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Introduction

In recent years, metal-oxide semiconductor nanomaterials
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Synthesis and characteristics of ZnGa,0, hollow
nanostructures via carbon@Ga(OH)CO;@Zn(OH),
by hydrothermal method

Bong Kyun Kang, Hyeong Dae le Sung Ryul Mang,” Keun Man Song," Mong
Kwon Jung,® and Dae Ho Yoon™"

ZnGa,0,4 hollow nanostructures were synthesized by two steps hydrothermal and calcination
processes using carbon spheres as template. We observed the carbon@Ga(OH)CO; core-shell
nanostructures were covered by uniform shell of Zn(OH), nanoparticles at 2.5 mmol of ZnAc
and ZnGa,0,4 hollow nanostructures with diameters of approximately 200 nm and shell
thickness of around 15 nm. After calcination, the amorphous core-shell-shell nanostructures
yielded highly crystalline ZnGa,0, (ZnAc: 2.5 mmol) hollow nanostructures at 900 °C for 1 h.
The shell possesses the single-crystal structure and the lattice spacing of around 0.253 nm
corresponds to the d spacing of (311) crystal planes of cubic ZnGa,0,. The presence of the
composition and surface electron state of ZnGa,04 hollow nanostructures at 900 °C is
confirmed by the x-ray photoelectron spectroscopy. The UV and blue emission of ZnGa,0,
hollow nanostructures were found to self-activation center octahedral sites Ga-O group in the
spinel structures and distorted symmetry of octahedral sites by oxygen vacancies, respectively.

Zinc gallate (ZnGa,0,), which has a ternary spinel structure
with wide band-gap approximately 4.4 ~ 4.7 eV semiconductor,
excellent chemical and thermal stability, cathodoluminescence

such as nanotubes, wires, particles and hollow nanostructures
(NSs) are attractive candidates as active elements for advanced
nanoscale devices due to their unique electronic and optical
properties, high specific surface area, and shell permeability
that can be of importance to many areas of technology.'™
However, the nanomaterials have to involve some breakthrough
to improve their unique properties with novel compositions as
well as shape, size and interface control.’ Especially, the
fabrication of metal-oxide hollow NSs with controllable shape,
size, composition and structural features have been studied and
researched because the hollow NSs great promise in versatile
applications such as drug delivery, lithium-ion batteries,
photocatalysts, gas sensors and dye sensitized solar cells.®'
Most of the metal-oxide semiconductor hollow NSs were
prepared using template-based fabrication methods.!'""?
Especially, fabrication using carbon spheres as the templates
offer more advantages when compared with other templates.
Carbon spheres that could be controlled by size and surface
properties are porous and hydrophilic, so that the inorganic
metal-oxide precursors can be attached easily to the modified
surface of the carbon spheres.'*'
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characteristics at low voltage has shown potential applications
in field emission displays, transparent conductors, light
emitting diodes and photo-catalysts.'””* ZnGa,0, is a
promising excellent host materials for multicolor-emitting
phosphors with doping several activators such as Cr’* and
Mn?*, and a self-activated blue emission around 430 nm under
excitation with ultraviolet light, especially.’®*' The thin film
and nanocrystalline ZnGa,0O, have been synthesized by various
methods such as a solid-state reaction, sol-gel, hydrothermal
and thermal treatments involving  vapor-liquid-solid
mechanisms.?>?* Recently, ZnO and Ga,0O; nanowires were
used as hard templates to fabricate a ZnGa,0, nanotubes, in
which synthesized ZnO@Ga,0O; core-shell nanowires were
followed by solid state reaction at high temperatures.”

Highly uniform and perfect crystallized ZnGa,O, hollow NSs
with spinel structure were successfully fabricated by two steps
hydrothermal, in which synthesized
carbon@Ga(OH)CO3;@Zn(OH), core-shell-shell NSs with
carbon spheres as the templates and then calcined process. We
report first the synthesis and characterization of ZnGa,0O,
hollow NSs under controlled several experiment condition.
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These hollow NSs could potentially be used in the fabrication
of nanoscale functional devices.

