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We report a method for synthesizing zinc aluminum layered double hydroxide (ZnAl:LDH) nanostruc-
tures at room temperature. The ZnAl:LDH nanoplates could be converted into zinc aluminum mixed
metal oxide (MMO) nanostructures by calcination in air. The crystalline nature and morphology of
the MMO nanostructures could be tuned by varying the calcination temperature. At low calcination
temperatures (450-650°C), nanostructures were composed of crystalline ZnO regions and amorphous
regions. The crystalline orientations of the ZnO crystal grains were almost identical throughout the

Iéfsy,:::f‘;i;wth nanostructure. At calcination temperatures above 750°C, ZnAl,04 crystal grains appeared and amor-
Zinc oxide phous regions could not be found in MMO nanostructures. As the calcination temperature increased,
Zinc aluminum oxide the crystal grain size and surface roughness of MMO nanostructures increased. Calcination at 950°C
Nanostructures resulted in the formation of MMO nanoparticles. The optical properties of the MMO nanostructures were

probed by UV-vis diffuse reflectance spectroscopy. The spectra varied depending on their dimensions and

crystalline natures.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nanomaterials exhibit properties that differ greatly from their
bulk counterparts [1-3]. The distinct properties of nanomateri-
als arise from quantum size effects [4], quantum tunneling effects
[5], and surface effects [6]. In addition, the size-dependent prop-
erties [7] of nanomaterials render them useful in catalysis [8],
electronics [9-11], optics [12,13], chemical sensors [14,15], and
information and energy storage [16,17]. In particular, inorganic
semiconductor nanostructures are ideal systems for exploring phe-
nomena at the nanoscale for studying the dependence of functional
properties on size and dimensionality [18]. They are expected to
play key roles in future nanodevices and a variety of applications
[19,20]. Performance enhancements can result from tuning the size,
morphology and crystalline nature of the semiconductor nanos-
tructures [21-26].

Layered double hydroxides (LDHs) have structures similar to
the brucite structure, Mg(OH);, in which each Mg?* jon is sur-
rounded by six OH~ ions in an octahedral arrangement. LDHs
are obtained when a fraction of the divalent cations are iso-
morphously replaced by trivalent cations [27-29]. The higher
charge of the trivalent cations generates an overall positive charge
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in the brucite-type layers, which is balanced by intercalation
of interlayer anions. The general formula of LDH compounds
is [MH(1_X)M[”(X)(OH)Z][Amfx/m”’leO] (M[[=ZH, Mg, Co, Ni, Fe;
M= AL Cr, Ga; A=C032-, CI-, NO3~, CH3COO~) [27]. LDHs have
good anion exchange capacities, and a wide range of molecules
can be introduced into the interlayer. Thus, they have been used
in various practical applications, such as anion exchangers [30],
catalyst supports [31], electroactive materials [32], and nanocom-
posites [33]. In addition to their useful practical characteristics,
LDHs may be used as precursors for the preparation of mixed
metal oxides (MMOs), which can be used as multi-functional
materials.

Zinc oxide (ZnO, space group=P6smc; a=0.32495nm,
c=0.52069 nm), which constitutes a new generation semiconduc-
tor material, is a II-VI semiconductor with a wide direct band gap
of 3.37 eV at room temperature and a large exciton binding energy
of approximately 60 meV. ZnO has useful characteristics, such as
a large piezoelectric constant, and its electrical conductivity can
be easily modified. ZnO has received considerable attention over
the past few years because of these unique properties, and has
been used in a variety of applications [34-42]. Zinc aluminum
oxide (ZnAl,0y4, space group=Fd3m; a=0.80872nm) has a high
thermal stability, high mechanical resistance, hydrophobicity,
low surface acidity, and a wide band gap (3.8 eV) [43-45]. It can
be used as a transparent conductor, catalyst, catalyst support,
polymer electrolyte, and optical coating, and may be used in
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Fig. 1. (a) SEM image and (b) XRD pattern of the structures synthesized by reaction of an aqueous solution containing 0.01 M zinc acetate dihydrate, 0.0033 M aluminum

chloride and 0.35 M ammonia at room temperature for 24 h.

applications designed for dehydration, dehydrogenation, and
high temperatures [46-55]. Therefore, zinc aluminum MMQOs,
which are composed of ZnO and ZnAl,04, have the potential
to be used in a variety of applications. Zinc aluminum MMOs
can be used to complement the properties of each component
(ZnO or ZnAl,04). For example, because both ZnO and ZnAl,04
have wide band gap energies and photocatalytic activities, their
MMOs may be used as stable optical coating materials, UV
absorbers, or photocatalysts for pollutant decomposition or water
splitting [56].

