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Abstract
Spinel-type nanoparticles with a ZnAlGaO 4 composition were directly synthesized from the aqueous precursor
solutions of ZnSO 4, Al(NO 3) 3 and Ga(NO 3) 3 under hydrothermal conditions at 150 ∼ 240 °C for 5 h in the presence of
tetramethylammonium hydroxide. The resulting changes in the structure and properties of as-prepared ZnAlGaO 4
spinel in the course of heating in air up to 1000 °C were investigated. The cell size of the as-prepared spinel phase
slightly decreased as the hydrothermal treatment temperature increased from 150 to 240 °C. The nano-sized crystallite
at around 8 nm of as-prepared spinel phase formed at 180 °C was maintained up to 600 °C and grew to 44 nm as the
heat-treatment temperature rose from 600 to 1000 °C. The cell size of the spinel nanoparticles slightly and gradually
changed during heat treatment up to 800 °C, and it almost accorded with the ideal value reported in the reference
after heat treatment higher than 800 °C. The UV-blue light emission centered at 360 nm with relatively high intensity
that was observed in the as-prepared spinel under excitation at 270 nm changed depending on the heat-treatment
temperature. After heating at 800 °C, the spinel showed broad-band emission centered at around 430 nm.
Keywords: Oxides, chemical synthesis, spinel, crystal structure, optical properties

I. Introduction
In recent years, much attention has been devoted to wet
chemical routes to synthesize nanometer-sized crystals of
inorganic materials 1. In order to improve the performance
and properties of inorganic materials, investigating their
synthesis routes is one approach in addition to designing the materials based on control of their microstructures
and compositions. The mild hydrothermal synthesis technique, which is one of the wet chemical routes in the category of building-up processes, is well known as being able
to synthesize homogeneous nanocrystalline inorganic materials from aqueous precursor solutions at relatively low
temperatures 2 – 5.
Zinc aluminum oxide (zinc aluminate, ZnAl 2O 4) and
zinc gallium oxide (zinc gallate ZnGa 2O 4), which are
representative materials of oxide spinel compounds, have
attracted enormous attention as wide-band-gap semiconductors thanks to their interesting and superior properties 6. The zinc gallate spinel possesses outstanding and
excellent characteristics such as being potentially transparent and conductive in the near-UV region 7. It shows
a blue emission without any dopant via a self-activation
center of Ga-O groups under excitation by both UV light
and low-voltage electrons 8 and shows emissions from
green to red when it is doped with Cr and Mn 9. Zinc
gallate has been applied in many uses, e.g. transparent
electrodes, phosphors in vacuum florescent displays 8, 10,
field emission displays 11, thin film electroluminescence
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displays 12, and photocatalysts for the decomposition of
benzene 13. As in the case of zinc aluminate spinel, it also exhibits excellent properties such as thermo-mechanical resistance, chemical stability, high thermal stability, and photoluminescence 14, 15. Many applications of
ZnAl 2O 4 as reflective optical coatings 16, UV-transport
electro conductive oxides 17, and photocatalysts for the
degradation of toluene 18 have been reported. The main
applications of ZnAl 2O 4 are as catalysts for dehydration 19, hydrogenation 20, dehydrogenation 21, and synthesis of fine chemicals 22. Although many studies on ZnGa 2O 4 and ZnAl 2O 4 spinel compounds have been reported, there are only few studies on ZnAlGaO 4 spinel
with an intermediate composition in the ZnGa 2O 4 ZnAl 2O 4 system.
Various synthetic approaches, for example, the solidstate reaction as the most common route 7, 11, 17, flux
method using Li 3PO 4 at high temperature 10, 23, 24, solgel method 25, low-temperature direct synthesis 26, 27,
co-precipitation 9, 28, homogeneous precipitation 29, hydrothermal method 30, 31, and combustion synthesis 32
have been employed for the preparation of ZnGa 2O 4
spinel. On the other hand, there are many methods for
the preparation of ZnAl 2O 4 spinel, e.g. solid-state reaction 33, co-precipitation 34, sol-gel 35, 36, and, template-assisted synthesis 37. The glycothermal synthesis with post
heating at 400 °C and catalytic properties of ZnAl 2O 4 and
ZnGa 2O 4 spinels have also been reported 38. Some spineltype ZnAl 2O 4 particles have been synthesized based on
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the hydrothermal synthesis routes 14, 15, 18, 39, 40. Most of
those hydrothermal ZnAl 2O 4 spinels have been prepared
via the combination of post-heat-treatment at 500 ∼ 800 °C
in air. There are few reports concerning the synthesis via
the hydrothermal route and the properties of spinel-type
ZnAlGaO 4 nanocrystals at the intermediate composition
between ZnGa 2O 4 and ZnAl 2O 4. Moreover the details
of the effect of heating on the structure and properties
of the as-prepared spinel nanocrystals have not yet been
determined sufficiently.
In the present study, nanometer-sized ZnAlGaO 4 spinel
solid solution particles have been hydrothermally synthesized using tetramethylammonium hydroxide, and their
structure and properties, e.g. the cell size, optical band gap,
and photoluminescence, have been investigated. In addition, a slight and gradual change in the cell size was observed in the as-prepared spinel nanoparticles during heating in air, the structural change of the ZnAlGaO 4 spinel in
the course of hydrothermal treatment and post-heat treatment has been discussed.