Experimental

Synthesis of carbon nanoshperes. Briefly, glucose (10 g) was
dissolved in 40 mL of distilled water to form a clear solution.
The solution was then sealed in a 50 mL Teflon-lined stainless
steel autoclave and maintained at 170 °C for 6 h.

Synthesis of carbon@Ga(OH)CO;@Zn(OH), core-shell-
shell NSs and ZnGa,0y hollow NSs. The
carbon@Ga(OH)CO3; core-shell NSs were first prepared by

a hydrothermal method using Ga(NOj3);*xH,0 (99.9%, Sigma-
Aldrich) and urea as the raw materials. The as-prepared carbon
spheres (150 mg) were added and were well dispersed into a
mixed solvent of 48 mL of ethanol and 8 mL of water solution
with the assistance of sonication for 30 min. 3 mmol (1.3544 g)
of Ga(NO3);*xH,0 and 30 mmol (1.8 g) of urea were then
dissolved in the carbon colloid solution. Finally, the mixture
was transferred to a 100 ml three necked round flask and
maintained at 60 °C for 48 hrs with vigorous stirring. After
hydrothermal reaction, the products were washed with distilled
water and ethanol three times. The washed precipitates were
dried by freeze drier at -110 °C. As prepared
carbon@Ga(OH)CO; core-shell NSs were dispersed in a 50 mL
solution of zinc acetate dehydrate (ZnAc: 2, 2.5, 3, 3.5 mmol),
and then ultrasonicated for 1 min. Finally, the mixture was kept
at 60 °C for 12 hrs. After hydrothermal reaction, the products
were washed with distilled water and ethanol three times. The
final ZnGa,O, hollow NSs were obtained after calcination in air
at 500 °C for 1 h with a heating rate of 1 °C/min and then firing
at 600 ~ 1000 °C for 1 h with a heating rate of 10 °C/min. At
elevated firing temperatures, the carbon templates will be
completely removed and the required uniform ZnGa,0O, hollow
NSs are obtained.

Materials characterization. The surface morphology of the
ZnGa,0, hollow NSs as a function of ZnAc ratios and calcination
temperatures were observed by using a field-emission scanning
electron microscopy (FESEM, JEOL 7500F). High-resolution
transmission electron microscopy (HRTEM) and the energy
dispersive spectroscopy (EDS) mapping was carried out using a
JEM2100F with an accelerating voltage of 200 kV. The crystallinity
and structure of the hollow NSs were examined by powder X-ray
diffraction (PDR-XRD, Bruker D8 FOCUS) using Cuka radiation.
Fourier transform infrared (FTIR, Bruker IFS-66/S) spectroscopy
and x-ray photoelectron spectroscopy (XPS) were employed to
analyze the chemical bonding within the materials. The
thermogravimetry-differential thermal analysis (TG-DTA, Seiko
Exstar) was measured in air at a heating rate of 5 °C/min from 30 to
1000 °C to confirm the reaction of carbon spheres and crystallization
of ZnGa,0, hollow NSs. The optical properties of the ZnGa,0,
hollow NSs were analyzed wusing a room temperature
cathodoluminescence (MONO CL3+, GATAN) equipped with
excitation energy of 10 keV.

Results and discussion

The strategy used to obtain ZnGa,O, hollow NSs can be
divided into four steps in Fig. 1) synthesis of carbon
nanospheres template around 200 nm by hydrothermal
approach as reported previously; 2) and 3) formation of core-
shell-shell NSs by coating the templates with Ga and Zn
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precursors; 4) calcination of core-shell-shell NSs in air to
remove the carbon cores and make the shell-shell decompose
and crystallize completely, which resulting in ZnGa,0O,4 hollow
NSs.

Hydrothermal
Ga(NO;); 3 mmol

60 °C, 148 hrs

Hydrothermal
Zn/Act: 2.5 mmol-

Calomatlon

1000 °C
In‘Air

Zn(OH),

Fig. 1 Illustration of the demonstration and morphology
evolution for the ZnGa,0O, hollow NSs.

