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Abstract Mesostructured zirconia particles having mono-

clinic-type crystalline walls were prepared using a low-

temperature crystallization technique. Crystalline zirconia

particles with highly-ordered mesostructures were obtained

through the sol–gel process of zirconium sulfate tetrahy-

drate at 333 K in the presence of molecular self-assemblies

of cetyltrimethylammonium bromide (CTAB) or mixtures of

CTAB and anionic molecules such as sodium dodecyl

sulfate and sodium p-toluenesulfonate. Variations in the

molar ratios of CTAB and the chemical species of anionic

molecules led to the variations in the periods of highly-

ordered zirconia having crystalline walls. Calcination of the

mesostructured zirconia particles prepared using templates

consisting solely of CTAB yielded crystalline mesoporous

zirconia particles.

Introduction

Mesoporous materials [1–6] synthesized using molecular

self-assemblies of surfactants as templates have highly

ordered pore structures with high specific surface area.

These materials have gathered increasing attention due to

their possible applications to catalysts, adsorbents, and

separating materials. To precisely control the pore struc-

tures and pore sizes, ionic surfactants having various alkyl

chain lengths [7–9] have been used and organic materials

have been added to the surfactant aggregates [10, 11]. In

particular, molecular self-assemblies of cationic surfac-

tants–anionic surfactants [12–14], cationic surfactants–

cationic surfactants [12, 15], and cationic surfactants–

nonionic surfactants [16–18] mixed systems have been

used as templates to produce mesoporous materials with

controlled pore structures and sizes.

The walls of as-fabricated mesoporous materials are

generally amorphous. The problem is that the heat treat-

ment of amorphous mesoporous materials to remove the

surfactants leads to the crystallization of the walls that

result in the collapse of uniform mesopore structures.

Various methods have been used to provide mesoporous

materials with crystalline walls. Ozin et al. and Yang et al.

have prepared mesoporous materials with thick walls using

triblock copolymers as templates [19–22]. Inagaki et al.

have synthesized organic-silica hybrid particles using

organic–inorganic hybrid materials as silica sources [23,

24]. Domen et al. [25] have reported the calcination

method for introducing crystal structures to the walls

without the collapse of the ordered pore structures using

amorphous mesoporous material with carbon in their pores

as starting material. Liu et al. [26] have described the

replica method using mesoporous SBA-15 silica as tem-

plate material. Although the methods using inorganic

templates are one of the promising techniques for the

crystallization of walls of highly-ordered mesostructures,

complicated processes to remove inorganic templates

are required. We have recently succeeded in the synthe-

sis of mesoporous titania particles having anatase-type
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nanocrystalline thin walls through a simple route using a

low-temperature crystallization technique in the presence

of a typical cationic surfactant for the preparation of

mesoporous materials [27, 28].

Zirconia has been used as catalyst support due to its

chemical stability against acid and base. Sulfated zirconia

produced by treating zirconia with sulfuric acid works as a

strong solid acid and is expected to be used as an acid

catalyst for the synthesis of chemical products as a sub-

stitute for liquid acid catalysts [29–31]. Increasing the

surface area is very important for the improvement of

catalytic properties, because catalytic reactions occur at the

surfaces of solid catalysts. Mesoporous materials with

walls consisting of zirconia will be efficient solid acid

catalysts. In addition, crystallization of the wall of meso-

porous zirconia will endow the material with high thermal

stability.

This study aims at synthesis of mesoporous zirconia

particles having crystalline wall using the low-temperature

crystallization technique we developed in the presence of

cationic surfactants. Furthermore, the effect of adding

anionic molecules on the structural properties of zirconia

particles was investigated.

Experimental section

Zirconium sulfate tetrahydrate (Kanto Chemical Co., Inc.)

and cetyltrimethylammonium bromide (Aldrich; CTAB)

were used as zirconia precursor and template material,

respectively. Sodium dodecyl sulfate (Wako Pure Chem-

ical Industries, Ltd.; SDS) and sodium p-toluenesulfonate

(Wako Pure Chemical Industries, Ltd.; ST) were used

as anionic molecules that were added to the template

material.