sample. The peak-top positions of XRD patterns were
measured using silicon as the internal standard. The specific surface area of the prepared samples was calculated from
the adsorption isotherm of nitrogen at 77 K based on the
Brunauer-Emmett-Teller method (BET, model: NOVA
1200, Yuasa Ionics, Osaka, Japan).
The UV-vis absorption (diffuse reflectance) spectra of
the prepared powders were measured using an ultraviolet-visible spectrophotometer with an integrating sphere
attachment (model: V-560, Nihon Bunko, Tokyo, Japan).
The spectra were derived from the measured ones using the
Kubelka-Munk equation 41. The photoluminescence (PL)
emission was measured using a fluorescence spectrophotometer (model: F-2700, Hitachi High-Tech, Japan) with
a Xe lamp. Powder samples were excited with 270 nm radiation from a 150 W xenon lamp. The emission wavelength was scanned from 280 to 800 nm at a scanning rate
of 60 nm/min.

II. Experimental

(1) Synthesis of ZnAlGaO 4 spinel nanoparticles

(1) Sample preparation
The nanocrystalline ZnAlGaO 4 spinel particles were
prepared with the hydrothermal method at 150 ∼
240 °C for 5 h using tetramethylammonium hydroxide
(N(CH 3) 4OH, TMAH). An aqueous solution mixture
of reagent-grade ZnSO 4, Al(NO 3) 3 and Ga(NO 3) 3 in
the ratios of Zn:Al:Ga = 1:1:1 was prepared in a Teflon
container. Before hydrothermal treatment, N(CH 3) 4OH
solution was added into the solution mixture until the pH
of the solution that was hydrothermally treated became
weakly basic. This solution mixture with total cation concentrations (Zn + Al + Ga) of 0.20 mol/dm 3 in the Teflon
container was then placed in a stainless steel vessel. The
vessel was tightly sealed and it was heated at 150 ∼ 240 °C
for 5 h under rotation at 1.5 rpm. After hydrothermal
treatment, the precipitates were washed with distilled water until the pH value of the rinsed water became 7.0,
separated from the solution by means of centrifugation,
and dried in an oven at 60 °C. The powders thus prepared
under hydrothermal conditions at 180 °C were heat-treated in an alumina crucible at a heating rate of200 °C/h, held
at 400 ∼ 1000 °C for 1 h in air, and then cooled to room
temperature in a furnace.
(2) Characterization
Phase identification of the as-prepared and heat-treated samples was conducted with an x-ray diffractometer
(XRD, model: RINT-2000, Rigaku, Tokyo, Japan) using CuKa radiation. The morphology of the samples was
observed using transmission electron microscopy (TEM,
model: JEM-2010, JEOL, Tokyo, Japan). The crystallite
size of the cubic spinel phase was evaluated from the line
broadening of 311 diffraction peak, according to the Scherrer equation, D XRD = Kk/bcosh, where h is the Bragg angle of diffraction lines; K is a shape factor (K = 0.9 in this
work); k is the wavelength of incident x-rays, and b is the
corrected half-width given by b 2 = b m 2 - b s 2, where b m is the
measured half-width and b sis the half-width of a standard

III. Results and Discussion

The aqueous precursor solution (with composition:
ZnAlGaO 4) was hydrothermally treated under weakly
basic conditions using TMAH. There was no presence of
unreacted metal cations in the ultrafiltrated solution after
hydrothermal treatment under weakly basic conditions
in all samples. The XRD patterns of as-prepared samples
that were formed at 150 ∼ 240 °C for 5 h are shown
in Fig. 1. The precipitates formed at 150 ∼ 240 °C were
detected as a single phase corresponding to a spineltype cubic structure, and no diffraction peaks due to
another crystalline phase was detected. It was found
that the crystalline products composed of a single phase
of spinel-type cubic structure were obtained under
hydrothermal conditions higher than 150 °C in the
presence of TMAH.