In general, the lateral dimensions of zinc aluminum LDHs
(ZnAl:LDHs) used as precursors for obtaining zinc aluminum MMOs
are large. Under some reaction conditions, the lateral size exceeds
the micrometer scale [56-59]. These ZnAl:LDHs, usually prepared
by hydrothermal reactions, are too large to use for the prepara-
tion of zinc aluminum MMO nanostructures. Slow growth kinetics
at room temperature can reduce not only the amount of energy
required for fabrication, but also the size of the ZnAl:LDH par-
ticles. In some methods used to obtain ZnAl:LDHs, low pressure
deposition processes, such as thermal evaporation, atomic layer
deposition, or radio frequency magnetron sputtering techniques,

have been used to prepare aluminum thin films for aluminum
source [57,58]. These processes are energy-intensive and require
specialized equipment. In addition, the relationship between the
calcination temperature and the morphology and crystalline nature
of zinc aluminum MMO nanostructures has not been described
previously. In this paper, we report a very simple method for syn-
thesizing ZnAl:LDH nanostructures at room temperature, and we
describe their conversion to zinc aluminum MMO nanostructures.
The crystalline nature and morphology of MMO nanostructures
may be controlled simply by varying the calcination temper-
ature between 450°C and 950°C. This method is simple and
does not require complex experimental procedures or compli-
cated devices. UV-vis diffuse reflectance spectra of ZnAl:LDH
nanostructures and their calcined nanostructures will also be
discussed.

2. Experimental
2.1. Preparation of ZnAl:LDH nanostructures

All chemicals used in this study were analytical grade and were used without
further purification. An aqueous solution containing 0.01 M zinc acetate dihydrate



8772 S. Cho, K.-H. Lee / Journal of Alloys and Compounds 509 (2011) 8770-8778

L]
before close observation

after close observation

Fig. 2. (a), (b), and (c) show TEM images of a structure synthesized from the reaction of an aqueous solution containing 0.01 M zinc acetate dihydrate, 0.0033 M aluminum
chloride, and 0.35M ammonia at room temperature for 24 h. (d) SAED pattern of the structure prior to HR-TEM imaging. (e) SAED pattern of the structure prior to HR-TEM
imaging. (f) Elemental mapping of Zn. (g) Elemental mapping of Al. (h) Elemental mapping of O.

(Zn(CH3C00);*2H,0, 99%, Samchun), 0.0033 M aluminum chloride (AlCl3, 99.99%,
Aldrich), and 0.35M ammonia (NH3, Samchun) was prepared and maintained at
room temperature for 24 h. After reaction, the solution was filtered through a poly-
carbonate membrane filter (ISOPORE). The filtered powders were washed several
times with deionized water then dried in an oven at 60°C for 12 h.

2.2. Synthesis of MMO nanostructures

The as-prepared ZnAl:LDH powders were placed in an annealing furnace and
maintained at a fixed temperature (450-950°C) for 2 h in air. After calcination, the
powders were removed from the furnace and characterized.

2.3. Characterization

The morphology, crystallinity, crystalline nature, chemical composition, func-
tional groups and optical properties of the samples were determined by
field-emission scanning electron microscopy (SEM, JEOL JMS-7401F, operating at 10
keV), X-ray diffraction spectrometry X-ray diffraction (XRD, Mac Science, M18XHF
by scanning the 26 range between 5° and 80° using Cu Ko (A =0.15406 nm) radi-
ation), high-resolution scanning transmission electron microscopy (Cs-corrected
HR-STEM, JEOL JEM-2200FS with an energy-dispersive X-ray (EDX) spectrometer
operated at 200 kV), inductively coupled plasma atomic emission spectroscopy (ICP-

AES, Thermo Elemental, IRIS Advantage), Fourier transform infrared spectroscopy
(FT-IR, Jasco Valor-II spectrometer) and UV-vis diffuse reflectance spectroscopy
(Shimadzu, UV2501PC).

