
J M A T E R S C I 4 1 (2 0 0 6 ) 2 7 7 9 –2 7 8 6

Synthesis of multilayer Nano-ZrO2 coated

polystyrene spheres on fabrication

of three-dimensional ordered macroporous

structures

YUJI HOTTA ∗, YU JIA, MIHARU KAWAMURA, NAOKI OMURA,
KIYOKA TSUNEKAWA, KIMIYASU SATO, KOJI WATARI
National Institute of Advanced Industrial Science and Technology (AIST), Anagahora 2266-98,
Shimoshidami, Moriyama-ku, Nagoya 463-8560, Japan
E-mail: y-hotta@aist.go.jp

Published online: 9 March 2006

Monodispersed ZrO2 precursor nanoparticles with a diameter of 25 nm were successfully
synthesized by using diglycol as complexing reagent. The kinetic of particle growth as a
function of concentration ratio of ZrOCl2: diglycol was investigated. The as-synthesized ZrO2
precursor nanoparticles were homogenously coated on the surface of polystyrene particles.
Multilayer coating process was implemented by using poly (acrylic acid) (PAA) to modify the
surface charges of the coated spheres, which was characterized by zeta-potential, particles size
distribution and microstructural observation. The multilayer-coated polystyrene (PS) spheres
have been used as templates to produce macroporous materials. Ordered macroporous ZrO2
materials were obtained after the ZrO2 precursor nanoparticles coated PS spheres were formed
by centrifugation and calcined at 550◦C for 3 h. The porous wall thickness could be well
controlled by using the multilayer nano-ZrO2 coated PS spheres with different coating
thickness. C© 2006 Springer Science + Business Media, Inc.

1. Introduction
Porous ceramics have a number of important applications
in devices that include filters, bioceramics, fuel-cell
electrodes, membrane reactors, catalytic supports and
surfaces, and optical devices [1–3]. In fact, numerous
properties of macroporous materials, such as density, ther-
mal conductivity, and dielectric permittivity, are mainly
dependent on their pore morphology (e.g. pore size,
wall thickness, and structures) [4–7]. In the last decades,
macroporous materials with tight control over the pore
size distribution and porosity attracted a lot of interesting
because of their unique optical, photonic and electrochem-
ical properties [8–10]. On the other hand, macroporous
ZrO2 material is a potential application as electro-
magnetics and isomerizations [11, 12]. Furthermore,
Y2O3-stabilized ZrO2 can be used in solid oxide fuel
cells (SOFC), which operate at high temperature [13–16].

At present, various methods have been developed for
preparing ordered macroporous materials. Though or-
dered microstructure can be achieved by emulsion tem-
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plating method, it is difficult to improve the porosity
[17–19]. Colloidal crystal templating method using close-
packed arrays of monodispersed spheres (polystyrene or
silica) as templates have been developed to prepare three
dimensionally ordered macroporous (3-DOM) materials
that include silica [20, 21], metals [10, 22, 23], metal
oxides [6, 24, 25], polymers [26] and carbon [27]. Never-
theless, control of porous wall thickness has been limited.
On the other hand, ordered porous structures with a con-
trolled pore size can be developed by colloidal templating
method using pre-coated templates, and the porous wall
thickness could be controlled by using templates with
different coating thickness [28, 29].

One approach at the forefront in coating process re-
search is the layer-by-layer (LbL) assembly method [30,
31]. However, the widely used starting materials were
alkoxides that required for organic solvent. Since yttrium
alkoxides precursor has limited solubility in zirconium
alkoxides, it is difficult to prepare Y2O3-stabilized ZrO2

materials [21].
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On the other hand, monodispersed nanoparticles have
an advantage in fabrication of ceramics with im-
proved properties: sintering, mechanical, electrical, ther-
mal, ionic conductivity, catalytic, and optical [32–36].
However, nano-powder has property of strong aggregation
because of the high surface energy. Therefore, prevention
of the aggregation of nanoparticles is of importance for
nano-materials research.

In the present work, we demonstrate how monodis-
persed nano-ZrO2 (includes Y2O3) particles can be syn-
thesized in aqueous solution by utilizing ZrOCl2 and
YCl3 as starting materials. A novel route for homoge-
nously coating of nano-ZrO2 particles on the surface of
polystyrene (PS) spheres surface was developed. The ef-
fect of the hydrolysis behavior of ZrOCl2 on the mor-
phology of nano-ZrO2 particles coated PS spheres was
studied. Moreover, it is shown how nano-ZrO2 particles
coated PS spheres can be used for preparing ordered ZrO2

macroporous materials. Control of the porous wall thick-
ness by utilizing pre-coated temples with different coating
thickness was investigated.