The total concentration of the surfactant solution com-

posed of CTAB and anionic molecules was fixed at

60 mM. The molar ratio of CTAB:anionic molecules was

changed from 10:0 to 0:10. A total of 60 mM surfactant

solution and 720 mM zirconium sulfate aqueous solution

were mixed at room temperature and stirred at 333 K for

24 h. Then, the obtained particles were filtrated, washed

with pure water, and dried at 393 K for 10 h. When the

molar ratio of CTAB:anionic molecules was changed from

5:5 to 0:10, no zirconia particles were obtained. Therefore,

the characterization of zirconia particles were performed

only for the samples synthesized at CTAB:anionic mole-

cules = 10:0 to 6:4. Structural properties of the prepared

zirconia particles were investigated using X-ray diffraction

(XRD) measurements (Philips, X’pert-MPD CuKa radia-

tion), transmission electron microscope (TEM; Hitachi

model H-7650: W filament) and high-resonance TEM

(HRTEM; Hitachi model H-9500: LaB6 filament)

observations. TEM and HRTEM were operated at accel-

erating voltages of 120 and 300 kV, respectively. Nitrogen

adsorption–desorption isotherm measurements were car-

ried out using a Quantachrome Autosorb-1-MP. Adsorbed

and desorbed amounts of nitrogen were calculated by

measuring the pressure of nitrogen 10 min after the dosage

and degas, respectively.

Results

We investigated first whether the template consisting of

cationic surfactant is effective in the preparation of mes-

ostructured zirconia as in the preparation of mesostructured

titania. Figure 1 shows the XRD patterns of the obtained

zirconia particles. The molar ratio of CTAB:anionic mol-

ecules was 10:0. The low-angle XRD pattern (Fig. 1a)

shows three diffraction peaks at 2.23, 3.79, and 4.43� due

to the (100), (110), and (200) reflections, respectively,

indicating the formation of highly ordered hexagonal

structures. The distance between the centers of the nearest

pores calculated using Bragg’s equation on the basis of the

(100) reflection is about 4 nm. This distance almost coin-

cides with that of mesoporous titania having hexagonal

structures [25, 26]. Figure 1b shows a wide-angle XRD

pattern of the obtained zirconia particles. This pattern

exhibits peaks (2h = 27, 45 and 59�) assigned to mono-

clinic-type zirconia, suggesting that the walls of the
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Fig. 1 a Low- and b wide-angle XRD patterns of zirconia-CTAB

composite particles. ‘‘H’’ denotes the peaks assignable to hexagonal

mesostructure

2542 J Mater Sci (2009) 44:2541–2547

123



mesostructured zirconia particles are monoclinic-type

zirconia.

Figure 2a shows a typical TEM image and an electron

diffraction (ED) pattern (inset) of the mesostructured zir-

conia. The TEM image shows that zirconia particles have

highly ordered honey-comb structures. The period of the

hexagonal mesostructure in the zirconia particles estimated

from the TEM image coincides with the value of about

4 nm calculated from the low-angle XRD pattern. The ED

pattern shows Debye rings assigned to monoclinic- and

hexagonal-type crystal structures of zirconia. The high

resolution TEM image shown as an inset of Fig. 2b clearly

reveals lattice fringes in the wall of mesostructured parti-

cles. The fringes with a spacing of 0.26 nm are consistent

with the spacing of (020) crystallographic plane of mono-

clinic zirconia. These results indicate that the walls of

the mesostructured particles synthesized by stirring at

333 K in the presence of CTAB have crystalline zirconia

frameworks.

Next, we investigated the effect of adding SDS on the

structural properties of crystalline mesostructured zirconia-

surfactants composite particles. Figure 3 shows the XRD

patterns of zirconia-surfactants composite particles synthe-

sized by using CTAB/SDS mixed template systems. Peaks at

around 2h = 2.2, 3.8, and 4.4� assigned to hexagonal mes-

ostructures are present in the low-angle XRD patterns of the

composite particles prepared at CTAB:SDS = 10:0 and 9:1.

In contrast, the low-angle XRD patterns of particles syn-

thesized at CTAB:SDS = 7:3 and 6:4 show diffraction

peaks around 2.1 and 4.2� assignable to lamellar mesopore

structures. Table 1 lists the molar ratios of CTAB:SDS, 2h
and d100 values calculated on the basis of the diffraction

peaks due to the (100) plane of hexagonal or lamellar mes-

ostructures using Bragg’s equation. The values of 2h
decrease and the d100 values increase with increasing molar

ratio of SDS in both hexagonal and lamellar mesostructure

regions. The values at CTAB:SDS = 9:1 and 8:2 are almost

the same. These results suggest that the interplanar spacing in

the mesostructures can be controlled by changing the molar

ratio in the CTAB/SDS mixed template system. All the wide-

angle XRD patterns exhibit peaks assigned to monoclinic-

type zirconia crystal (Fig. 3b). These results indicate that

CTAB/SDS mixed template systems can give crystalline

zirconia particles with hexagonal and lamellar mesostruc-

tures, the interplanar spacing of which can be controlled with

the variations in the molar ratio of SDS.

