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Abstract

A new method for the growth of high-quality ZnO nanoparticles is presented
here; it is a novel, low-cost, and easy operation. This approach, using
solid-state heat decomposition at low temperature, allows one to produce
ZnO nanoparticles with relatively high dispersivity. The optical properties
of the ZnO nanoparticles have been investigated. It is demonstrated that
ZnO nanoparticles show strong ultraviolet emission, while the low-energy
visible emission is nearly fully quenched at room temperature. This is a
result of the high quality of the ZnO. X-ray diffraction patterns reveal that
the ZnO nanoparticles have polycrystalline hexagonal wurtzite structure.
The Raman spectrum shows a typical resonant multi-phonon form for the
ZnO nanoparticles. Similar synthesis routes for other metal oxide

nanoparticles may be possible.

1. Introduction

In recent years, intensive development of nanocrystalline
materials and in nanotechnology has occurred worldwide. The
intensive investigations were stimulated by several application
areas being envisaged for these new classes of material. As
a wide-band-gap (E, = 3.37 eV) semiconductor, ZnO has
been widely studied—in varistors, transparent conductors,
transparent UV-protection films, chemical sensors, and so
on [1-4]. In the past decade, various methods have
been employed to produce ZnO [5-10], including vapour
decomposition, precipitation, and thermal decomposition.
Despite recent advances, commercial exploitation of ZnO
nanoparticles is currently limited by the high synthesis costs
and visible emission characteristics.

In most of the previous work, visible emission always
dominates the photoluminescence (PL) spectra of ZnO
nanocrystallites [5, 7, 11]. PL spectra of ZnO nanocrystallites
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with purely strong UV emission have scarcely been
reported [12]. Here, we report a simple, rapid, low-cost, and
low-temperature solid-state thermal decomposition process for
the synthesis of ZnO nanoparticles with an adjustable size
from 8 to 35 nm. The low-temperature nature can greatly
decrease the constraints (vacancies, heat defects, etc) on
combining desirable characteristics of ZnO nanoparticles. The
as-prepared ZnO nanoparticles showed a strong UV emission
peak at around 388 nm, while the visible emission was nearly
fully quenched. The strong UV emission is attributed to the
fine quality of the ZnO nanoparticles.

2. Experimental section

2.1. Chemicals

The zinc acetate dihydrate (99.5%) Zn(CH3COO),-2H,0,
sodium hydrogen carbonate (99.5%) NaHCO3, and ethanol
(99.9%) were all from Beijing Chemical Agent Corporation.
All chemicals were directly used without special treatment.
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Figure 1. TEM images of ZnO nanoparticles: (a) thermal
decomposition at 160 °C for 2 h then aging at 180°C for 16 h;
(b) thermal decomposition at 300 °C for 3 h.

2.2. Sample preparation

A typical synthesis procedure is as follows. 2.2 g (10 mmol)
of Zn(CH3COO),-2H,0 and 2 g (23.8 mmol) of NaHCO;
are mixed at room temperature. The mixture is pyrolysed
at the reaction temperature. The Zn(CH3;COO),-2H,0 is
changed into ZnO nanoparticles, while the NaHCOj5 is changed
into CH3COONa and eventually washed away with deionized
water. Consequently, white ZnO nanoparticles are obtained,
through the thermal decomposition process. The particle sizes
can be controlled by adjusting the pyrolytic temperature.

2.3. Apparatus

The transmission electron microscopy (TEM) images and
selected-area electron diffraction (SAED) patterns were taken
on a JEOL-2010 TEM operated at 200 kV. X-ray powder
diffraction (XRD) was used to investigate the ZnO powders;
we used a Rigaku RU-200B Rotaflex diffraction meter
using Cu Ko radiation and 4 = 1.5406 A. Absorption
measurements were performed using a UV-360 spectra-
recording photometer (Shimadzu).  X-ray photoelectron
spectrometry (XPS) measurements were performed on a
Kratos AXIS HS instrument, using a monochromatized
Al Ko source and a 20 eV pass energy. Infrared (IR)
absorption spectra were collected using a Shimadzu FT-IR
8200D spectrometer. The Raman spectra measurements were
carried out using a microlaser Raman spectrometer. The PL
spectra were recorded with a Hitachi MPF-4 fluorescence
spectrophotometer. The spectra were obtained by exciting the
sample with a 325 nm wavelength at room temperature. After
completion of the reaction, TEM samples were prepared by
placing a drop of the dilute ethanol solution on the surface of
a copper grid (250 mesh).

