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ABSTRACT: Auto-combustion reaction has been developed as a new route
in synthesizing ZnO and Al-doped ZnO nanoparticles with improved
structural, and optical properties. In this work, the effects of Al doping
concentrations and different calcination temperatures were investigated. The
Zn(NOs): aqueous solution was mixed with AI(NOs)s, citric acid, and
ammonia aqueous solutions to obtain a series of mixtures with varied Al
molarity concentration, x from 0 to 0.5. The highly exothermic single-step
auto-combustion reaction at around 230 °C has transformed the mixture into
fine black ashes which yielded white powder during calcinated at various
calcination temperature, T for 1 h in a normal furnace atmosphere. The XRD
results revealed that the transformation of amorphous ZnO ashes into highly
crystalline ZnO with a hexagonal structure was completed at Tea > 700 °C
where the c lattice constant in the samples was increased by the increases of
Al doping concentration. The SEM images of the Zni1«AlxO samples calcined
at Tca = 700 °C showed a dense and highly packed of ZnO nanoparticles due
to the increased of Al diffusion in ZnO and higher grain growth rate of ZnO.
The energy band gap obtained from UV-vis results was significantly improved
in Zni«AlO samples calcined at Teal = 700 °C attributed to the well-controlled
of Al doping concentration in effectively adjusting the electronic properties of
the ZnO nanoparticles.
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1.0 INTRODUCTION

Research on zinc oxide (ZnO) nanoparticles has been revived and
rapidly expands in these recent years. The high electron mobility, high
thermal conductivity, wide and direct band gap, and large excitation
energy made the ZnO nanoparticles suitable for various range of
devices, including gas sensors, dielectric for electronic materials, and
energy conversion and storage [1-3]. Despite the rapid developments,
controlling structural and optical stabilities of ZnO nanoparticles
remain a major challenge due to degradation of these properties in the
ambient environment [4-5]. Javed et al. [6] reported that the stabilities,
electronic, and photocatalytic properties of ZnO can be increased
through the doping of group III elements include B, In, Ga, and Al.
Among these elements, Al is an interesting and effective element to be
doped into ZnO because of its comparable atomic radius with the Zn.
Although there are many reports on the doping of Al in the ZnO, the
work on obtaining the nanoparticles of this compound was still
insufficient due to the restriction of the current synthesis methods such
as solid-state processing [7], precipitation [8], and hydrothermal
process [9] which has resulted with non-uniform distribution and
existence of impurities.

Therefore, the synthesizing method is crucial in order to achieve the
accurate, and homogeneous concentration of Al in ZnO nanoparticles.
The auto-combustion reaction attracted much attention because of it
has successfully been used in synthesizing various highly pure ceramic
oxides with well-controlled of the concentration includes Al20;,
YBa:CusOzs, Al doped YBCO, ZrO: and TiO: [10-12]. Thus, in this
work, Al was doped within ZnO through an auto combustion reaction
as a novel technique to obtain highly pure of Al-doped ZnO
nanoparticles. The calcination process afterward provides thermal and
structural stability to the nanoparticles was reported to greatly
influence the properties of the nanoparticles. Thus, the effects of
calcination temperatures were investigated in order to enhance
structural, and optical properties of Al-doped ZnO nanoparticles.

2.0 METHODOLOGY

Aqueous solutions of Zn(NOs)2 (0.5 M) and AI(NOs)s (0.5 M) have been
mixed by varying the Al molarity concentration, x where x = 0.1, 0.5 and
0.0 for the undoped ZnO. The mixtures were complexed with citric acid
solution (0.5 M) by the citrate to nitrate ratio = 0.6 and their pH was
adjusted to pH~7 by adding liquor ammonia. The as-prepared mixture
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was dried on the hot plate at 250 °C while the infrared lamp has been used
to provide uniform heating from the top. In the drying process, the
mixture has been changed into the gel before automatically combusted
into ashes. In order to investigate the effects of T on the nanoparticle’s
properties, the resultant ashes have been calcined at 600, 700, and 800°C
for 1 hour in ambient atmosphere and cooled in the furnace while the un-
calcined ashes will be the control sample. The calcination has changed the
black ashes into the white powder. The X-ray diffraction (XRD) for the
calcined powder phase identification and crystallite size estimation was
carried out using Ni-filtered Co Ka radiation by Bruker D8-advanced
XRD machine. The peak position and intensities were obtained between
20° and 80° with a velocity of 0.02° s..

Scanning electron microscope (SEM) Zeiss Ultra 40XB was used to observe
the sample’s microstructure. While, Shimadzu 1700 UV-Vis
spectrophotometer was used to study the optical absorption of the zinc
oxide nanoparticles. The bandgap energy was calculated from the
absorption spectrum by using Tauc equation; a = [A(hv-Eg)"?]/hv, where o
is absorbance, A is a constant between 10”7 and 10® m’, Eg is the band gap
energy that occupies the area between the bottom of the conduction band
and the top of the valence band and K and n is the constant that equal to
1 and 4 for direct band gap and indirect band gap respectively v is the
frequency, h is the Planck’s constant.

