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a b s t r a c t

Mesoporous ZnAl2O4 thin films have been successfully synthesized using aluminum chloride and zinc
chloride as the inorganic precursors, triblock copolymer Pluronic F-127 as the structure-directing agents,
through the evaporation-induced self-assembly (EISA) method. Powder X-ray diffraction (PXRD) patterns
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show that the sample is single-phase cubic material with the spinel-type structure. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) were used to study the mesoporous
structure of ZnAl2O4 materials. The specific surface area determined by BET surface area measurement
was found to be 108.4 m2 g−1

. The possible formation mechanism of mesoporous ZnAl2O4 thin films was
discussed.
esoporous zinc aluminate
hin films

. Introduction

In recent years, nanostructured spinel-type complex oxides
ave attracted considerable attention because of their use as cata-

yst supports, anticorrosion pigments, as well as dielectric materials
1–4]. Among them, ZnAl2O4 represents a particularly important
lass of materials which have high thermal stability, high mechan-
cal resistance, hydrophobicity, low surface acidity and wide band
ap (3.8 eV) [5,6]. Due to these properties, it can be used as
ransparent conductor, catalysis, catalyst support, dehydration,
ehydrogenation, high temperature material, polymer electrolyte
nd optical coating [7–15]. For the applications in catalytic field,
igh surface area of ZnAl2O4 is of prime importance. Generally, syn-
hesis of nanocrystalline mesoporous ZnAl2O4 will be worthwhile
o study, due to relatively higher surface area.

ZnAl2O4 is commonly synthesized by high temperature calci-
ation of mixed zinc and aluminium oxides [16,17], or products
f impregnating a porous alumina with high surface area with a
olution of zinc compound [18,19]. However, the solid-state route
as disadvantages as follows: lack of stoichiometry control, high
emperature of reaction and lower surface area. Recently, ZnAl2O4

as been prepared through wet chemical routes such as the copre-
ipitated products [20,21], citric acid route [22], pechini method
23] and hydrothermal synthesis method [24]. Fine powders can
y easily synthesized through these above methods. However, it
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is difficult to use them to prepare thin films, owing to difficulty
to control the fast rate of reaction. In our previous study, we have
synthesized mesoporous Al2O3 thin films through the evaporation-
induced self-assembly (EISA) method [25,26]. The unique feature of
the EISA approach is that this novel strategy combines sol–gel dip-
coating and organic–inorganic cooperative assembly techniques.
In our strategy, the hydrolysis velocity of inorganic species can be
controlled by the interaction of hydrogen bond between H atom
of NH3·H2O and O atom of EO in surfactant. Therefore, the inor-
ganic precursors can hydrolyze slowly to provide relatively smaller
inorganic species rather than bulk sediment. Due to the similar
hydrolysis velocity of zinc salt and aluminium salt, we introduce
a novel and facile route to synthesize mesoporous ZnAl2O4 thin
films and powders, using aluminum chloride and zinc chloride as
the inorganic precursors, triblock copolymer Pluronic F-127 as the
structure-directing agents through the EISA method. As we know,
mesoporous zinc aluminate thin films have little been synthesized
through the facile EISA method so far. The method requires lower
processing temperature and shorter heating time than conven-
tional processing. It shows good control of stoichiometry of the
particles obtained.

2. Experimental
2.1. Sample preparation

Zinc chloride (AR) and aluminium chloride (AR) were selected as starting
materials for zinc and aluminum sources. Triblock copolymer Pluronic F-127
(EO106PO70EO106, MW = 12600, Product No. P2443-250G) was purchased from
Aldrich and used as received without further purification.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:fuhg@vip.sina.com
dx.doi.org/10.1016/j.jallcom.2009.08.120
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ig. 1. TG–DTA curves of thermal decomposition of the precursor powder at the
eating rate of 10 ◦C min−1 under air atmosphere.