Fig. 2(a) and 2(f) show the TEM, HRTEM and EDS mapping
images of the prepared core-shell-shell NSs before calcination.
The carbon@Ga(OH)COz;@Zn(OH), core-shell-shell NSs with
2.5 mmol of ZnAc maintain their spherical shape and are
relatively uniform and appear to be well dispersed. The TEM
and HRTEM images of the core-shell-shell NSs indicate that
the core-shell NSs retained the original uniform shape with
diameters of about 200 nm and with a shell thickness of about
15 nm. The carbon@Ga(OH)CO; core-shell NSs were covered
by uniform shell of Zn(OH), nanoparticles. In addition, the
EDS mapping result shows the relative locations of C, O, Ga
and Zn within the core-shell-shell NSs. The Ga and Zn atoms
appear in the same position with similar diameters,
demonstrating that the Ga atoms were coated as a very thin
layer on the surface of the carbon nanospheres and the surface
of carbon@Ga(OH)CO; core-shell NSs was fully occupied by
Zn(OH), nanoparticles. Moreover, as increasing ZnAc ratios,
the Zn(OH), nanosheets surround the carbon@Ga(OH)CO;
core-shell NSs (Table S1 and Fig. S1 of ESIf). The
composition of carbon@Ga(OH)COz;@Zn(OH), core-shell-
shell NSs with various ZnAc ratios was assessed by FTIR (Fig.
S2 of ESIY).
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Fig. 2 TEM (a) and HRTEM (b) images of the
carbon@Ga(OH)CO;@Zn(OH), core-shell-shell NSs at 2.5
mmol of ZnAc before calcination. The element maps showing
the spatial distribution of C (c¢), Ga (d), O (e), and Zn (f) in the
carbon@Ga(OH)CO;@Zn(OH), core-shell-shell NSs.
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Fig. 3 TG-DTA curves of carbon@Ga(OH)CO;@Zn(OH),
core-shell-shell NSs at 2.5 mmol of ZnAc.

The TG-DTA curve shows the
carbon@Ga(OH)CO;@Zn(OH), core-shell-shell NSs before
calcination. The TG reveals that during heating in air
atmosphere, the weight loss occurs in two steps: One is a slow
loss of weight due to the dehydration and densification of
carbon nanospheres.?® The other sharp loss of weight attributed
to the burning of the carbon spheres.”’ Also, the residual weight
percentage of the carbon@Ga(OH)CO;@Zn(OH), core-shell-
shell NSs is 27 %, which accounts for the ZnGa,04 hollow
NSs. The inset in Fig. 3 shows the corresponding DTA results
of the samples. DTA curve showed the multiple exothermic
peaks of carbon@Ga(OH)CO;@Zn(OH), core-shell-shell NSs
at 294 and 372 °C and the broad exothermic peaks at 436 °C.
The peak intensities of these exothermic peaks suggest further
dehydration and densification of carbon nanospheres, the
burning of the carbon spheres, and crystallization of ZnGa,0,.
The obtained result of the DTA analysis agree well with the TG
analysis.

The PDR-XRD patterns in Fig. 4(a) reveal that the ZnGa,O,
hollow NSs as function of ZnAc from 2 to 3.5 mmol at 900 °C
for 1 h. The cubic ZnGa,0, phase is formed in all of the hollow
NSs with various ZnAc ratios after calcination, which indicates

