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ZnO nanopowders were successfully synthesized by ice-bath assisted sonochemical
method and annealed in air for 3 h at different temperatures (T,) range from 300 to 700
°C by step 100 °C. The effect of T, on the structural and morphological changes was
investigated by x-ray diffraction (XRD) and transmission electron microscopy (TEM).
Optical properties were studied by measuring the optical absorption and
photoluminescence (PL) spectra. XRD analysis showed that the thermal annealing
leads to an improvement in crystallinity associated with the increase of the crystallite
size, as well as the increase in both of the Zn-O bond length and unit cell volume. Also,
it was found that increasing T, results in a shift of the diffraction angle toward the
lower values accompanied with the decrease of internal local strain. The morphological
study confirms that the samples have a mixture of the nanosheets and nanorods
structures. In addition, the length and diameter of the nanorods increase as a result of
increasing T,. The optical absorption spectra show that the exciton peak of the as-
prepared sample is red shifted from 370 to 378 nm by the thermal annealing, and the
optical band gap decreases from 3.45 to 3.36 eV. PL spectra were reordered at an
excitation wavelength of 325 nm, and the deconvolution of the spectra reveals four
emission bands; where the main UV band (at A = 397 nm) can be attributed to exciton
recombination related to near-band-edge. Furthermore, thermal annealing results in
the quenching of PL intensity of the annealed samples.

Keywords: ZnO, thermal annealing, nanorods, and nanosheets,
photoluminescence
INTRODUCTION

Recently, many researchers focus on materials at the nanoscale due to
their fascinating chemical and physical properties compared to their bulk
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counterparts with large surface area and quantum confinement. Among the
ZnO materials, its structure attracts more attention because of their new and
unique properties which promote an achievement of high-performance
materials for various applications. ZnO has also many unique properties at
room temperature such as high electron mobility, high chemical and thermal
stability, good transparency, direct wide optical band gap (3.3 eV), and high
exciton binding energy (60 meV). These properties make ZnO vital for a
wide range of applications in gas sensors [1], light emitting diodes [2], solar
cells [3], UV photodetectors [4], and piezoelectric devices [5]. As a result of
the multipurpose applications of zinc oxide, a number of research groups
have prepared the ZnO nanostructures by various methods such as
microwave assisted hydrothermal method [6], ball milling technique [7], the
sonochemical process [8], and sol-gel process [9]. In the sonochemical bath,
the applied high-frequency ultrasound waves generate cavities in the solution
related to the acoustic cavitation phenomenon that involves formation,
growth and implosive collapse of bubbles in a liquid medium, which
resulting an instantaneously high temperature and pressure, which make the
solvent molecules undergo hemolytic bond breakage to generate radicals.
These liberated radicals lead to various chemical and physical effects in
reaction pathways and mechanisms [10], [11].

Mhlongo et al. [12] prepared ZnO nanoflowers by microwave assisted
hydrothermal method and annealed the sample at different temperatures (200,
600 and 900 °C) in air for 2 h. They found that the ZnO nanostructures are
polycrystalline in nature with no impurity phases. The morphology changes
from well-defined “flower-like” structure composed of ZnO multi-nanorods
to randomly oriented “worm-like” ZnO nanostructures upon increasing the
annealing temperature (T,). Hammad et al. [13] prepared ZnO nanoparticles
by the simple solution method and annealed ZnO sample at different
temperatures (180, 500, 600, and 700 °C) in air for 2 h. They concluded that
the particles morphology evolves from spherical to a hexagonal shape,
indicating an increase in average particle size. In addition, the UV-visible and
photoluminescence spectra showed a red shift when T, was increased. Awad
et al. [14] synthesized ZnO nanowires (NWs) using the thermal evaporation
method with vapor—liquid-solid (VLS) growth technique. They studied the
effect of annealing at high temperature up to 1673 K on the structural and
compositional properties as well as the morphology of the ZnO NWs. They
reported that the annealing process increases the crystallinity and the
diameter of the nanowires beside that the one-dimensional NWs transform to
coalesced Zero-dimensional nanoparticles. They confirm the high stability of
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the Zn nanostructures at high temperature and thus the feasibility of their
using as gas sensors at high temperatures.