3. Results and discussion

In the solid-state thermal decomposition process, the by-
products play an important role in controlling particle growth
and agglomeration. The method proposed here is focused
on a strategy for separating these nanoparticles using the
by-product CH3;COONa, which can distribute on the ZnO
nanoparticle surfaces, preventing them from agglomerating.
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Figure 2. Powder x-ray diffraction spectra of ZnO nanoparticles.
(a) Heated at 160 °C for 2 h, then aged at 180 °C for 16 h.
(b—d) Heated at 200, 250, and 300 °C, respectively, for 3 h.

Moreover, such nanocomposite structures can be converted
into nanoparticles by dissolution of CH;COONa.

Figure 1 shows TEM images and corresponding SAED
patterns. The image at 200 x 10° times magnification indicates
that the ZnO nanoparticles consistently show crystal structure
with unchanging morphology. The typical morphology for the
ZnO is small rod-like shapes, which indicate the growth of
nanoparticles along a certain direction. The agglomeration
of particles in TEM may be arising from solvent volatile
agglomeration that occurred when we prepared the TEM
samples. It is well known that the chemical reaction
is always composed of four stages, which are diffusion,
reaction, nucleation, and growth. Experimental results clearly
indicated the kinetic mechanism of the evolution of ZnO
nanoparticles. The growth process of ZnO nanoparticles was
controlled by diffusion. The details of the synthesis procedures
and kinetic mechanism of evolution for ZnO nanoparticles
produced by low-temperature solid-state pyrolytic reaction
will be published elsewhere. As is well known, particle
size distribution is an important feature of powders. In this
paper, the particle sizes were controlled by selecting different
pyrolytic temperatures. The particle sizes are distributed over
a range of 8-35 nm. The x-ray diffraction patterns for the
various particle sizes of ZnO are shown in figure 2. Three
pronounced ZnO peaks, (100), (002), and (101), appear at
260 = 31.86°, 34.68°, and 36.36°, respectively. These results
indicate that ZnO has a polycrystalline hexagonal wurtzite
structure. Figure 2(a) shows the sample heated at 160 °C for
2 h and then aged at 180 °C for 16 h. In contrast, figure 2(d)
shows the sample formed by decomposition at 300 °C for 3 h.
The dimensions of the ZnO nanoparticles calculated from the
widths of the major diffraction peaks observed in figure 2
through the Scherrer formula [13] are listed in table 1. The
calculated values for samples (a) and (d) correspond to the
TEM values.

In general, absorption spectra probe the crystallite internal
molecular orbital and provide information concerning size and
particle composition [14]. Optical absorption spectra for ZnO
ethanol solutions are presented in figure 3. Two features are
clearly visible from these spectra. First, the spectra exhibit
distinct exciton absorption [7], second, as the particle sizes
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Figure 3. Absorption spectra of ZnO nanoparticles; thermal
decomposition at different temperatures for 3 h: (a) 200°C,
(b) 250°C, and (c¢) 300°C.

Table 1. Crystallite sizes along (101) zone axes.

Sample FWHM (deg) Particle sizes (nm)
a 1.07 7.8

b 0.49 17

c 0.46 18

d 0.35 24

grow, the excitonic absorption peaks gradually shift from 360
to 375 nm. Both effects can be understood in terms of the
quantum size effect upon particle size growth. In order to
estimate the diameter of the ZnO nanoparticles, from the
excitonic absorption peak shift, the Brus effective mass model
was used [15]. During the ZnO nanoparticle formation, each
particle is surrounded by the by-product CH;COONa phase.
Because the volume fraction of the product phase is less that the
percolation limit, the formation of separated ZnO nanoparticles
is guaranteed by the solid-state nature of the reaction. An
interesting feature can also be found from the absorption
spectra: there is a strong absorption around 5.6355 eV. Future
study of the origin of the strong absorption around 5.6355 eV
should lead to a more complete description of the structural
properties of ZnO nanoparticles, which may help us to establish
the origin of the absorption.