2. Experimental section
2.1. Materials
Zirconium oxychloride (ZrOCl2·8H2O, 98%) and
tetraethyl orthosilane (Si(OC2H5)4, TEOS) were obtained
from Sigma-Aldrich Chemical Company. Polystyrene
(PS) suspensions modified with sulfate functional group
(concentration of 8 wt%, a particles size of 500 nm (1PS)
and 1 µm (2PS)) were purchased form Interfacial Dynam-
ics Corporation (Tualatin, USA). Polyacrylic acid (PAA,
Mw 5000), YCl3·6H2O (99.9%), diglycol and reagent-
grade sodium hydroxide (NaOH), hydrochloric acid (HCl)
and sodium chloride (NaCl) were provided from Wako
Pure Chemical Industry, Japan. All the reagents were used
as received.

2.2. Synthesis of nano-ZrO2 particles and
coating method

In order to study the effect of hydrolysis behavior on
coating of ZrO2 precursor, three coating routes were per-
formed: (1) directly coating of ZrO2 particles (1PS/Zr),
(2) coating of ZrO2-SiO2 composite particles (1PS/Zr-
Si), and (3) coating of ZrO2 particles in the presence of
diglycol on 500 nm PS (1PS) spheres (1PS/Zr-DG).

For synthesizing 1PS/Zr particles, zirconium oxyhy-
drate solution was prepared by hydrolysis of 0.05 M
ZrOCl2, which contained YCl3, in distilled water. The
solution was diluted to 5 × 10−3 M after stirring for 48 h.
Later, 40 ml of the diluted solution was mixed with 2 ml
PS suspension and vigorously stirred for 72 h. 1PS/Zr-Si
particles were prepared as the follows: 36 ml hydrolyzed
ZrOCl2 (5 × 10−3 M) was adjusted to pH 2 with HCl,
and 4 ml ethanol was added. Then, 0.5 ml TEOS was
introduced. After stirring for 1 h, 2 ml PS suspension was
added and reacted for 72 h by vigorously stirring. In the

T AB L E I Composition of the samples

Samples Shell materials
Diameter of PS
spheres (nm)

1PS – 500
1PS/Zr ZrO2 precursor 500
1PS/Zr-Si ZrO2-SiO2 precursor 500
1PS/Zr-DG ZrO2-DG precursor 500
2PS – 1000
2PS/1Zr-DG ZrO2-DG precursor 1000
2PS/2Zr-DG ZrO2-DG precursor 1000

case to prepare 1PS/Zr-DG particles, 150 ml hydrolyzed
ZrOCl2 (0.05 M), which contained YCl3 (4.5 × 10−3 M),
was mixed with 100 ml diglycol by vigorous magnetic
stirring for 8 h. Later, the pH of the solution was adjusted
to 5. After standing for 16 h, 5 ml PS suspension was
dropped and stirred for 72 h. All the reacted suspensions
of the 1PS/Zr, 1PS/Zr-Si and 1PS/Zr-DG particles were
separated via centrifugation and the solids were washed
with distilled water for 3 times.

Furthermore, coating of nano-ZrO2 particles in the pres-
ence of diglycol (ZrO2-DG particles) on 1 µm PS (2PS)
spheres was carried out according to the same process as
for preparing 1PS/Zr-DG particles. The one layer ZrO2-
DG particle coated PS spheres (2PS/1Zr-DG) was dis-
persed into 100 ml 0.03 M NaCl solution to make an
electric double layer be stable at pH 4 and aged for 4 h.
At the same time, 100 ml PAA solution (0.6 wt% in
0.03 M NaCl solution) was adjusted to pH 4 and aged for
4 h. Then, the PAA solution was added into the suspen-
sion and stirred for 15 h. The suspension was separated
and the solid was washed by distilled water to remove
the excess PAA. The PAA adsorbed particles (2PS/1Zr-
DG /PAA) were deposited with ZrO2-DG nanoparti-
cles to get two layers of nano-ZrO2 coated PS spheres
(2PS/2Zr-DG). Table I shows the compositions of all the
samples.

The compacts of 2PS/1Zr-DG and 2PS/2Zr-DG parti-
cles were formed by centrifugation. After drying in air, the
compacts were calcined at 550◦C for 3 h with a heating
and cooling rate of 100◦C /h.

2.3. Kinetics on nano-ZrO2 particles from
ZrOCl2 solution

Zirconium oxyhydrate solution at two concentra-
tions (0.02 M and 0.05 M), which contained YCl3
(1.8 × 10−3 M and 4.5 × 10−3 M), were prepared by hy-
drolysis of ZrOCl2 and YCl3 in distilled water. Then,
diglycol were added to the as-prepared solutions during
vigorous magnetic stirring. 0.02 M ZrOCl2 solutions were
mixed with diglycol at the concentration ratio of 5:1, while
0.05 M ZrOCl2 solutions were mixed with diglycol at the
volume ratio of 1:1, 3:2 and 2:1, respectively. The pH of
the mixtures was adjusted to 5 after the mixed source was
aged for 8 h. After ageing from 4 to 360 h, the particle
size of the synthesized nano-ZrO2 was measured using
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dynamic light scattering spectorophotometer (DLS-7600,
Otsuka Electronics Co., Ltd., Japan).