Though a lot of literature is available on ZnO, but the effect of
thermal annealing on the physical properties of ZnO nanostructures
synthesized by the sonochemical technique is rarely mentioned. Therefore, in
the present work, ZnO nanocrystals were synthesized by ice-bath assisted
sonochemical method and annealed in air for 3 h at different T, from 300 to
700 °C. Influence of thermal annealing on structural, morphological, optical,
and photoluminescence properties of ZnO nanopowders was investigated.

EXPERIMENTAL DETAILS
2.1. Materials

The chemicals used for synthesizing ZnO nanocrystals were zinc
acetate dihydrate [Zn(CH3C0O),.2H,0, with purity 98% purchased from
Oxford laboratory reagent], and sodium hydroxide [NaOH, with purity 96%
purchased from Adwic] as starting materials, and polyethylene glycol [PEG
6000 purchased from Adwic] as surfactant agent. The absolute ethanol was
purchased from Adwic.

2.2. Preparation Method

ZnO nanopowders are synthesized at room temperature via ice-bath
assisted sonochemical method. In a typical method, 2 M of NaOH was
dissolved in 100 ml double distilled water under magnetic stirring at 400 rpm
for 5 min to form the aqueous solution A. Similarly, 0.5 M of
Zn(CH3C00),.2H,0, and 2.5 g of PEG were dissolved in 100 ml double
distilled water under magnetic stirring at 400 rpm for 5 min to form the
aqueous solution B. Then, the solution A was added to solution B until the
pH value of the mixture reached 12.95. The final mixture solution was
sonicated with 20 KHz ultrasound waves with average output power 70 W
for 1 hour. The reaction temperature was fixed at room temperature using
ice-bath. The solution with a white precipitate was centrifuged and washed
several times with distilled water and absolute ethanol to remove the
residuals, and dried in air at 80 °C for 18 hours. The obtained powder was
annealed under air for 3 hours at different annealing temperatures in the
range from 300 to 700 °C by step 100 °C.

2.3. Characterization

The crystal structure of all samples was characterized by x-ray
diffraction (XRD) using the PW 1700 X-ray diffractometer with Cu-K,
radiation source A=1.5405 A, where the patterns were recorded at the
diffraction angle (2[J) range from 30° to 70° with step 0.06°. The
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morphological studies of the samples were carried out using a high-resolution
transmission electron microscope (HRTEM) [JEOL JEM-1400 plus
microscope operating at 120 kV]. Ultraviolet-visible (UV-vis) absorption
spectra were recorded using Perkin-Elmer lambda 750 spectrophotometer at
room temperature in the wavelength range from 300 to 800 nm. Room
temperature photoluminescence (PL) emission spectra of all powder samples
were measured at excitation wavelengths of 325 nm using JASCO FP-6300
spectrofluorometer.

RESULTS AND DISCUSSION
3.1. Structural Study

Fig. 1(a) shows the XRD patterns, refined by the crystal structure
celref software, of the as-prepared and annealed ZnO nanostructures,
synthesized by ice-bath assisted sonochemical technique. The XRD peaks are
very intense confirming a high crystallinity of the samples. These peaks
corresponding to (100), (002), (101), (102), (110), (103), (200), (112), and
(201) planes related to the standard data of the ZnO hexagonal wurtzite
structure with space group P6smc, [ICDD card no: 04-008-8198]. It is
observed that no peaks corresponding to any other crystalline phase were
detected in the XRD patterns of the annealed samples. Consequently, one can
conclude that no effect of thermal annealing on the crystal structure of ZnO
lattice was observed.

—a—as-prepared

—=Ta=300°C b
~o—-Ta=400°C
—+—Ta=500°C
~o—-Ta =600 °C
—+—Ta=700°C
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Fig. 1 (a): XRD patterns, and (b) the shifts of (101) diffraction peak of the as-prepared and
annealed ZnO samples.

