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Abstract

Mesoporous zirconia (ZrO2) thin films were prepared by dip-coating via Pluronic P123 templated sol–gel route. ZrOCl2 � 8 H2O was

used as zirconium (Zr) precursors. Annealing of as-coated ZrO2 thin films is important in order to stiffen the respective films and to

remove the Pluronic P123. The mesoporous structure and crystallite size of ZrO2 were characterized systematically by field-emission

scanning electron microscope (FESEM), both low- and wide-angle X-ray diffraction, thermal analysis technique and Brunauer–

Emmett–Teller method. At annealing temperature of 400 1C, amorphous ZrO2 was transformed into tetragonal phase of ZrO2 (t-ZrO2).

At 450 1C, t-ZrO2 and monoclinic phase of ZrO2 (m-ZrO2) were obtained. By altering heating rate during annealing, volume fraction of

t-ZrO2 and m-ZrO2 was changed. FESEM images showed that disordered mesostructures of ZrO2 were formed after annealing. The

surface area of mesoporous ZrO2 obtained ranges from 54.33 to 93.39 m2/g.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Mesoporous materials have attracted widespread inter-
est in different areas of science and technology since after a
new family of mesoporous SiO2 was pioneered by research-
ers from Waseda University [1] and Mobile Cooperation
[2] in the beginning of 1990 s. Their convenient syntheses
through different chemical routes, large diversity of frame-
work structures, and novel properties have become a very
active area of research for over a decade, and these
materials can find vital applications on many frontier
areas such as adsorption, catalysis, separation technology,
chromatography, and drug delivery.

The unique feature for the synthesis of mesoporous
materials is utilization of soft templates such as triblock
copolymers or surfactants as a structure-directing agent.
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As a kind of nonionic surfactants, block copolymer is
composed of two or more chemically distinct homopoly-
mer subunits (blocks) linked by covalent bonds. Owing to
their mutual repellency, dissimilar blocks tend to segregate
into different domains. As confined by chemical connec-
tivity between the blocks, spatial extents of all segregated
domains are mostly in a mesoscopic scale. Block co-
polymer holds excellent self-assembly capability to con-
struct robust mesostructures with rich mesophases. This
approach for the synthesis of mesoporous SiO2-based mate-
rials has been extended to transition metal oxides (TMO)
[3,4]. Mesoporous TMO are often more difficult to synthe-
size, often demonstrate low thermal stability, and are usually
more susceptible to redox reactions, hydrolysis, or phase
transformations.
Mesoporous ZrO2 is of particular interest in view of

their high chemical stability, being potentially applicable as
catalyst support [5], adsorbent [6], heavy duty membranes
[7] and oxygen sensors [8]. For many of these applications,
processing ZrO2 as a thin film is important. The pioneering
ll rights reserved.
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Fig. 1. TG–DTA curves for the combustion process of as-dried gel (after

gelation for 60 1C for 96 h).
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work by the research group of Sanchez [7] represents the
preparation of oriented mesostructured ZrO2 films using
diblock copolymer of Brij 58 (C16H33EO10) as structuring
agent. The oxide presented regularly ordered long-range
patterns at the annealing temperature of 60 1C. By increas-
ing the annealing temperature to 300 1C, the pore shapes
became ecliptic.

Herein, we report the synthesis of crystallized mesopor-
ous ZrO2 thin films via sol–gel route, using Pluronic P123
as template. ZrO2 phase is transformed from amorphous
to tetragonal and subsequently to monoclinic as the
annealing temperature increases.

2. Experimental procedure

2.1. Chemicals

Zirconium oxychloride octahydrate (ZrOCl2 � 8H2O,
Wako), ethanol (EtOH, Wako) and triblock copolymer
Pluronic P123 (EO20PO70EO20, Sigma-Aldrich) were used as
received. Water was distilled and deionized. The Radio
Corporation of America (RCA) cleaning procedure was used
to clean silicon (Si) substrates. The procedure requires mixture
of H2O, ammonia solution (NH3, Wako) and hydrogen
peroxide (H2O2, Wako) in the volume ratio of 5:1:1.