The procedures are described in details as follows. F-127 (0.9 g) was first dis-
olved in ethanol (EtOH, 23 ml) at room temperature, and then NH3·H2O (4.5 ml)
as added in the solution. The solution temperature was raised to 70 ◦C, and the

olution was stirred constantly. After the solution composed of the surfactant, EtOH
nd NH3·H2O became clear at 70 ◦C, the 20 ml salts solution composed of zinc chlo-
ide (0.73 g) and aluminium chloride (2.5 g) were added in it dropwise. The solution
as refluxed for 50 min at 70 ◦C. The final solution became clear and was cooled
own. Then, they were aged for 12 h at 20–25 ◦C at ambient environment. The vis-
osity of the prepared stock solution was estimated to be 0.018 Pa S. Thin films were
repared by dip-coating silicon substrates or glass at a constant withdrawal rate
1 mm s−1) and relative humidity (50–60%). Alternatively, the rest sol solutions can
e dried and then calcined to prepare equivalent mesoporous ZnAl2O4 powders. The
s-prepared samples were calcined at 450, 500, and 600 ◦C for 2 h (1 ◦C min−1 under
ir atmosphere). The thicknesses of the films were estimated to be about 365 ± 5 nm.
cheme 1 illustrates the experimental procedure for preparing ZnAl2O4 thin films
y the EISA method.

.2. Sample characterization

Wide-angle X-ray diffraction (XRD) patterns of the zinc aluminate powder
o identify the crystalline phase were recorded on a Rigaku D/max-IIIB (40 kV,
0 mA) diffractometer, using Cu K� radition with wavelength of � = 1.5406 Å at room
emperature. N2-sorption isotherms of the zinc aluminate powders at 77 K were
ollected on a Micromeritics ASAP 2020 instrument and Brunauer–Emmett–Teller
BET) equation was used to calculate the specific surface area. Pore size distribu-
ions were obtained from the isotherm using the Barrett–Joyner–Halenda (BJH)

ethod. Thermal behaviour of the gel precursor was studied by differential thermal
nalysis-thermal gravimetric (TG–DTA) using a NETZSCH STA449C thermal analyzer
10 ◦C min−1 under air atmosphere). The morphologies of mesoporous ZnAl2O4 thin

lms were evaluated by a Hitachi S-4800 Scanning Electron Microscope with an
perating voltage of 5.0 kV. The transmission electron microscopy experiment was
erformed on a JEM-2100 electron microscope (JEOL, Japan) with an acceleration
oltage of 200 kV. Carbon-coated copper grids were used as the sample holders.
nfrared spectrum was recorded in the range 400–4000 cm−1 on PerkinElmer (USA)
T-IR spectrometer with KBr pellets. The film thickness was estimated by ellipsom-

Scheme 1. Schematic diagram of the preparation of ZnAl2O4 thin films.
Fig. 2. IR curves of mesoporous ZnAl2O4 powder sample before (A) and after (B)
calcination at 450, 500 and 600 ◦C for 2 h under air atmosphere, respectively.

etry experiments carried out on a SENTECH GmbH/SE400 instrument with a He–Ne
laser beam (� = 632.8 nm). The viscosity of prepared stock solution were evaluated
using NDJ-99 Rotating viscometer.

3. Results and discussion

3.1. Thermogravemetric and differential thermal analysis

TG–DTA can provide important information about the tempera-
ture for complete removal of organic template. Fig. 1 shows the
TG–DTA curves of the precursor powder samples. The TG curve
shows three steps and a total weight loss of ca. 80%. The first step
of ca. 15% from 20 to 180 ◦C could be attributed to the removal of
alcohol, physisorption and interlayer water. The second significant
weight loss of ca. 50% between 180 and 350 ◦C was assigned to the
decomposition of the F127 template partly. From 350 to 500 ◦C,
there was a weight loss of ca. 15%, which was assigned to the com-
plete removal of residual organic template. From DTA curves we
can clearly see three main endothermic peaks, which were corre-
sponding to the weight loss of the three steps. These results show
that the organic template was removable completely upon calci-
nation at 500 ◦C. Above 500 ◦C, there was no further weight loss,
which indicated that the organic component had been entirely
removed.
3.2. Infrared spectroscopy

IR spectra for powder sample without calcination (A) and cal-
cined sample at 450 ◦C, 500 ◦C, and 600 ◦C (B) are shown in Fig. 2.