Fig. 1(b) clarifies that there are a shift for the diffraction angle (20) of
(101) crystalline plane to lower values. An improvement of the crystallinity



Sonochemically Synthesized Zno Nanosheets And Nanorods: Thermal . . . 5

(i.e. increasing the intensity) and a reduction of the full width at the half
maximum was observed (FWHM) with increasing T,.
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Fig. 2: Dependence of the crystallite size and microstrain on T, (a), and dependence of the unit
cell volume and bond length on T, (b) of the as-prepared and annealed ZnO samples.

These results are also associated with the increase of both Zn-O bond
length and unit cell volume, as shown in Fig. 2(b). This behavior may be
attributed to the reduction of the internal local strain [15], Fig. 2(a), and
coalescence of nanocrystals into effectively larger crystals by thermal
annealing [16]. These results agree well with Pradeev et al. [17] who reported
that the unit cell volume increases while the diffraction angle shifts to lower
260 values with the increase in T,. Also, Fig. 2(a) shows an increase in
crystallite size from 18 to 22 nm, after the thermal annealing, associated with
a reduction of the microstrain and density of grain boundaries (i.e.
dislocations), as listed in Table 1. A similar increase in the crystallite size
with increasing T, was observed by Yang et al. [18], and Umar et al. [19].

The unit cell volume V for the hexagonal system was calculated using the
formula [20]

V =0.866a°c (1)
and the Zn-O bond length L is given by [21]

) 2
L= /52 +(%-Z) c? (2)

where z is given by the equation

a2

1
ZZE‘FZ (3)
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On the other hand, the lattice parameters a and ¢ were calculated according to
the following formula [22]
1 (W+hk+k%) | P
o=t 3 4)

It was found that the values of the lattice parameters (a, ¢ and c/a), see
Table 1, are a good match with those in the ICDD standard reference,
whereas the slight change in the lattice parameters after the thermal annealing
can be attributed to the change of the crystallite size [23]. In addition, the
nearly constant value of the c/a ratio confirms that the thermal annealing of
ZnO nanostructures doesn't make any noticeable deformation in the lattice.

o

The crystallite size Dy corresponds to the most intense diffraction peak
(101) was estimated using the Debye—Scherrer’s formula [24]

0.91
Bhkl cos O (5)

Where X is the wavelength of the incident x-ray beams (A= 1.5405 A), 0 is the
diffraction angle, and By is the FWHM corrected for the instrumental
broadening of the XRD peaks?

The internal lattice strain (&) corresponds to the (101) crystalline plane was
estimated using the following relation [25]

Dhia =

_ PBcosH
- B ©)
The dislocation density (8) was calculated using [26]
§ = 1/D? 7)

According to Hook’s law, for small dislocations in a lattice, a linear
relation between the stress ¢ and strain is given as 6=Y g, where Young’s
modulus Y (for hexagonal structure) can be represented by the following
relation [27]

2
12 (h+2k)2+(a_1)2
_ 3 c 8
= . (hz+(h+2k)2)Jr (a_l)47L (st )<h2 (h+2k)2)(a_l)2 ( )
1 3 833\ si3t sa) (W) (2

where S11, S13, S33 and S44 are the lattice compliances of ZnO which equal to
7.858x10™2, -2.206x10™?, 6.940x10™*%, and 23.57x10™2 m?N™, respectively
[28]. The energy density u (the energy per unit volume of a lattice) can be
calculated from Hook’s law u = (82th|)/2. Values of ¢, Y, o, u, and the
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above-mentioned parameters of all samples, are calculated for the crystalline
plane (101) and listed in Table 1

Table 1: The diffraction angle (260) value, crystallite size (D), lattice parameters (a, ¢

and c/a), unit cell volume (V), Zn-O bond length (L), internal local
strain (€), dislocation density (8), Young modulus (Y), internal stress
(o), and energy density (u) of the as-prepared and annealed ZnO
samples at different annealing temperatures (T,)