Fig. 1: X-ray diffraction patterns of precipitates obtained under
hydrothermal conditions at 150 ∼ 240 °C for 5 h.
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The crystallite sizes of spinel-type cubic phase obtained
after hydrothermal treatment at 150, 180, 210, and 240 °C,
which were estimated from the line broadening of the 311
diffraction peak according to the Scherrer equation, were
around 6, 8, 9, and 9 nm, respectively. The TEM images
of precipitates formed at 150 and 210 °C are shown in
Figs. 2(a) and (b), respectively. An increase in the particle size and crystallinity of spinel particles was seen as the
treatment temperature rose. The particle sizes around 5 ∼
13 nm are observed for the precipitates obtained at 210 °C.
As the crystallite size estimated from XRD line broadening corresponded relatively well to the particle size observed in TEM images, these particles are considered to be
single crystals of spinel.
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d 440 = 0.1429 nm (JCPDS No. 05 – 0669), respectively,
the peak-top position (d 440) of samples approached the
intermediate value of ZnGa 2O 4 and ZnAl 2O 4, i.e. the
ideal value, little by little, as the hydrothermal treatment
temperature rose from 150 to 240 °C. But the obtained
values are larger than the ideal value. A gap exists between
the peak-top position (d 440) of the as-prepared samples
and ideal one. Then the as-prepared precipitates were
heat-treated in air and are discussed in the next section.

Fig. 3: Close-up of the region around 58 ∼ 64 ° 2h of the x-ray
diffraction patterns of samples obtained under hydrothermal conditions at 150 ∼ 240 °C for 5 h.

Fig. 2: Transmission electron microscopy images of precipitates
obtained under hydrothermal conditions at (a) 150 and (b) 210 °C
for 5 h.

Fig. 3 shows the detail of region around 58 and 65° 2h, i.e.
a shift of the cubic 511 and 440 lines in the XRD patterns
of the precipitates formed at 150 ∼ 240 °C, together with
the XRD lines of the internal standard Si. It is found that
the XRD lines of the cubic 511 and 440 of the spinel
phase shift very slightly to a higher degree of 2h, as the
hydrothermal treatment temperature rises from 150 to
240 °C. Fig. 4 presents the change in the peak-top position
(d 440) of cubic spinel phase prepared at 150 ∼ 240 °C
for 5 h. The interplanar spacing, d 440 evaluated from
the peak-top position of samples decreased very slightly
and gradually with increased hydrothermal treatment
temperature. Since the interplanar spacing of ZnGa 2O 4
and ZnAl 2O 4 is d 440 = 0.1473 (JCPDS No. 38 – 1240) and

Fig. 4: Peak-top position (d 440) of cubic spinel phase of samples
obtained under hydrothermal conditions at 150 ∼ 240 °C for 5 h.
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(2) Structural change through heat treatment
The effect of heat treatment in air on the crystallinity and structure of the as-prepared spinel nanoparticles
was investigated. The precipitates with cubic spinel phase
formed from the precursor solution with composition
ZnAlGaO 4 under hydrothermal conditions at 180 °C
were heat-treated at 400 °C ∼ 1000 °C for 1 h in air. The
XRD patterns of samples after heating in air at 400 °C ∼
1000 °C are shown in Fig. 5. The crystalline phase of
the samples after heating in air at temperatures of 400 ∼
1000 °C was a single phase of cubic spinel structure. The
change in the sharpness of the XRD patterns is hardly
observed between the as-prepared sample and samples
heat-treated at 400 ∼ 600 °C. The XRD lines corresponding to spinel phase gradually become sharp as the heating
temperature rises from 700 to 1000 °C. This result suggests that the improvement in the crystalliniy of the spinel
phase occurs during heating at temperatures higher than
700 °C.
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in Fig. 6 (c). The BET surface areas of the spinel samples
are plotted against the heating temperature in Fig. 8. The
surface areas decreased almost linearly as the heating temperature rose.