322 X. Tian et al. / Journal of Alloys and Compounds 488 (2009) 320–324

F
t

F
T
t
a
t
a
i
5
n
6
c
c
n
A
f
f
a
v
c
c

3

p
F
2
(
f
i
n
m
t
p
m
t
ˇ
s
t
p
t
r

3.5. Determination of surface area

In order to further characterize mesoporous structure of zinc
aluminate thin films, nitrogen adsorption–desorption measure-
ig. 3. XRD patterns of powder sample heat-treated for 2 h at different tempera-
ures: (A) 450 ◦C; (B) 500 ◦C; (C) 600 ◦C.

ig. 2A shows the IR spectra of the sample without calcination.
he IR peaks around 1410 and 1101 cm−1 can be assigned to
he features of the stretching vibration mode of C O. The strong
bsorption peak at about 3199 cm−1 is corresponding to the vibra-
ion modes of metal attached hydroxy groups [27]. The peaks at
round 3438 cm−1 and 1636 cm−1 were ascribed to H2O stretch-
ng vibration bands (Fig. 2A). In addition, the peaks at 949, 836 and
87 cm−1 observed in Fig. 2A can be attributed to the inorganic
etwork [28]. When the samples were calcined at 450 ◦C, 500 ◦C,
00 ◦C, new absorption peaks located at 655, 550 and 490 cm−1 are
haracteristic of the regular spinel structure. The IR spectra of the
alcined samples are similar to that of the sample without calci-
ation. The peaks (Fig. 2B) located below 1000 cm−1 correspond to
lO6 groups, indicating the formation of ZnAl2O4 [29]. The high sur-

ace area of the calcined sample results in rapid adsorption of water
rom the air atmosphere, thus, the absorption peaks of H2O can
lso be observed in the IR spectrum (Fig. 2B). No carbon stretching
ibration peaks are observed from the FT-IR spectrum of the cal-
ined sample (Fig. 2B), indicating the surfactant has been removed
ompletely.

.3. Powder X-ray diffraction (PXRD)

The powder X-ray diffraction was used to identify the crystalline
hase of the calcined samples and the results are presented in
ig. 3. Seven high-intensity Bragg diffraction peaks in the range
� = 32–65◦ can be indexed as (2 2 0), (3 1 1), (4 0 0), (3 3 1), (4 2 2),
5 1 1), and (440) diffraction peaks, which show the typical patterns
or cubic ZnAl2O4 (JCPDS, 82-1043). No other phases were detected
n the samples heated from 450 ◦C to 600 ◦C. With increase of calci-
ation temperature, the intensity of the diffraction peaks became
ore narrow and intense, which is associated with an increase in

he size of the particles obtained. The average grain sizes of the
owders sintered at different temperatures were determined by
eans of the Scherrer formula: D = K�/(ˇc − ˇs) cos �, where � is

he wavelength of the X-ray radiation, D is the crystal size, and ˇc,

s are the full widths at half-maximum height of the sample and
tandard (single-crystal silicon) respectively. As calculated from
he Scherrer equation using the (3 1 1) diffraction peak of meso-
orous ZnAl2O4 for samples calcined at 450 ◦C, 500 ◦C and 600 ◦C,
he average crystallite size was estimated to be 5, 18.3, and 20 nm,
espectively.
Fig. 4. Representative SEM image of the mesoporous ZnAl2O4 thin films calcined at
600 ◦C for 2 h under air atmosphere.

3.4. Morphology observation

Scanning electron microscopy (SEM) image of mesoporous
ZnAl2O4 thin film was shown in Fig. 4. SEM image showed our
obtained products possessed mesoporous structure with uniform
pore size about 4 nm. Evidently, our proposed the EISA synthetic
strategy is simple, which permits the synthesis of uniform meso-
porous ZnAl2O4 thin films using aluminum chloride and zinc
chloride as inorganic precursors and F-127 as structure-directing
agent.