Ta 20 D Lattice parameter \Y; L 4 |8x10%| Yx10M | ox108 |ux10®
() | o) M) A Tohy | o B B ex10™ ine/m?| (Pascal) |(Pascal) (Jim?)
30 136221 18.15 | 3.259 | 5.218 | 1.601 47.98 1.9829| 21.23 | 3.04 | 1.382 | 2.93 | 3.11
300 |36.148| 18.30 | 3.259 | 5.219 | 1.601 | 48.02 |1.9833 18.73 | 2.99 | 1.382 | 259 | 2.42
400 |36.125) 18.70 | 3.261 | 5.222 | 1.601 | 48.11 |1.9845| 1856 | 2.86 | 1.382 | 256 | 2.38
500 |36.083| 10.55 | 3.266 | 5.226 | 1.600 | 48.26 |1.9867| 17.73 | 262 | 1381 | 245 | 2.7
600 |36.045| 21.10 | 3.269 | 5.231 | 1.600 | 48.40 |1.9887| 16.49 | 2.25 | 1.381 | 2.28 | 1.8
700 |36.000| 22.13 | 3.269 | 5.237 | 1.602 | 48.47 |1.9895| 15.66 | 2.04 | 1.382 | 2.16 | 1.69

3.2. Morphological Study

The surface morphology of the samples under study was investigated
using transmission electron microscopy (TEM). TEM images of as-prepared
and annealed ZnO samples at annealing temperatures (T) of 400 and 700 °C,
Fig. 3, reveal that the samples exhibit mixture of nanosheets and nanorods.
The ultrasonically induced formation mechanism of ZnO nanostructures in
the sonochemical bath can be expressed, according to the previous work of
Mishra et al. [10], as in the following equations:

H,0 - H' + OH

NaOH < Na'" + OH

Zn(CH;CO0), <> Zn*"+ 2 CH;CO0™

Zn*" +4 OH < [Zn(OH),T*

2 [Zn(OH),]” ©2ZnO+4 H, 1+ 0, 1

(9)
(10)

(11)

(12)

(13)
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Fig. 3: TEM image of (a) the as-prepared sample, (b) the sample annealed at 400 °C, and (c)
the sample annealed at 700 °C

Furthermore, the obtained morphology (i.e. nanorods) can be ascribed to the
addition of polyethylene glycol (PEG) during the preparation of ZnO by the
sonochemical method as follow:
.. Sonication (70 Watt, 1h, 30 °C)

PEG + ZnO (nuclei) Zn0O (nanorods) (14)

Analysis of the TEM image of the as-prepared ZnO sample, Fig. 3(a),
shows that the nanorods having a length in the range between 61-279 nm and
diameter range between 21-51 nm. At T, = 400 °C, Fig. 3(b), the induced
lattice expansion by thermal annealing results in an increase of the nanorods
length in the range 125-325 nm, and diameter in the range 40-98 nm. In
addition, further, increase in T, up to 700 °C, Fig. 3(c), leads to more lattice
expansion, and the length and diameter of nanorods become in the range 181-
432 and 61-181 nm, respectively. Also, thermal annealing increases the
extent of agglomeration of the ZnO particles [29]. This behavior agrees well
with the above-mentioned increase of the crystallite size as shown in the
XRD section. Similar behavior was reported by Umar et al. [19].
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3.3. Optical Absorption Behavior Study

Fig. 4(a) shows the optical absorption spectra of the as-prepared and
annealed ZnO samples at different annealing temperatures (T,). The
absorption spectrum of the as-prepared sample shows strong exciton peak at
370 nm, where the corresponding exciton energy (Ecx) was calculated from
the following formula [30]

Eex= hC/Amax (15)

where h is Planck'’s constant, C is the velocity of light, and Amax IS the exciton
peak wavelength.

It is shown that the thermal annealing leads to a red shift of both of
the exciton peak, and the corresponding exciton energy of the as-prepared
sample. The optical band gap (Egpt) values of the as-prepared and annealed
samples were determined using the first derivative of the absorbance spectra
with respect to photon energy, Fig. 4(b); where the maximum in the
derivative of absorbance at the lower energy sites represent the exact value of
E™ [31]. It is observed that the values of Eg™ of the annealed samples
decreases with increasing T,. The noticeable reduction in Egpt and Eey, Fig.
4(c), can be ascribed to the reduction in internal strain accompanied with the
increase in the crystallites size, Fig. 2(a), due to the improvement of
crystallinity by thermal annealing [32-33].
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Fig. 4: (a) UV-vis absorption spectra, (b) the first derivative of absorbance of as-prepared
and the ZnO samples annealed at different annealing temperature, and (c) the
dependence of the optical band gap (E,™™) and exciton energy (E.x) on the annealing
temperature