Figure 4 shows XRD patterns of zirconia particles pre-

pared using CTAB/ST mixed template systems. The molar

ratios of CTAB:ST are changed from 10:0 to 6:4. The low-

angle XRD patterns (Fig. 4a) show three diffraction peaks

assigned to hexagonal mesostructures. This indicates that

CTAB/ST mixed template systems are also effective in

synthesizing hexagonal-type mesostructured zirconia par-

ticles irrespective of the amount of ST used in this study.

Table 2 lists the molar ratios of CTAB:ST, 2h and d100

values (interplanar spacing) calculated on the basis of the

positions of the diffraction peaks due to the (100) plane of

hexagonal mesostructures using Bragg’s equation. The

value of 2h decreases and the d100 value increases with

increasing molar ratio of ST. The size of templates of

CTAB/ST mixed systems varies with the molar ratio of ST

as that of CTAB/SDS mixed systems. The peaks assigned

to monoclinic-type crystal structure are present in all the

wide-angle XRD patterns (Fig. 4b). These results indicate

that the mesostructured zirconia particles with crystalline

walls can be also prepared using CTAB/ST mixed template

systems.

Fig. 2 Transmission electron microscopy (a) and high resolution

transmission electron microscopy (b) images of zirconia-CTAB

composite particles. M and H in the electron diffraction pattern (inset

of (a)) represent Debye rings assigned to monoclinic- and hexagonal-

type zirconia, respectively
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Finally, we investigated the effect of calcination on the

structural properties of the mesostructured zirconia parti-

cles. The zirconia particles prepared with a molar ratio of

CTAB:anionic molecules = 10:0 were calcined twice at

723 K for 6 h with heating and cooling rates of 1 K/min.
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Fig. 3 a Low- and b wide-angle XRD patterns of zirconia particles

prepared using CTAB/SDS mixed template systems. The curves (i)–

(v) show the diffraction patterns of zirconia fabricated with molar

ratios of CTAB:SDS = 10:0, 9:1, 8:2, 7:3 and 6:4, respectively. ‘‘H’’

and ‘‘L’’ denote the peaks assigned to hexagonal and lamellar

mesostructures, respectively

Table 1 Effect of molar ratio of CTAB to SDS on the d100 values of

zirconia-surfactant composite particles

Molar ratio (CTAB:SDS) 2h (�) d100 Value (nm)

10:0 2.23 3.96

9:1 2.07 4.27

8:2 2.09 4.23

7:3 2.19 4.03

6:4 2.09 4.23
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Fig. 4 a Low- and b wide-angle XRD patterns of zirconia particles

prepared using CTAB/ST mixed template systems. The curves (i)–(v)

show the diffraction patterns of zirconia fabricated with molar ratios

of CTAB:ST = 10:0, 9:1, 8:2, 7:3 and 6:4, respectively. ‘‘H’’ denote

the peak assigned to hexagonal mesostructure
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Figure 5 shows the low-angle XRD pattern of the zirconia

particles after the calcination. The peak around 3.3� is

assignable to the (100) reflection of hexagonal mesostruc-

tures. This result suggests that the zirconia particles possess

a hexagonally aligned pore structure after the calcination.

The distance between the centers of the nearest pores cal-

culated using Bragg’s equation on the basis of the (100)

reflection is about 3 nm. Figure 6 shows a TEM image of

the zirconia particles after the calcination. The TEM image

shows a structure with highly-ordered hexagonal arrays of

pores of the size of about 2 nm. Nitrogen adsorption and

desorption measurements of the particles revealed that the

adsorption isotherms exhibit behaviors characteristic of

solids with mesopores (type IV) and show a hysteretic

phenomenon suggesting the presence of cylindrical pores

(Fig. 7). The surface area is 98 m2/g. BJH pore size dis-

tribution deduced from the adsorption branch (Fig. 7, inset)

shows the presence of pores with sizes around 2 nm. This

pore size value is in good agreement with those calculated

from the low-angle XRD pattern and estimated from the

TEM image. These results demonstrate the successful

preparation of ‘‘crystalline’’ mesoporous zirconia particles

with highly-ordered hexagonal pore structures.