3. Results and discussion

Fig. 1(a) shows an SEM image of structures synthesized from the
reaction of an aqueous solution containing 0.01 M zinc acetate dihy-
drate, 0.0033 M aluminum chloride and 0.35M ammonia at room
temperature for 24 h. The mild room temperature reaction permit-
ted synthesis of hexagonal nanoplates. The lateral dimensions of
the thin plates were 70-200 nm. The crystalline phases of the syn-
thesized powder were determined by XRD analysis. Fig. 1(b) shows
an XRD pattern of the powder. The diffraction peaks are typical of
LDH structures [60]. The pattern could be indexed as a hexago-
nal lattice with R3m rhombohedral symmetry, which is commonly
used to describe LDH structures (JCPDS No. 05-0669) [61]. Parame-
ter a represents the average intermetallic distance calculated from
the position of the (11 0) reflection and parameter c corresponds
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to 3/2(dpos +2dgog). Thus, the calculated lattice constants were
a=0.3074nm and c=2.280nm. No peaks corresponding to any
other phases or impurities were detected, indicating that the pre-
cipitates were pure ZnAl:LDHs.

Fig. 2(a) shows a typical low-magnification TEM image of a
ZnAl:LDH nanostructure. The surface of the structure was not
smooth. Fig. 2(b) shows a higher magnification TEM image of the
area indicated by the circle in Fig. 2(a). XRD analysis revealed that
it was crystalline in structure. Fig. 2(c), a HR-TEM image of the
area marked by a circle in Fig. 2(b) shows that the ZnAl:LDHs
were highly crystalline with a lattice spacing of 0.307 nm, which
corresponded to the average distance between adjacent hydroxyl
groups within layers. The selected-area electron diffraction (SAED)
pattern of the structure collected prior to taking HR-TEM images
exhibited hexagonally arranged spots, which confirmed that the
ZnAl:LDHs were quasi single-crystalline (Fig. 2(d)). However, the
SAED pattern obtained after close observations revealed ring-
shaped patterns, which indicated that the ZnAl:LDH became
poly-crystalline (Fig. 2(e)). During HR-TEM observations, it could
be observed that in situ movement of the crystal grains, resulting in
polycrystalline structures. During the collection of high resolution
electron micrographs, a high energy electron beam was introduced
to a unit area of the sample and was found to produce rearrange-
ments in the crystal lattice. Qualitative analysis of the ZnAl:LDH
structures was conducted in the scanning transmission electron
microscope mode using EDX. The results clearly showed that Zn,
Al, and O elements were distributed homogeneously through the
entire ZnAl:LDH structure (Fig. 2(f), (g), and (h), respectively).
Quantitative chemical analysis using ICP-AES revealed that the
ZnAl:LDH had an average Zn/Al molar ratio of 2.49.

The structure of ZnAl:LDHs and an octahedral unit are shown
in Fig. 3(a). The octahedral units of Zn?* or AI3* (Zn2*/AI** atomic
ratio of 2.49, 6-fold coordination to OH™) shared edges to form
micrometer-sized inorganic sheets. The higher charge of Al3* gen-
erated an overall positive charge in the brucite-type layers, which
was balanced by intercalation of interlayer anions. These sheets
were stacked on top of each other and held together by hydro-
gen bonding. In the characterization of LDHs, FT-IR spectroscopy
is typically used to analyze the vibrations of octahedral lattice,
hydroxyl groups and interlayer anions [62]. The FT-IR spectrum
of the ZnAl:LDH nanostructures (Fig. 3(b)) included a broad band
at 3350-3500cm™!, which was attributed to the O-H stretching
vibrations associated with the hydrogen bonded network of the in-
layer hydroxyl groups and the interlayer water molecules [63]. A
band was also observed at 1358 cm~!. This feature was attributed
to the vibrations of the interlayer CO32~ [64]. The spectrum did
not contain bands corresponding to the asymmetric (1600 cm~1)
and symmetric (1400 cm~1) RCO, ~ stretches, which demonstrates
that there are no acetate anions in the interlayer region [59,65,66].
The location of the 006 peak (260=23.36°) in the XRD pattern,
shown in Fig. 1(b), indicated that the intercalated anions were
composed of both CO32~ and Cl-, the latter of which originated
from aluminum chloride [67]. As presented in the TEM analy-
sis of the ZnAl:LDH nanostructures (Fig. 2), the crystal structures
of ZnAl:LDH were unstable. Because the brucite-type layers were
stacked and held together by hydrogen bonding, each layer could
be easily moved and reconstructed under application of heat or
light. Thus, LDHs were easily converted into MMO upon calcina-
tion. In general, precursor ZnAl:LDH structures are synthesized by
hydrothermal methods [56,59]. High reaction temperatures lead to
fast growth kinetics, which produces relatively large crystals, up to
several micrometers in lateral dimensions. Small mother ZnAl:LDH
nanostructures are essential for synthesizing zinc aluminum MMO
nanostructures.