2.4. Characterization
Morphology of the synthesized nano-ZrO2 particles was
observed using a transmission electron microscope (TEM,
JEM-2010, JEOL, Japan). The zeta-potential of 2PS,
2PS/1Zr-DG, 2PS/1Zr-DG/PAA and 2PS/2Zr-DG parti-
cles was characterized using a microscope electrophore-
sis analyzer (Model 502, Nihon Rufuto Co., Ltd, Japan)
in a 0.01 M NaCl solution and aged for 1 h. The parti-
cle size distributions of 2PS, 2PS/1Zr-DG and 2PS/2Zr-
DG particles dispersed in distilled water were analyzed
with a laser scattering particle size distribution analyzer
(LA-920, Horiba, Japan). Scanning electron microscope
(SEM, Model JSM5600N, JEOL, Japan) was used to ob-
serve the microstructure and morphology of the parti-
cles and calcined bodies. The existence of Zr, Si and Y
components in powders was detected with an EDX appa-
ratus (EDAX, DX-4, Netherlands). Thermo-gravimetric
(TG) analysis was conducted under flowing air using a
thermo-gravimetric instrument (RTG320, Seiko Instru-
ments, Japan) at a heating rate of 3◦C/min.

3. Results and discussion
Fig. 1 shows the SEM micrographs of 1PS, 1PS/Zr,
1PS/Zr-Si and 1PS/Zr-DG. The particle size estimated
from the SEM micrographs was shown in Table II. The
ZrO2-SiO2 composite is supported by EDX data of the

1PS/Zr-Si powders (Fig. 2). The 1PS/Zr particles have a
broad particle size distribution between 525 and 741 nm.
The 1PS/Zr-Si and 1PS/Zr-DG particles have an aver-
age diameter of 559 ± 13 nm and 548 ± 12 nm, respec-
tively; hence the PS spheres have been coated with the
nanoparticles. The relative monodispersity of the 1PS/Zr-
Si (Fig. 1c) and 1PS/Zr-DG particles (Fig. 1d) indicates
that the coating is uniform.

When directly coating PS spheres with hydrolyzed
ZrOCl2 is taken place, the related reactions can be repre-
sented as equations (1) and (2) [37]:

4ZrOCl2 + 20H2O → [Zr4(OH)8(H2O)16Cl6]2+ + 2Cl−

(1)

2n[Zr4(OH)8(H2O)16Cl6]2+ →
Zr8n(OH)20n(H2O)24nCl12n + 4nH2O + 4nH+ (2)

The reactions are composed of hydrolysis (1) and nan-
ocluster (2). Due to the fast hydrolysis and nanocluster,
nucleation and growth were completed soon. Therefore,

T AB L E I I Diameter and film thickness of coated particle

Samples
Diameter of coated
particle (nm) Coating thickness (nm)

1PS 501 ± 4 –
1PS/Zr 525 ∼ 741 13 ∼ 121
1PS/Zr-Sr 559 ± 13 29
1PS/Zr-DG 548 ± 12 24

Figure 1 SEM micrographs of nano-particles coated PS spheres. (a) 1PS, (b) 1PS/Zr, (c) 1PS/Zr-Si, and (d) 1PS/Zr-DG particles.
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Figure 2 EDX spectrum of 1PS/Zr-Si particles.

the formed ZrO2 precursor particles were unstable and
easy to aggregate, which caused the coated PS spheres
have a broad particle size. Hence, a stable and homoge-
nous sol of ZrO2 precursor nanoparticles is required for
homogenous coating. Complexation is widely used to
modify the sol-gel process, which slows down the hydrol-
ysis and condensation rate [38,39]. In case of 1PS/Zr-Si
particles, the ZrO2 precursor sol was modified by TEOS.
According to our previous work [28], homogenous coat-
ing of silica on PS spheres was performed using TEOS
as the shell material. When TEOS is slowly hydrolyzed
and condensated in water at pH 2, the reactions can be
represented as follows:

≡ Si–OR + H2O →≡ Si–OH + ROH (3)

≡ Si–OH + HO–Si ≡→≡ Si–O–Si ≡ +H2O (4)

Thus, when the hydrolyzed ZrOCl2 and TEOS are mixed,
co-condensation reactions are occurred as shown in the
following equations:

≡ Zr–OH + HO–Si ≡→≡ Zr–O–Si ≡ +H2O (5)

≡ Zr–OH + RO–Si ≡→≡ Zr–O–Si ≡ +ROH (6)

≡ Zr–OR + HO–Si ≡→≡ Zr–O–Si ≡ +ROH (7)

Due to reactions (5) to (7), the condensation of ZrO2-
SiO2 composite precursors is retrained. Therefore, a stable
sol of ZrO2-SiO2 composite precursor nanoparticles is
produced, which lead to the homogenous coating.