This journal is © The Royal Society of Chemistry 2012
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the successful reaction of the core and shell along the radial
direction.”® The diffraction patterns of spinel ZnGa,O, appear
at 2.5 mmol of ZnAc, indicating the successful formation of the
perfect crystallized ZnGa,0, after calcination of the
carbon@Ga(OH)CO;@Zn(OH), core-shell-shell NSs.
However, the Ga,0O; and/or ZnO phase still remained in the
hollow NSs in the three cases (2, 3 and 3.5 mmol added). The
p-Ga,05 diffraction peaks appear in the PDR-XRD pattern of
those with original 2 mmol of ZnAc ratio. It suggests that the 2
mmol of ZnAc are too small amount of Zn ions to form uniform
ZnGa,04 hollow NSs, resulting in remaining the Ga,O; within
the annealed hollow NSs. On the contrary, the diffraction
patterns at 3.5 mmol show the ZnO and ZnGa,0, coexisting in
the hollow NSs, suggesting their Zn(OH), nanosheets covered
carbon@Ga(OH)COj; core-shell NSs and too amount to obtain
single-phase ZnGa,0,. Fig. 4(b) shows the PDR-XRD patterns
of ZnGa,O4 (ZnAc: 2.5 mmol) hollow NSs with various
calcination temperatures for 1 h. All the PDR-XRD patterns
were easily indexed to the normal spinel ZnGa,O, (JCPDS
Card 38-1240). Various diffraction peaks for ZnGa,O, were
observed for the samples, including those for the (111), (220),
(311), (222), (400), (422), (511) and (440) planes. However, the
diffraction peaks of f-Ga,0O; structure are presented with 1000
°C calcination process, due to the vaporization of Zn ions from
ZnGa,0, hollow NSs.*>** The full width at half maximum
(FWHM) of the PDR-XRD peaks for the ZnGa,0,4 hollow NSs
decreased with increasing firing temperature from 800 to 1000
°C. This result indicates that the
carbon@Ga(OH)CO3;@Zn(OH), core-shell-shell NSs were
perfectly crystallized after controlled calcination steps and
increasing firing temperatures.>' In addition, the grain sizes of
ZnGa,0, hollow NSs were calculated using the Debye—
Scherrer formula (1) based on the main diffraction (311) peak
based on the XRD patterns.*

th[ = (O.9><7L)/Bhk,-cose (1)

A calculated grain size is D and A is the X-ray wavelength
(1.54056 A). 0.9 is a constant for spherical particles, and B is
the FWHM for the diffraction angle. The grain sizes of the
ZnGa,0,4 hollow NSs were 11, 17 and 26 nm at a firing
temperature of 800 ~ 1000 °C, respectively.
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Fig. 4 PDR-XRD (a) and (b) patterns of the calcined ZnGa,0O,
hollow NSs with various ratios of ZnAc from 2 to 3.5 mmol at
900 °C and calcination temperatures from 800 to 1000 °C at 2.5
mmol of ZnAc.

Fig. 5 FESEM (a) and HRTEM (b), (c) images of ZnGa,0,
hollow NSs. The element maps showing the spatial distribution
of Ga (d), O (e), and Zn (f) in the as-prepared ZnGa,0, hollow
NSs at 2.5 mmol of ZnAc.

Furthermore, the composition of ZnGa,0O, hollow NSs with

various calcination temperature was assessed by FTIR (Fig. S3
of ESIY). Fig. 5(a) ~ (f) show the FESEM and HRTEM images

4| J. Name., 2012, 00, 1-3

of ZnGa,04 (ZnAc: 2.5 mmol) hollow NSs at 900 °C for 1 h.
The FESEM image in Fig. 5(a) indicates that the calcined
samples consist of uniform hollow NSs with diameters ranging
from 100 to 200 nm. The calcined hollow structures were
further investigated by TEM. The strong contrast between the
dark edge and the pale center is evidence of the hollow
structures. The corresponding selective area electron diffraction
(SAED) pattern of the ZnGa,0O,4 hollow NSs (inset in Fig. 5(b))
clearly shows that the polycrystalline ZnGa,0O, hollow NSs
were obtained. The HRTEM image of the shell is shown in Fig.
5(c). It reveals that the shell is constructed by several the
single-crystal nanoparticles and the lattice spacing of around
0.253 nm corresponds to the d spacing of (311) crystal planes
of cubic ZnGa,0,. EDS mapping profile shown in Fig. 5(d) ~
5(f) obviously indicated that the calcined ZnGa,0,4 hollow NSs
contained both gallium and Zinc with homogenous distribution.
Also, the purity of the prepared sample at 900 °C has been
confirmed by STEM-EDS line analysis (Fig. S4 of ESIY).
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Fig. 6 XPS survey scan (a) of ZnGa,O, hollow NSs. XPS
spectra of Ga 2p (b), Zn 2p (c) and O 1s (d) of ZnGa,0, hollow
NSs (ZnAc: 2.5 mmol) at 900 °C for 1 h in Air.