XPS data for the ZnO nanoparticles are shown in figure 4.
The binding energies of O(ls), Zn(2p;,2), and ZnO(2p3,>)
provided a fairly complete picture of the sample powder. The
ZnO(2p3,2) XPS peak that appears at 1021.8 eV coincides
with the findings for ZnO. The O(ls) peak at 530.6eV is
attributed to oxide ions in ZnO. A full survey scan did not
reveal other element peaks. These results indicate that pure
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Figure 4. O 1s and Zn 2p XPS spectra of ZnO nanoparticles.

ZnO nanoparticles have formed. Compared to those for
other methods for synthesizing ZnO powders, the conditions
for the reaction are very moderate. In order to further
confirm that we have obtained fine-quality ZnO nanoparticles,
supplementary experiments have been carried out on IR spectra
and Raman scattering. Figure 5 shows a typical IR spectrum
for ZnO nanoparticles. The peak around 450 cm~! shows
a distinct stretching mode of crystal ZnO: some absorption
water on the surface of ZnO; but no peaks corresponding to
other compounds are seen. If there is adsorption of sodium
(zinc) acetate on the surface of the ZnO particles, a distinct
carbonyl peak around 1740 cm~' should appear in the IR
spectrum. Figure 6 shows a typical Raman spectrum for the
ZnO nanoparticles. The Raman spectrum consisted of three
sharp lines. Our measurement of the frequency shift of the
1LO phonon is 584.7 cm™!; this result is consistent with the
value 585 cm~! previously reported [16]. The 2LO and 3LO
phonons were also observed. This resultindicated that the ZnO
nanoparticles are of fine quality. To our knowledge, multiple-
phonon scattering processes have been previously observed
only in ZnO bulk crystal materials [17]. For ZnO nanoparticles
prepared by solid-state pyrolytic reaction at low temperature,
resonant Raman scattering has not previously been reported in
the literature.
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Figure 5. Typical IR spectra of ZnO nanoparticles.
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Figure 6. A resonant Raman spectrum of ZnO excited with a
325 nm He—Cd laser at room temperature.

Room temperature PL spectra are shown in figure 7. The
PL spectra exhibit strong near-band-edge emission at 386—
391 nm with a full width at half-maximum about 22 nm. The
PL peaks from 386 to 391 nm derive from the quantum size
effect. We also note that the PL intensity of the ZnO nanopar-
ticles increases with decreasing crystallite size. This results
from the quantum size effect. According to the previous re-
port [12], the PL peaks are attributable to bound excitons.
Bound excitons related to Li* or Na™ centres [18, 19] in ZnO
have been reported by several groups before. Na* is inevitably
a dopant in our ZnO nanoparticles since we used NaHCO;
in the synthesis precursors. It is also interesting to note that
the PL spectrum with strong UV emission was observed while
the visible emission was nearly fully quenched. This is a re-
sult of the fine quality of the ZnO nanoparticles synthesized at
low temperature. High temperature can lead to considerable
constraints on combining the desirable characteristics of ZnO
nanopowders. High-temperature processing also causes visi-
ble emission. Figure 8 shows the dependence of the band-gap
enlargement on the particle diameter. The figure shows the
comparison between the theoretical ZnO quantum size effect
and the ZnO data from figure 7 and table 1 in this paper [11].
It shows that the ZnO experimental data basically agree with
the theoretical results.
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Figure 7. RT PL spectra of ZnO nanoparticles. (a) Heated at 160 °C
for 2 h, then aged at 180 °C for 16 h. (b)—(d) Heated at 200, 250, and
300 °C, respectively, for 3 h.
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Figure 8. The comparison between the theoretical ZnO quantum
size effect and the ZnO experimental data.

4. Summary

In summary, the low-temperature solid-state thermal decom-
position process proposed here expands the range of ZnO
nanoparticle synthesis methods. This novel route is focused
on a strategy for separating these nanoparticles by using the
by-product CH;COONa formed, which can distribute on the
nanoparticle surfaces to prevent the ZnO from agglomerating;
the by-product CH3;COONa is easy to remove. TEM, XRD,
IR, and Raman scattering were used to characterize the ZnO
nanoparticles. Optical properties of ZnO nanoparticles have
also been investigated. The nanocrystalline ZnO shows only
strong UV emission, which was a result of the fine quality of
the ZnO nanoparticles.
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