3.0 RESULTS AND DISCUSSION

Thermal behaviors of the gel samples throughout the combustion
reaction represented by the TG and DTA curves are shown in Figure 1.
Analysis on these curves revealed that each gel samples decomposed
by a rapid decomposition behavior where the gel samples undergo a
minor mass lost followed by a major loss of mass (>40 wt. %) in a single
exothermic reaction at ~ 230 °C and thermally stable after 400 °C. It also
can be seen that, by the increase of Al concentration, the exothermic
peak on the DTA curves is shifted to the lower temperature with the
appearance of low intense exothermic peaks. The minor loss of mass at
around 100 °C to 200 °C is due to the removal of excesses water and
decomposition of citric acid. As the temperature increases, citric acid
(CsHsO7) began to decompose to aconitic acid (CsHsOs) at 183 °C [13].
Upon continuous heating, aconitic acid is further decomposed to
itaconic acid (CsHsO4) which acted as the fuel once for this combustion.
Alongside, the reaction between Zn(NOs): and Al(NOs)s with ammonia
solution has formed Zn hydroxide, Al hydroxide, and ammonium
nitrate. Once ignited by the pyrolysis of ammonia nitrate, itaconic acid
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will be combusted where the heat energy that released from the
combustion is enough to remove the water from the Zn hydroxide and
Al hydroxide to form ZnO and AlO respectively. In the Al-doped
samples, decomposition of AI(NOs)s occurred earlier than the
decomposition of Zn(NOs): [14]. The combustion emitted a large
amount of carbon dioxide (CO:) and nitrogen (N2) gases. The overall
decomposition reaction is shown in Equation (1).

Zn(NOs)2 + xAl(NOs)s + 5CeH7Os —
9Zn0O + xAlO + 20H20 +30CO2+9N2 (1)
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Figure 1: TG/DTA curves of precursor gels with different Al concentration

Figure 2 shows the XRD patterns of the ZnO powder samples after
calcinated at different temperatures. It can be found that the samples
calcined at Tcal > 700 °C yielded high crystallinity of pure ZnO since
all peaks with high intensity occurred at the same Bragg diffraction
angles of the ZnO (JCPDS card No. 00-036- 1451). The significant peaks
detected on the patterns were assigned to (100), (002), (101), (102), (110),
and (103) planes of the wurtzite structure ZnO [15]. While the XRD
pattern of the sample calcined at 600 °C showed a lower intensity of
ZnO peaks with the existence of impurities. In this occasion, it can be
suggested that the volatile matters and impurities in the ashes as
indicated by XRD pattern of the un-calcined sample were vaporized
during the calcination process.
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Figure 2: XRD patterns of the pure ZnO and Al-doped ZnO samples
calcinated at different temperatures

The calcination at temperature >700 °C is required to complete the
vaporization process although the TG analysis showed the ashes were
stable after 400 °C. It also been revealed that the amorphous ZnO in the
ashes obtain enough energy to transform into crystal ZnO at Tcal 2700
°C as shown by the reaction in Equation (2).

ZnO (amorphous) — ZnO (crystalline) (2)

Figure 3 shows the XRD pattern of pure ZnO and Al doped ZnO
samples with different Al doping concentration x after calcinated at Teal
= 700 °C. The patterns which is most likely similar with the samples
calcined at Tea= 800 °C are indicated to the polycrystalline ZnO as the
significant peaks have existed at the same Bragg diffraction angles of
the wurtzite structure ZnO. There is no peak assigned to Al was
detected on the Al doped ZnO patterns due to relatively small doping
concentration of Al. However, the presence of Al in the samples has
been confirmed by EDX analysis as listed in Table 1. Include in the table
is the variation of crystallite sizes and lattice parameters of the samples
calcined at Tea 2700 °C.
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Figure 3: XRD pattern of pure ZnO and Al doped ZnO samples with
different x calcinated at Tear =700 °C

The elemental analysis listed in Table 1 shows the presence of Al in Al
doped samples. The atomic percentage of Zn, Al, and O in each sample
have achieved the expected theoretical formulation which indicates the
effectiveness of this synthesis method in controlling the composition of
the compound. Table 1 also lists the crystallite size and lattice
parameters of the ZnO and Al doped ZnO samples with different x
calcined at Tear= 700 °C and 800 °C. The crystallite size of each sample
synthesized by using auto-combustion reaction is in the range from 48
to 68 nm. It can be found that the crystallite size of samples is increased
by the increase of T« and Al doping concentration. This phenomenon

is attributed to the increase of the grain growth rate and substitution of
Al* in the ZnO crystal, respectively [16]. The lattice constants of
undoped ZnO sample (x = 0.0) is slightly increased with the increased
of T which have been reported due to oxygen deficiency [17]. While
in Al doped samples, incorporation of Al* in ZnO crystal has altered
the c lattice constant. The Al+ion is favorably to partially replace at Zn+
ion. The incorporation becomes more significant at higher x and Tea.
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However, the c lattice constant of the samples with x = 0.5 calcined at
Tea = 800 °C (5.1877 A) has found to be lower than Te = 700 °C (5.1893
A). There is a possibility where the Al* has transformed into AL:Os at
higher calcination temperature as reported by Suan and Johan [14],
hence lower the amount of incorporation Al* in ZnO crystal. The c/a
ratio which indicates the hexagonal structure of ZnO of each sample
remains unchanged at around 1.6 in each sample.

