UV–vis and FTIR spectroscopy and TEM. The

XRD results indicated the wurtzite structure of ZnO-NPs to be

free from pyrochlore phase at annealing temperatures of 600 8C,
650 8C and 750 8C. Furthermore, the FTIR trace showed a broad

absorption band related to Zn–O bond vibration. The calculated

lattice parameters were observed to change with the annealing

temperature. The change in the lattice parameters may be

associated with particle size and quantum size effects. The size of

the ZnO-NPs increased with an increase in annealing

temperature. The band gap of the ZnO-NPs was estimated from

the UV–vis absorption. It was observed that there was a redshift

in the absorption edge at increased annealing temperature. From

the TEM results, the average particle sizes of the ZnO-NPs

annealed at the temperatures of 600 8C, 650 8C and 750 8C were

determined to be 32 � 4 nm, 38 � 6 nm and 41 � 9 nm,

respectively, and the particles were nearly hexagonal in form.
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