3.4. Photoluminescence Study

Photoluminescence (PL) studies are interesting because of the
valuable information gained on the quality of the crystal structure and the
presence of structural defects through an identification of the various trapping
and recombination levels of photo-generated carriers. Investigation of the
effect of thermal annealing at different annealing temperature (T,) on the PL
spectrum of ZnO nanorods and nanosheets, PL spectra of the as-prepared and
annealed ZnO samples were carried out at the excitation wavelength (A¢x) of
325 nm.
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Fig. 5: (@ Normalized PL spectrum of the as-prepared ZnO sample, (b) energy band
diagram, and (c) effect of T, on the PL intensity at A¢, = 325 nm

Fig. 5(a) shows normalized PL spectrum of the as-prepared ZnO
nanopowders at Aex=325 nm. Gaussian fitting reveals the presence of four
emission bands at 356, 397, 430, and 515 nm; hence, an energy band diagram
was proposed, Fig. 5(b), in order to assign the trapping and recombination
centers in the studied samples. The weak UV emission band at 356 nm (3.49
eV) may be attributed to the band to band radiative transition. The strong UV
emission band centered at 397 nm (3.13 eV) may be attributed to exciton
recombination related to near-band-edge (NBE) emission of photo-generated
carriers [34], or to recombination of trapped electrons at shallow levels of
zinc interstitial (Zn;) with photogenerated holes [35]. The blue emission band
at 430 nm (2.89 eV) can be assigned to the recombination process of trapped
electrons at shallow levels of Zn; with trapped holes at zinc vacancy (Vzy),
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which is consistent with the blue emission reported at 437 nm by Bylander
et al. [35]. Similar blue emission band was observed by Zeng et al. [36] at
440 nm, who attributed this band to the recombination of trapped electrons at
extended levels of Zn; with photo-generated holes. The green emission band
centered at 515 nm (2.41 eV) may be ascribed to either the recombination of
trapped electrons at deep singly ionized oxygen vacancy (V{) with photo-
generated holes [37], or the recombination of trapped electron at the deep
donor level of Zn; with trapped holes at singly ionized zinc vacancies (V)
acceptor levels [38]. Fig. 5(c) shows the influence of the thermal annealing
on the PL spectra of ZnO samples at Aex = 325 nm. It is observed that the
positions of the emission bands don't change, as well as the PL intensity
decreases with the increase in T,. This behavior of the annealed samples due
to the reduction of the radiative recombination centers such as zinc and
oxygen vacancies and interstitials in ZnO [39]. Similar quenching in PL
intensity as a result of thermal annealing process was reported by Mhlongo et
al. [12].

CONCLUSION

ZnO nanostructure has been synthesized by ice-bath assisted
sonochemical technique. The dependence of the structural, morphological,
optical, and photoluminescence properties on annealing temperature (T;) has
been investigated. The XRD study reveals the hexagonal wurtzite structure of
ZnO. TEM images of the as-prepared and annealed samples confirm the
formation of mixed nanosheets and nanorods. Increasing the T, leads to an
increase in both of the length and diameter of the nanorod due to the
enhanced agglomeration of the particles. Annealing process has a significant
influence on the structure properties of the samples, where The crystallite
size, Zn-0 bond length, and unit cell volume increase, while the diffraction
angle and microstrain decrease, as a result of increasing T,, which can be
attributed to the sintering of nanocrystals into effectively larger crystals by
thermal annealing. The optical absorption behavior shows that an increase in
T, results in a red shift of the excitonic peak, and decrease in the optical band
gap and the corresponding exciton energy due to an improvement of the
crystallinity associated with the increase of the crystallite size. Analysis of
PL spectra showed that the main emission band in UV region at 397 nm, can
be attributed to exciton recombination related to near-band-edge. In addition,
the increase in T, leads to the quenching of the PL intensity of the annealed
samples due to the decrease of the radiative recombination centers.
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