As illustrated in Fig. 4, ZnAl:LDH nanoplates synthesized under
room temperature reaction conditions were filtered, dried, and
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Fig. 3. (a) Schematic diagram of the ZnAl:LDH structures [62]. (b) FT-IR absorp-
tion spectrum of powders synthesized in an aqueous solution containing 0.01 M
zinc acetate dihydrate, 0.0033 M aluminum chloride, and 0.35 M ammonia at room
temperature for 24 h.
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Fig. 5. (a1) XRD pattern and (a2) SEM image of powders obtained by calcination of as-prepared ZnAl:LDH nanostructures at 650°C for 2 h in air. (b1) XRD pattern and (b2)
SEM image of powders obtained by calcination of ZnAl:LDH nanostructures at 750 °C for 2 h in air. (c1) XRD pattern and (c2) SEM image of powders obtained by calcination
of ZnAl:LDH nanostructures at 850°C for 2 h in air. (d1) XRD pattern and (d2) SEM image of powders obtained by calcination of ZnAl:LDH nanostructures at 950 °C for 2h in
air.
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Fig.6. (a) TEM image of a structure obtained by calcination of as-prepared ZnAl:LDH
nanostructures at 650°C for 2h in air. (b) SAED pattern of the structure. (c)
HR-TEM image of the area indicated by the circle in (a). The inset shows a higher-
magnification image of a ZnO crystal grain.

calcined at a fixed temperature for 2 h in air. The calcination tem-
peratures ranged from 450 to 950 °C. At calcination temperatures
between 450°C and 650 °C, the calcined nanostructures had sim-
ilar morphologies and crystalline natures. Fig. 5(al) displays the
XRD pattern of the products of calcination at 650°C for 2h in
air. The ZnAl:LDH peaks (Fig. 1(b)) disappeared and new broad
peaks emerged as a result of calcination. These new peaks could
be indexed as a wurtzite ZnO phase (JCPDS No. 35-1451). The crys-
talline phase of ZnAl:LDH disappeared, and small ZnO crystal grains
grew in the structures. The crystallite size was calculated using
Scherrer’s equation. The crystallite size of ZnO was about 4.6 nm.
SEM imaging (Fig. 5(a2)) showed that the product of calcination at
650 °C almost exactly preserved the shape of the mother ZnAl:LDH
nanostructures and yielded a thin plate morphology. Fig. 5(b1)
shows the XRD pattern of the products of calcination at 750 °C for
2h in air. The wurtzite ZnO peaks were sharper than those of the
products of calcination at 650 °C, and the cubic ZnAl, 04 crystalline
phase could also be indexed (JCPDS No. 05-0669). The calculated
crystallite sizes of ZnO and ZnAl, 04 were about 8.1 nmand 15.9 nm,
respectively. Thus, the size of ZnO crystal grains increased, and
ZnAl, 04 crystal grains also grew in the structures. Fig. 5(b2) shows
an SEM image of the nanostructures produced by calcination at
750°C for 2 h in air. The structure size was almost the same as the
size of the mother ZnAl:LDH nanoplates. However, the surface of
the product became rougher. The XRD pattern of the products of

Fig.7. (a) TEM image of a structure obtained by calcination of as-prepared ZnAl:LDH
nanostructures at 750°C for 2 h in air. (b) HR-TEM image of the area indicated by
the circle in (a).