Fig. 5: X-ray diffraction patterns of samples hydrothermally formed
at 180 °C before and after heating at 400 ∼ 1000 °C for 1 h.

The TEM images of the samples after heating at 600 ∼
1000 °C are shown in Figs. 6 (a) ∼ (c), respectively. The asprepared nanocrystals with cubic spinel phase gradually
grew to become large crystals as the heating temperature
rose from 600 to 800 °C. The spinel crystals around 20 ∼
70 nm with cubic morphology are observed in the sample
after heating at 1000 °C. The crystallite growth of spinel
in the samples as a function of heating temperature is presented in Fig. 7. The crystallite size of the spinel hardly
changed in the samples before and after heat treatment up
to 600 °C for 1 h. The crystallite growth was accelerated
by heating at temperatures higher than 800 °C. The resultant crystallite size of the spinel after heating at 1000 °C
is around 45 nm, which corresponds relatively well to the
average particle size estimated from the TEM observation

Fig. 6: Transmission electron microscopy images of samples heated
at (a) 600, (b) 800, and (c) 1000 °C for 1 h.

Fig. 9 shows the detail of region around 58 and 65° 2h,
i.e. a shift of the cubic 511 and 440 lines in the XRD
patterns of the samples as-prepared at 180 °C and heattreated at 400 ∼ 1000 °C, together with the XRD lines
of the internal standard Si. It is observed that the XRD
lines of the cubic 511 and 440 in the as-prepared spinel
nanocrystals very slightly and gradually shift to higher
degree of 2h in accordance with heating at 400 ∼ 800 °C.
This phenomenon indicates that the as-prepared spinel
nanocrystals undergo structural change as a result of the
heat treatment.
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Fig. 7: Crystallite size of samples with cubic phase hydrothermally
formed at 180 °C before and after heating at 400 ∼ 1000 °C for 1 h.

Fig. 8: BET specific surface area of samples hydrothermally formed
at 180 °C before and after heating at 400 ∼ 1000 °C for 1 h.

Fig. 9: Close-up of the region around 58 ∼ 64 °; 2h of the x-ray
diffraction patterns of samples hydrothermally formed at 180 °C
before and after heating at 400 ∼ 1000 °C for 1 h.
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The peak-top position (d 440) of the as-prepared spinel
phase formed under hydrothermal condition at 180 °C
and that after heat-treatment at 400 ∼ 1000 °C are shown
as a function of heating temperature in Fig. 10. The
interplanar spacing, d 440 evaluated from the peak-top
position of the as-prepared cubic spinel phase slightly
and linearly decreased as the heating temperature rose
from 400 to 800 °C. After heating at temperatures higher
than 800 °C, the interplanar spacing, d 440 reached almost
the constant value: 0.1451 nm. The cause of this phenomenon is considered to be as follows. The ideal value
of d 440 for ZnAlGaO 4 spinel solid solution estimated
from the JCPDS data is around 0.1451 nm, which is an
intermediate value between the d 440 of ZnAl 2O 4 spinel:
0.1429 nm (JCPDS No. 05 – 669) and that of ZnGa 2O 4
spinel: 0.1473 nm (JCPDS No. 38 – 1240). Although it is
not so easy to evaluate and discuss the cell size of the
as-prepared spinel because the peaks are so broad, we
have done this. The calculated value (d 440) for the asprepared spinel formed under hydrothermal conditions
at 180 °C from the precursor solution with composition ZnAlGaO 4 using XRD data is 0.1465 nm, which is
slightly larger than that of the ideal value: 0.1451 nm. The
peak-top position (d 440) of the as-prepared spinel which
was located near that of ZnGa 2O 4 spinel: 0.1473 nm
approached the intermediate ideal value of ZnAlGaO 4
spinel: 0.1451 nm with increased heating temperature.
This result suggests that the possibility of the presence of spinel phase with low crystallinity or amorphous-like phase having a composition rich in Al in
the as-prepared spinel nanocrystals in addition to the
possibility of the presence of a small amount of OH species. The as-prepared state might be composed of
Ga-rich ZnAl xGa 1-xO 4 spinel phase and a small amount
of Al-rich phase with low crystallinity or amorphouslike phase. As shown in Fig. 4, the cell size of the spinel
phase gradually approached the ideal one of ZnAlGaO 4
as the hydrothermal treatment temperature rose.