Binding energy (eV)

To investigate the composition and surface electron state of
ZnGa,O4 (ZnAc: 2.5 mmol) hollow NSs, we conducted
analyses using XPS measurement. Fig. 6(a) ~ (c) show XPS
spectra of Zn, Ga and O ions in ZnGa,O, hollow NSs,
respectively. The fine XPS spectrum reveals Ga 2p;, and Ga
2py, states at 1117.9 and 1144.8 eV, respectively. The gap
between Ga 2p3, and Ga 2p, ), is 26.9 eV, which agrees with the
reference value of 26.84 eV. For the Zn XPS spectrum shown
in Fig. 6(b), the peaks at 1044.8 and 1021.7 eV indicate Zn
2ps3, and Zn 2py), states. The fine XPS spectrum at 530.8 eV
correspond to Ols state. Furthermore, the energy separation
between Zn 2p;, and Ga 2pj3); states (96.2 eV) indicate that as-
prepared sample is a complete spinel ZnGa,O, without mixture
of metal oxide powders such as ZnO and Ga, 05333

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 CL spectra of the ZnGa,O,4 hollow NSs (ZnAc: 2.5 mmol)
as a function of the calcination temperatures ranging from 500
to 1000 °C for 1 h in Air.

Fig. 7 show the Cathodoluminescence (CL) spectra of
ZnGa,04 (ZnAc: 2.5 mmol) hollow NSs as a function of the
annealing temperatures from 500 to 1000 °C for 1 h. The
optical properties of ZnGa,04 NSs such as nanoparticles and
wires were strongly dependent on experiment conditions, such
as starting materials, reaction atmosphere and the methods
utilized. A number of research group reported that emission
spectra of ZnGa,0O4 NSs were observed at 360 ~ 550 nm by PL
and CL measurements.>>>” Although the single-phase ZnGa,0O4
hollow NSs are formed via calcination of
carbon@Ga(OH)CO;@Zn(OH), core-shell-shell NSs in an air
environment. The appearance of the emission peak at 376 nm in
the CL spectra can be suggested the existence of the oxygen
vacancies within the ZnGa,0, hollow NSs above calcination
temperature 800 °C.*® A broad blue emission centered at 418
nm was observed, which the emission was mainly attributed to
the self-activation center octahedral sites Ga-O group in the
spinel structures.’® In addition, as the calcination temperature
increased, UV emission at 376 nm was suddenly increased and
emission spectra was blue-shifted. This was attributed to the
fact that high calcination temperature at 1000 °C can cause
more generated oxygen vacancies in ZnGa,0O,4 hollow NSs, due
to the evaporation of ZnO. Furthermore, the occupied oxygen
vacancies in octahedral sites can cause increase binding energy
between Ga and O, which the bond length of the Ga-O was
shortened. The blue-shifted emission is attributed to the
distorted symmetry of octahedral sites.***!

Conclusion

In summary, using a simple two steps coating and calcination
process, we have demonstrated the synthesis of the single-phase
ZnGa,04 hollow NSs with various ZnAc ratios and calcination
temperatures. The perfect crystallized of the ZnGa,0O, hollow
NSs were obtained the carbon@Ga(OH)CO;@Zn(OH), core-
shell-shell NSs at 2.5 mmol of ZnAc and -calcination
temperature at 900 °C for 1 h. The formation of uniform
polycrystalline ZnGa,O, hollow NSs with diameters of around
200 nm and thickness of about 10 ~ 20 nm at 900 °C for 1 h
were confirmed by FESEM and HRTEM analysis. The UV and
blue emission of ZnGa,O, hollow NSs were found to charge

This journal is © The Royal Society of Chemistry 2012
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transfer Ga®* and O ions in octahedral site of spinel structure
and distorted symmetry by oxygen vacancies, respectively.
Further works are being carried out to explore the potential
application of these hollow NSs as photo-catalysts and sensors.
Moreover, the core-shell-shell NSs introduced in this letter may
be applied to fabricate many other binary metal oxides NSs.
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Graphical Abstract

Highly uniform and perfect crystallized ZnGa;O4 hollow NSs successfully fabricated
via carbon@Ga(OH)CO;@Zn(OH), core-shell-shell nanostructures by two steps

hydrothermal method.