The zirconia particles with hexagonal mesostructures

prepared by using the mixed templates of CTAB and

anionic molecules yielded, after the calcination, XRD

patterns and TEM images similar to those prepared with a

Table 2 Effect of molar ratio of CTAB to ST on the d100 values of

zirconia-surfactant composite particles

Molar ratio (CTAB:ST) 2h (�) d100 Value (nm)

10:0 2.23 3.96

9:1 2.21 4.00

8:2 2.17 4.07

7:3 2.13 4.15

6:4 2.09 4.23
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Fig. 5 Low-angle XRD pattern of zirconia particles after calcination

Fig. 6 TEM image of zirconia

particles after calcination
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molar ratio of CTAB:anionic molecules = 10:0, suggest-

ing the presence of pores of the size of about 2 nm.

However, the measurements of nitrogen adsorption and

desorption isotherms of the particles using our instrument

encountered with problems: 99 min was not sufficient for

the pressure to be equilibrated and the setting of the waiting

time longer than 99 min was impossible. The lamellar

structures of the zirconia particles collapsed during the

calcination judging from the XRD patterns.

Discussion

Variations in the mesostructure and in the period of the

mesostructure of the zirconia particles prepared using

CTAB/SDS and CTAB/ST mixed templates are explained

on the basis of packing parameter. Packing parameter is the

volume of a surfactant divided by the product of the cross-

section of the hydrophilic moiety and the molecular length.

Rod micelles form when the packing parameter is between

1/3 and 1/2. In contrast, lamellae form when the packing

parameter is around unity [32]. Mesostructured zirconia

with hexagonal structures is fabricated when templates of

rod micelles are aligned hexagonally. The results obtained

by using CTAB/SDS mixed template systems indicate that

the packing parameter increases with an increase in molar

ratio of SDS. This gives rise to an increase in the period of

the hexagonal mesostructure with increasing molar ratio of

SDS. Lamellae form when the molar ratio of SDS increases

further. The addition of anionic SDS to cationic CTAB

yields the formation of a quasi two-chain type surfactant

due to the electrostatic interaction (Fig. 8). Neutralization

of the charge of CTAB leads to three effects: (1) sup-

pression of repulsion between the positive charges of

CTAB molecules, (2) decrease in the number of hydrated

water molecules of CTAB head group, and (3) increase in

the solubility of the quasi two-chain type surfactant in the

hydrophobic portion of the micelle compared with CTAB.

The volume of the hydrophobic moiety of SDS and that of

CTAB are not very different from each other and are not

affected significantly by the neutralization of the hydro-

philic moieties. The packing parameter of the quasi two-

chain type surfactant is larger than that of CTAB [33]. This

brings about increase in the diameter of the rod micelle and

the period of the hexagonal mesostructure with increasing

molar ratio of SDS and the subsequent phase transition

from hexagonal mesostructures to lamellae.

The results obtained using CTAB/ST mixed template

systems indicate that the packing parameter increases with

an increase in molar ratio of ST. The addition of ST to

CTAB brings about the three effects as in the case of SDS.

The difference is that the volume of the hydrophobic

moiety of ST is much smaller than that of CTAB. The

volume of the hydrophobic moiety of ST contributes only

to a small extent to the total volume of the salt of CTAB

and ST [33]. The experimental results indicate that the

effect of the increase in the cross-section of the hydrophilic

moiety due to the addition of ST on the packing parameter

is smaller than the total of the three effects due to the

neutralization and the increase in the hydrophobic moiety

due to the addition of ST.

Conclusion

In this study, we have prepared highly ordered crystalline

zirconia particles with hexagonal and lamellar mesostruc-

tures. Crystalline zirconia particles with hexagonal

mesostructures have been successfully prepared using

CTAB or CTAB/anionic molecules mixed template sys-

tems at a temperature as low as 333 K. We have

investigated the effect of the addition of anionic molecules

on the mesostructures of the crystalline mesostructured

zirconia. The type of mesostructure and the period of the

mesotructure of zirconia are controlled with the variations

in the species of anionic molecules and the molar ratio of

CTAB/anionic molecules. To the best of our knowledge,

this is the first report on the control of the type and the

period of mesostructured materials with crystalline walls.

Further, calcination of the mesostructured zirconia particles

prepared using templates consisting solely of CTAB yiel-

ded crystalline mesoporous zirconia particles. The present

+ -+ -

+ -+ -

(a)

CTAB

CTAB

(b)

SDS

ST

Fig. 8 Schematic illustration of quasi two-chain surfactants formed

in the micelles. Parts (a) and (b) show the salts of CTAB/SDS and

CTAB/ST, respectively
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methodology will find applications to catalysts and sepa-

ration materials, because the type and the period of

mesostructured materials can be controlled easily without

using complicated processes.
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