2.2. Sample preparation

2.2.1. ZrOCl2.8H2O as Zr source.

8.22 g of powder ZrOCl2 � 8 H2O was mixed with diluted
EtOH (volume ratio of EtOH and H2O is 4:1) then stirred.
A white sol was developed at room temperature. Colloidal
particles formed in the sol were mainly hydrated zirconyl
oxalate (ZrOC2O4) peptized by HCl, which was one of the
products of the above reaction [9]. Concurrently, 1.36 g
Pluronic P123 was dissolved in 20 ml of EtOH by stirring
the solution for an hour at room temperature. Then, the
dissolved Pluronic P123 was dropped into solution of
ZrOCl2 � 8H2O while stirring. The solution was stirred for
another one hour.

2.2.2. Mesoporous ZrO2 thin film and powders formation.

The final colloidal sol was used for dip-coating on one
side of the Si substrates with an area of 2.0� 2.5 cm2 at
24% R.H. The dip-coated samples were dried at room
temperature for a day. In order to produce ZrO2 powders,
a certain amount of sol was dried at 60 1C for 3 weeks to
allow gelation process. Both the thin films and powders
produced were annealed at 400 and 450 1C at heating rate
of 0.5 and 5 1C/min respectively for 4 h.

2.3. Characterization methods

Thermogravimetry (TG) and differential thermal analy-
sis (DTA) were carried out in air from room temperature
to 800 1C at a rate of 10 1C/min using a Thermo Plus 2
(RIGAKU Thermo Plus TG8120). Structural analyses of
ZrO2 were performed using an X-ray diffractometer
(XRD, Rigaku RINT-2000) operated using Cu Ka as
X-ray source, voltage at 40 kV, current at 20 mA and scan
rate at 0.21/min with a step of 0.021. Mesoporous struc-
tures of ZrO2 thin films were analyzed at low-angle (1–5)1
XRD range, whereas XRD patterns of ZrO2 powders were
recorded on a range of 2y¼15–701 for analysis of crystal-
line phases. The specific surface area of the samples were
determined by the Brunauer–Emmett–Teller (BET) method,
which was by adsorption/desorption of nitrogen at liquid
nitrogen temperature and relative pressures (P/P0) ranging
from 0.1 to 0.25, where P and P0 are the equilibrium and the
saturation pressures of adsorbates at the temperature of
adsorption. Before each measurement, the sample was
degassed at 300 1C for 30 min. Surface morphology of dip-
coated ZrO2 thin films was observed using a field-emission
scanning electron microscope (FESEM, HITACHI High
Tech S-4800).
3. Results and discussion

Fig. 1 shows TG–DTA curves for the as-dried gel. The
origin of the weight loss is attributed to dehydration and
decomposition of oxalate compounds which is represented
by two endothermic peaks of DTA curve: (1) at 90 1C –
dehydration corresponding to ZrOC2O4.xH2O-ZrO-
C2O4þxH2O; and (2) at 140 1C – decomposition accord-
ing to ZrOC2O4þ1/2O2-ZrO2þ2CO2 with �23%
weight loss. The release of chlorine takes place during
the thermal treatment process. Two exothermic peaks are
observed: (1) at 240 1C – corresponds to burning of
Pluronic P123 to CO, CO2 and H2O with weight loss by
35%; and (2) at 480 1C – indicates crystallization of ZrO2

with no significant change in TG curve.
Fig. 2 shows the wide-angle XRD patterns of the

prepared ZrO2 powders before and after annealing at
different temperatures and heating rates for 4 h. The
sample before annealing, for both heating rates, only
shows diffraction peaks of crystallized Pluronic P123 [9].
By annealing the sample at 350 1C and above, diffraction
peaks related to Pluronic P123 varnished. It shows that
Pluronic P123 was completely removed upon annealing at
350 1C, which agrees well with the TG–DTA results. For
sample annealed at 350 1C, a broad diffraction peak
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associated with ZrO2 is recorded; indicating that the oxide
at this stage is amorphous. By increasing the annealing
temperature to 400 1C, diffraction peaks of t-ZrO2 are
obtained (ICDD card number 42–1164). Further increases
of the annealing temperature to 450 1C, diffraction peaks
of m-ZrO2 were revealed (ICDD card number 37–1484).
As the heating rate increases from 0.5 to 5.0 1C/min,
crystallinity of the samples decreases.

The mean crystallite size was evaluated from the highest
intensity XRD diffraction peak at (100) plane for t-ZrO2;
and (111) plane for m-ZrO2 using Scherrer formula,
D(hkl)¼Kl/ (b(hkl)cosy(hkl)), where D is the crystallite size,
K is the Scherrer constant. K is assumed with value of 1,
l is the wavelength of the radiation (1.5418 Å for Cu Ka
radiation), b is the corrected peak width at half-maximum
intensity, y is the corresponding Bragg angle and (hkl) is
Miller indices of respective crystal plane of ZrO2.