Fig. 10: Peak-top position (d 440) of cubic spinel phase of samples
hydrothermally formed at 180 °C before and after heating at 400 ∼
1000 °C for 1 h.
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In the course of heating up to 600 °C in air, a small amount
of Al-rich phase with low crystallinity that is present in
the as-prepared sample is considered to decrease as a result
of the enhancement in crystallinity of spinel phase, which
is the main reason why the surface area became smaller
monotonically with the temperature (Fig. 8) although the
crystallite sizes were almost constant up to 600 °C (Fig. 7).
A substantial change in the cell size of the spinel phase after
heating at temperatures higher than 800 °C could not be
observed.

Vol. 6, No. 1

the estimation as intermediate values between ZnAl 2O 4
and ZnGa 2O 4 spinel.

(3) Optical and luminescence properties
In the present study, the diffuse reflectance spectra of
powder samples were measured using an ultraviolet-visible spectrophotometer with an integrating sphere attachment. The diffuse reflectance spectra and plots of transformed Kubelka-Munk function vs. the energy of light absorbed of the as-prepared ZnAlGaO 4 spinel and the spinel
after heating at 800 and 1000 °C are shown in Fig. 11(a)
and (b), respectively. The absorption edge of the samples
changed slightly depending on the heat treatment. The
optical band gap data obtained for the ZnAlGaO 4 spinel
as-prepared and after heating at 800 and 1000 °C, which
were evaluated based on the plots of transformed Kubelka-Munk function vs. the energy of light absorbed of samples (Fig. 11 (b)), are listed in Table 1.
Table 1: Optical band gap of ZnAlGaO 4 spinel.
Sample

Optical band gap (eV)

As-prepared

4.58

After heating at 800 °C

4.35

After heating at 1000 °C

4.53

There has been many investigations on the band gap of
ZnAl 2O 4 and ZnGa 2O 4 spinel 42. According to the results from the estimation on the band gap and structure,
the ZnAl 2O 4 spinel possesses a larger band gap than ZnGa 2O 4 spinel. The band gap values of ZnAl 2O 4 spinel
calculated using density functional theory (DFT) 43, the
tight-binding muffin-tin orbital method (TB-LMTO) 44,
GW approximation 43, and the modified Becke-Johnson
potential (MBJ) 43 are 4.25, 4.11, 6.55, and 6.18 eV, respectively. On the other hand, the band gap values of ZnGa 2O 4 spinel estimated by means of DFT, TB-LMTO,
GW, and MBJ are 2.82 43, 2.79 44, 4.57 43, and 4.71 eV 43,
respectively. The obtained band gap values for ZnAlGaO 4 spinel in this study are around 4.5 eV, which may be
fairly reasonable. This result is supported by the report 45,
in which the incorporation of aluminum ion into the ZnGa 2O 4 lattice results in the blue shifts of the absorption
band of ZnGa 2O 4, bringing about the wider band gap.
However, the band gap value of ZnAlGaO 4 spinel derived in this study are a little bit wider than those reported values based on the DFT and TB-LMTO method, on
the one hand, and a little bit narrower than those based
on the GW and MBJ method, on the other, according to

Fig. 11: (a) Diffuse reflectance spectra of samples hydrothermally
formed at 180 °C before and after heating at 1000 °C for 1 h. (b)
Plots of transformed Kubelka-Munk function vs. the energy of light
absorbed of samples.

The room temperature photoluminescence spectra under excitation at 270 nm for the ZnAlGaO 4 spinel as-prepared and after heating at 800 and 1000 °C are shown in
Fig. 12. The spectrum of the as-prepared spinel contains
a wide band emission in the UV-blue region. The photoluminescence spectrum of the as-prepared spinel changed
depending on the heat treatment. The center wavelength
of the broadband UV-blue emission for the as-prepared
sample was around 360 nm. On the other hand, the center
wavelength of the broad band emission for the sample after
heating at 800 °C was around 430 nm in the range of UVblue∼green. The spectrum of the spinel heated at 1000 °C
seems to consist of more than two main broad band emissions with center wavelength at around 360 and 430 nm,
and the emission intensity became low.
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