calcination at 850°C for 2h (Fig. 5(c1)) showed that the crystal
grain sizes of ZnO (about 36.2 nm) and ZnAl,04 (about 46.8 nm)
increased. The intensity of the ZnO (002) peak was relatively high.
SEM imaging (Fig. 5(c2)) revealed that the plate-like particle shapes
were retained but the size of the nanoplates increased relative to
the size of the mother ZnAl:LDH nanostructures. Anisotropic pow-
der packing was probable because the structures calcined at 850°C
were larger and had plate-like shapes. The basal planes of a large
portion of the MMO crystals were nearly parallel to the flat surface
of the substrate (the powder holder for XRD). Thus, the intensity
ratio between the ZnO (100) and ZnO (0 0 2) XRD peaks from prod-
ucts calcined at 850 °C (Fig. 5(c1)) was low. The XRD pattern of the
products of calcination at 950°C for 2 h (Fig. 5(d1)) showed very
sharp peaks, indicating a further increase in the crystal grain sizes
of ZnO (about 43.7 nm) and ZnAl, 04 (about 56.2 nm). The intensity
ratio of the Zn0O (1 00)and ZnO (0 0 2) XRD peaks in this sample was
higher than that of the sample calcined at 850 °C. An SEM image of
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Fig. 8. TEM images of structures obtained by calcination of as-prepared ZnAl:LDH nanostructures at 850 °C for 2 h in air: (a) low magnification, (b) mid magnification, and

(c and d) high magnification.

the products calcined at 950 °C (Fig. 5(d2)) revealed powders com-
posed of nanoparticles. The high temperature promoted breaking
of the ZnAl:LDH nanoplates, resulting in MMO nanoparticles. Thus,
the random orientations of the crystal structures resulted in a high
intensity ratio between the ZnO (100) and ZnO (002) XRD peaks
(Fig. 5(d1)).

The crystalline natures of the calcined products were inves-
tigated by collecting magnified TEM images. Fig. 6(a) shows a
low-magnification TEM image of a nanostructure produced by
calcination at 650°C for 2h in air. As shown in the SEM image
(Fig. 5(a2)), the resulting nanostructure preserved the hexagonal
shape of the mother ZnAl:LDH nanostructure (Fig. 6(a)). Fig. 6(b)
shows a SAED pattern of the hexagonal structure shown in Fig. 6(a).
Hexagonally arranged regular spots indexed as wurtzite ZnO crys-
tal structures indicated that the crystal orientations of the ZnO
crystal grains were almost the same throughout the nanostructure.
Thus, the resulting calcined products were influenced by the crys-
tal symmetry and orientation of the ZnAl:LDH nanostructures. The
HR-TEM image (Fig. 6(c)) of the area marked by the circle in Fig. 6(a)
revealed that the nanostructure was composed of ZnO crystalline
and amorphous areas, indicated by the arrows in Fig. 6(c). The inset
of Fig. 6(c) shows a high magnification image of a ZnO crystal grain
with a lattice spacing of 0.28 nm that corresponded to interspacings
of the {100} planes in the ZnO crystal lattice. Qualitative EDX anal-
ysis detected the presence of Al elements. We propose that these Al
elements may be present predominantly in the amorphous areas.

Fig. 7(a) shows a low-magnification TEM image of a nanostruc-
ture produced by calcination at 750°C for 2h in air. The surface