The volume fraction of each phase of ZrO2 was calculated
from the empirical equations [10], xt ¼ Itð100Þ=ðItð100Þþ

Imð100ÞþI
m 111Þð Þ and xm¼1�xt, where xm and xt represent

the volume fraction of t-ZrO2 and m-ZrO2, respectively. I(hkl)
is the intensity of the selective (hkl) peaks.
Fig. 2. Wide-angle XRD patterns of the mesoporous ZrO2 powders

before and after annealing at different temperature and heating rate

(holding time¼4 h).

Table 1

Phase composition, crystallite size and specific surface area of meso

Annealing temp. (1C) Heating rate (1C/min) Tetragonal ph

0.5 5 D(1 0 0) (nm)

400 O 17.6

O 9.2

450 O 21.4

O 18.7
The phase composition and the crystallite size of as-
prepared ZrO2 powders as a function of annealing tem-
perature are presented in Table 1.
The crystallite size of t-ZrO2 increases while the content

of t-ZrO2 decreases with the progressing of annealing
temperature. By increasing heating rate while maintaining
the annealing temperature, crystallite size for both t- and
m-ZrO2 is decreased. At 450 1C, the content of m-ZrO2

increases as a function of heating rate. In this work, t-ZrO2

is obtained at annealing temperature as low as 400 1C. It is
because the formation of crystallized ZrO2 is more favor-
able when ZrOCl2 � 8H2O is added at room temperature
[11]. In fact, the obtained crystallized mesoporous ZrO2 is
important since many applications of mesoporous ZrO2

such as high-temperature catalytic reactions of fuel cells,
require crystallized wall structures because of the high
structural strength and electromagnetic properties.
The results of nitrogen adsorption–desorption analysis

are shown in Table 1. The results revealed that ZrO2

exhibits a higher BET surface area after underwent higher
annealing temperature and heating rate. The highest BET
surface area (93.39 m2/g) was revealed by sample annealed
at 450 1C with heating rate of 5 1C/min. This value is
higher than the BET surface area (63.70 m2/g) of meso-
porous ZrO2 formed by surfactant of poly (methyl metha-
crylate) (PMMA) as a template [12].
Typical FESEM images of dip-coated mesoporous ZrO2

thin films, which were formed after annealing, are shown
in Fig. 3. The swirling patterns of tubule bundles [Fig. 3(a)]
show no preferred orientation and are similar in
appearance to those observed by Aksay et al. [13] and
Lu et al. [14]. The disordered mesostructures of ZrO2 thin
films formed were in good agreement with the results
obtained from low-angle XRD pattern, which no appreci-
able peaks appeared in the range of 1–51. Swirling happens
when the long axes of the tubules appear to wander over a
wide range of slowly curving arrangements, suggesting that
the low bending energy of the tubules along their long
axes, in which the effect may be understood in terms of a
Helfrich bending energy model of tubule surfactant layer
[15]. Besides, swirling is consistent with the inability of
interface of dip-coated ZrO2 to impose long-range order
on the tubule assembly process [14], in which can be well
observed at higher magnification of FESEM images
[Fig. 3(b–d)].
porous ZrO2 powders.

ase Monoclinic phase BET surface area (m2/g)

xt (%) D(1 1 1) (nm) xm (%)

100 – 0 54.33

100 – 0 68.58

82 10.1 18 60.74

73 8.1 27 93.39



Fig. 3. (a) FESEM image of surface morphology of mesoporous ZrO2 thin film dip-coated then followed by annealing (450 1C, 4 h, 0.5 1C/min); (b) is the

magnified FESEM image of (a); (c) and (d) are the magnified FESEM images at selected regions of (b).
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4. Conclusion

In the present study, mesoporous ZrO2 thin films of
disordered mesoporous structure with swirling patterns of
tubule bundles were obtained via Pluronic P123 templated
sol–gel route. Pluronic P123 surfactant was completely
removed from mesoporous ZrO2 at 350 1C. Different
phases of ZrO2 formed at different annealing tempera-
tures: amorphous ZrO2 at 350 1C, t-ZrO2 at 400 1C and
mixture of t-ZrO2 and m-ZrO2 at 450 1C. At 450 1C with a
heating rate of 5 1C/min, mesoporous ZrO2 obtained
possesses the highest BET surface area of 93.39 m2/g.
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