In order to further investigate the morphology of mesoporous
ZnAl2O4, transmission electron microscopy (TEM) characterization
was performed and the result was shown in Fig. 5. Unordered meso-
porous structure can be clearly observed and the main pore size was
about 4 nm. The TEM observation was consistent very well with the
SEM results.
Fig. 5. TEM image of mesoporous ZnAl2O4 powders calcined at 600 ◦C for 2 h under
air atmosphere.
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ig. 6. N2-sorption isotherms (inset) and corresponding pore size distribution for
he sample calcined at different temperatures: (A) 450 ◦C; (B) 500 ◦C; (C) 600 ◦C.

ent was performed. Fig. 6 shows the N2 adsorption–desorption
sotherms for mesoporous ZnAl2O4 samples with different calcined
emperature at 450, 500 and 600 ◦C for 2 h in air. The isotherms
re typical of type-IV isotherms (according to IUPAC classifica-
ion) with H3 type hysteresis loop, which is characteristic of
norganic porous oxides. The pore size distribution curves were
btained according to the Barrett–Joyner–Halenda (BJH) method,
hich are shown in Fig. 6. The pore size distribution curves

Fig. 6A–C) imply that pore sizes of the calcined samples are 4.0 nm,
.8 nm and 3.7 nm, respectively. The BET surface area (SBET) of
he samples was gained by BET formula. The SBET of ZnAl2O4

owders with calcined temperature at 450, 500 and 600 ◦C are
08.4, 105.2 and 98.6 m2 g−1, respectively. This implies that our
btained mesoporous ZnAl2O4 materials possess of high surface
rea (Fig. 6).
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4. Formation mechanism

The formation of mesoporous ZnAl2O4 can be attributed to the
interaction between the structure-directing agent (F-127) and the
hydrophilic aluminium–zinc nanoclusters and the formation of a
surfactant–nanocluster hybrid. In our experiment, the NH3·H2O
first dispersed in the surfactant solution, the hydrogen bond may
be formed between the O atom of hydrophilic block and the H atom
of NH3·H2O. Hence, the reason for the slow hydrolysis velocity of
inorganic species is that the interaction of hydrogen bond between
the H atom of the NH3·H2O and the O atom of EO of the surfac-
tant, which controls the ionization rate of NH3·H2O and prevent
formation of bulk precipitation [25]. The zinc and aluminum pre-
cursors can hydrolyze slowly to provide relatively smaller inorganic
particles rather than bulk sediment, which may have strong inter-
action with surfactant micelles. Such zinc–aluminum oxo-clusters
can realize the assembly with surfactant. This allows for the syn-
thesis of mesoporous ZnAl2O4 thin films via the zinc–aluminum
oxo-clusters’ assembling with the surfactant and prevent the pores
from collapsing when the surfactant was removed. We choose
proper quantity of NH3·H2O according to the phenomena of exper-
iments. Only when the solution of surfactant and NH3·H2O became
clear, a certain amount of zinc salt and aluminium salt solution
could be added in it dropwise. If NH3·H2O was added at the last
step, the product was bulk sediment. Finally, when the solution
became clear, the sol was aged for several hours at 20–25 ◦C at
ambient environment. With the evaporation of the volatile sol-
vent, the homogeneous sol with stable mesophases could be got,
the assembly of the surfactant with the inorganic species and the
further cross-link of the inorganic precursors result in the final
formation ZnAl2O4 with mesoporous structure.

In this technique, the assembly of organic surfactant template
departs from the condensation of inorganic species, and then, with
the evaporation of volatile solvents, the micelles assemble to stable
mesophases. There have many advantages such as homogenous
mixing of the components on an atomic scale, good control of the
stoichiometry and easily operation. Referring to the molar ratio
Zn:Al = 1:2, the following equation represents a probable course of
the formation of ZnAl2O4.

5. Conclusions

In summary, nanocrystalline mesoporous ZnAl2O4 thin films
and powders have been synthesized from the combination of inex-
pensive and commercially available polymer and aluminum salts
and zinc salts through the EISA method. The precursor calcined
at 450, 500, 600 ◦C for 2 h in air atmosphere yields single-phase
ZnAl2O4 with mesoporous structure. The ZnAl2O4 possesses of uni-
form pore size distribution and high specific surface area indicates
that mesoporous ZnAl2O4 is a promising candidates for potential
applications in catalysis, catalyst support and etc. Moreover, we
have demonstrated that the hydrolysis rate of the inorganic species
can be effectively controlled using this route which may be used for
synthesis of other mesoporous aluminate spinels, e.g. CoAl2O4.
This work was supported by the Key Program Projects
of National Natural Science Foundation of China (project no.
20431030), the National Natural Science Foundation of China
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