Table 1: Lattice parameters and elemental analysis of ZnO and Al-doped

added ZnOsamples

Teal N EDX of grain (At. %) Expected | Crystallite Lattice Constant (A)
(°C) 7n Al @) Formula size (nm) a c c/a
700 | 0.0 | 51.32 - 48.66 ZnO 48.8 3.2377 | 5.1811 | 1.6002
700 | 0.1 | 41.63 | 10.85 47.32 | ZnosAloiO 49.2 3.2399 | 5.1823 | 1.5995
700 | 0.5 | 2832 | 2592 47.57 | ZnosAlosO 52.3 3.2481 | 5.1893 | 1.5976
800 | 0.0 | 50.74 - 49.23 Zn0O 58.7 3.2378 | 5.1815 | 1.6003
800 | 0.1 | 40.05 | 10.13 48.40 | ZnosAloaO 64.5 3.2440 | 5.1834 | 1.5978
800 | 0.5 | 25.76 | 25.15 48.13 | ZnosAlosO 67.1 3.2482 | 5.1877 | 1.5970

Figure 4 shows the microstructure of ZnO and Al doped ZnO samples
calcinated at 700 °C and 800 °C. It can be observed in Figure 4 (a), the
pure ZnO sample has existed as distinctive and spherical shape
particles with the uniform size around 100 nm. While in Figure 4 (c),
the presence of Al in the ZnO particles have resulted with broader
range of particle size from 50 to 200 nm. Both samples were growing
into the larger and denser microstructure by the increased of
calcination temperature as shown in Figures 4 (b) and (d) respectively.
The occurrence of Al is significant in Al doped ZnO sample with x =
0.5. The microstructure of this sample is observed to be denser and
larger compare to the other compositions. The samples yielded into
molten-like microstructure after calcinated at 800 °C as depicted in
Figure 4 (f). This can be attributed to the excesses Al which has melted
and filled in the inter-boundary pores during the calcination process.
At the higher calcination temperature, the grain growth rate of the
sample was enhanced hence resulted with larger microstructure.
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Figure 4: SEM images of ZnO and Al doped ZnO samples calcinated at 700
°C and 800 °C of (a) pure ZnO, Tea =700 °C, (b) pure ZnO, Tea =800 °C, (c)
x=0.1, Tea =700 °C, (d) x=0.1, Tea1 =800 °C, (e) x=0.5, Tea =700 °C
and (f) x=0.5, Tea =800 °C

Figure 5 shows the energy band gap of the pure ZnO and Al doped
ZnO calcinated at different temperatures. It can be clearly seen that the
energy band gap is maximized in the samples calcinated at 700 °C
where the maximum value of 3.292 eV is obtained in the sample with x
= 0.5. The value is improved as compared with the study by
Kamarulzaman et al. [18]. However, the energy band gap of this sample
was dropped to 3.286 eV as the calcination temperature was increased
to 800 °C. As for the pure ZnO and Al doped ZnO with x = 0.1 samples,
the value is stabilized at around 3.288 eV and 3.289 eV at 700 and 800
°C respectively. This phenomenon can be related to the structural
properties of the ZnO and the role of Al as the efficient doping element.
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At Tea < 700 °C, the ZnO is existed with narrow energy band gap
attributed to lower crystallinity. The doping of Al did not bring to
much improvement because the Al at this T« showed lower tendency
to diffuse in and alter the ZnO structure. The intrinsic transition
between conduction band and valence band triggered by Al in Al-
doped ZnO crystal is optimized at Tca= 700 °C. The ZnO is highly
crystalline where the better control of Al doping concentration has
further widened the band gap. While at Tca > 700 °C, Al tend to be
transformed into Al oxide which lowered its role to improve the band
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Figure 5: Energy band gap of the pure ZnO and Al doped ZnO calcinated at
different temperatures

4.0 CONCLUSION

Auto-combustion reaction at 230 °C followed by the calcination process
at temperature > 700 °C has successfully yielded wurtzite structure of
polycrystalline Zni«AlxO with the c/a lattice ratio and particles size
around 1.6 and 100 nm respectively. The energy band gap of ZnO was
enhanced attributed incorporation of Al to form ZnixAl«O compound
at 700 °C. At the T =800 °C, excesses of Al in sample with x = 0.5 has
formed AlLQO:s at the inter-grain boundaries of ZnAlO hence improved
the microhardness of the sample.
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