of the nanostructure was much rougher than the surfaces of cal-
cination products prepared at 650°C. The products maintained
hexagonally shaped plates. ZnAl, 04 crystal grains could be found,
as shown in the HR-TEM image (Fig. 7(b)), which was consistent
with the XRD results (Fig. 5(b1)). Amorphous regions could not be
found in the nanostructures. Fig. 8 shows TEM images of the struc-
tures produced by calcination at 850 °C for 2 h in air. The nanoplate
structures became rougher, and some nanoparticles appeared to
leave the main plate-like nanostructures, as indicated by the cir-
cles in Fig. 8(a). Fig. 8(b) shows a high-magnification TEM image
of the area marked by the rectangle in Fig. 8(a). HR-TEM images
showed that the nanoplates were composed of ZnAl,04 crystal
grains (Fig. 8(c¢)) and ZnO crystal grains (Fig. 8(d)). Fig. 8(c) shows
that the crystal grains had a lattice spacing of 0.24 nm, correspond-
ing to the distance between the (311) planes in the ZnAl, 04 crystal
lattice. Fig. 8(d) shows that the ZnO crystallite had a lattice spac-
ing of 0.28 nm, which corresponded to the distance between the
{100} planes in the ZnO crystal lattice. The crystal grain sizes of
the nanostructures were larger than the grain sizes of products
prepared at lower calcination temperatures. Fig. 9(a) shows a TEM
image of the products calcined at 950°C. High energy applied to
ZnAl:LDH resulted in formation of MMO nanoparticles during the
calcination process. HR-TEM images (Fig. 9(b)) of the area indicated
by the circle in Fig. 9(a) showed that the nanoparticles were highly
crystalline, with a lattice spacing of 0.28 nm, which corresponded
to the distance between {100} planes in the ZnO crystal lattice.
HR-TEM analysis revealed that most individual nanoparticles were
single crystalline.
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Fig.9. (a) TEM image of structures obtained by calcination of as-prepared ZnAl:LDH
nanostructures at 950 °C for 2 h in air. (b) HR-TEM image of the nanoparticle indi-
cated by the circle in (a). The inset shows the SAED pattern of the nanoparticle.

The UV-vis diffuse reflectance spectra of the ZnAl:LDH nanos-
tructures and their calcined nanostructures are presented in Fig. 10.
ZnAl:LDH nanostructures did not absorb UV and visible light.
Nanostructures prepared by calcination at 450°C for 2h in air
absorbed in the ultraviolet region. As the calcination temperature
increased from 450°C to 650°C, the UV absorbance spectrum of
the nanostructures gradually shifted toward longer wavelengths
because the nanostructures included smaller amorphous areas
and larger crystalline grains. Above 750°C, the calcined MMO
nanostructures showed broad strong absorptions in the near-
ultraviolet region, which were characteristic of ZnO and ZnAl,04
wide band gap semiconductor materials. No amorphous regions
were present in the MMO nanostructures, and the nanostructures
had good crystallinity, as discussed in the context of TEM and
XRD analysis of the high calcination temperature products. How-

Absorbance (a.u.)

250 300 350 400 450 500
Wavelength (nm)

Fig. 10. UV-vis diffuse reflectance spectra of ZnAl:LDH nanostructures and their
nanostructures produced by calcination at various temperatures.

ever, between 750 °Cand 950 °C, absorptions in the near-ultraviolet
region (380-435nm) decreased slightly. We propose that under
high temperatures, the mother ZnAl:LDH nanoplates were disman-
tled into nanoparticles (shown in Figs. 8 and 9), which led to a blue
shift in the region.

4. Conclusions

In summary, we have presented a simple method for synthe-
sizing ZnAl:LDH nanostructures at room temperature. HR-TEM
analysis of the ZnAl:LDH nanostructures revealed that the crys-
tal arrangements of the ZnAl:LDH nanostructures were unstable.
Because the brucite-type layers were stacked and held together by
hydrogen bonding, each layer could be easily moved and recon-
structed under applied energy. Thus, the as-prepared ZnAl:LDH
nanostructures could be converted into zinc aluminum MMO
nanostructures by calcination in air. The crystalline natures and
morphologies of the zinc aluminum MMO nanostructures could
be controlled simply by varying the calcination temperature (from
450°C to 950°C). At low calcination temperatures, from 450°C
to 650°C, the MMO nanostructures were composed of ZnO crys-
tal and amorphous areas, and they were influenced by the crystal
symmetry and orientations of the ZnAl:LDH nanostructures. The
crystal orientations of the ZnO crystal grains were almost the same
throughout the nanostructure. However, calcination above 750°C
produced ZnAl, 04 crystal grains, and amorphous regions could not
be found in the MMO nanostructure. As the calcination temperature
increased, the crystal grain size and surface roughness of the MMO
nanostructures increased. Zinc aluminum MMO nanoparticles were
obtained by calcination at 950°C. ZnAl:LDH nanostructures and
their calcined nanostructures were characterized by UV-vis dif-
fuse reflectance spectroscopy. The spectra varied depending on the
dimensions and crystalline natures of the MMO nanostructures.
The present strategy and results may be applicable to the synthe-
sis and expectation of crystalline natures of LDHs and MMOs with
other metal combinations.
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