In case of diglycol used as a complex reagent, diglycol
molecular reacts with ZrOCl2 hydrolysis when the two
liquids are mixed. The reactions can be represented as
equations (8) to (10) [38, 39]:

ZrOCl2 + H2O + XOH → XO − Zr ≡ +HCl (8)

XO–Zr ≡ +H2O + XOH → (XO)nZr(OH)4−n (9)

(XO)n Zr (OH)4−n + (HO)4−nZr(OX)n

→ (XO)n(OH)3−nZr–O–Zr(OH)3−n(XO)n + H2O

(10)

where X represents HO(CH2)2O(CH2)2 functional group.

The actual chemical process in the sol is much more com-
plicate than those simplified by equations (8) to (10). The
hydrolysis of chelated zirconium species is reduced due
to steric effect. Furthermore, diglycol strongly restrain
condensation of ZrOCl2 as well as the hydrolysis, which
inducing nucleation at the early stage of the sol-gel pro-
cess. Hence, highly stable, monodispersed ZrO2 precur-
sor nanoparticles were prepared. Therefore, the coated PS
spheres have a homogenous morphology. In addition, the
as-synthesized ZrO2-DG nanoparticles can be well dis-
persed in aqueous solution because of the surface modifi-
cation of the hydroxyl group.

Fig. 3a shows the relationship between the reaction time
and the particle size as a function of ZrOCl2 concentration,
at which the concentrations ratio of ZrOCl2: diglycol is
fixed to 5:1 for 0.02 M ZrOCl2 solution and 2:1 for 0.05 M
ZrOCl2 solution on purpose of investigating the kinetic of
particle growth at same mole ratio of ZrOCl2 : diglycol.
The plots show the particle size parabolically with an
initial rapid growth with time and an asymptotic approach
to a maximum diameter. The growth of the particle size,
δ, could be fitted by simple equation (11) describing the
homogeneous particle growth kinetics [40],

δ = δM (1 − e−κt ) (11)

where δM is the maximum particle size, κ is the rate
constant dictated by the solution condition, and t is the
reaction time. After fitting to equation (11), the δM and
κ can be estimated and are shown in Fig. 3b. It is seen
that the maximum particle size and the rate constant in-
crease with increasing the ZrOCl2 concentration. Zukoski
et al. reported the kinetics of the growth of uniform silica
particles from silica precursor [40]. One important ob-
servation was that the silica particles grew by a surface
limited mechanism. This observation is likely to hold true
for our system as well. Fig. 3c shows the particle size
growth kinetic as a function of the ratio of ZrOCl2 : digly-
col for 0.05 M ZrOCl2 solution. The δM and κ can be
estimated that the maximum particle size and the rate
constant increase when relatively lower content of digly-
col was applied. It is well known that the sol-gel method is
a versatile technique used to obtain ultrafine, homogenous
powders of a variety of glass and ceramic materials at low
temperature and in short time through the growth of metal
oxo-polymers in a solvent. However, the hydrolysis and
condensation involved in sol-gel process are generally fast
and need to be inhibited to avoid precipitation. Likewise,
electrolytes could affect the hydrolysis and condensation
kinetics. In the present study, as chelated with diglycol,
the precipitation rate was changed. The controlled sol-gel
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Figure 3 (a) Particle size growth as a function of reaction time at different concentrations of ZrOCl2 solution (�0.05 M, �0.02 M), (b) final growth size
of particles (δM) and rate constant (κ) at different concentration, (c) particle growth as a function of reaction time for 0.05 M ZrOCl2 solution at different
volume ratios of ZrOCl2 : diglycol (•1 : 1, ◦ 3 :2, � 2 :1), (d) final growth size of particles (δM) and rate constant (κ) at different concentration ratios of
ZrOCl2 : diglycol.

process was described as equations (8) to (11). In the case
that relatively low ratio of ZrOCl2: diglycol has been used,
the hydrolysis of the precursor was relatively slow due to
the much more stable chelated structure. Therefore, the
nucleation and growth of the particles were slow. As a
result, the rate constant of the particle growth, κ , decrease
with increasing the relative content of diglycol due to the
chelating reactions. Hence, highly stable, monodispersed
nano-ZrO2 particles with controllable particle size were
prepared. Besides, lower ratio of ZrOCl2 : diglycol means
there are much higher chelated zirconium remained in
the mixture after reaction. Therefore, the concentration
of the nucleates is lower, which results in lower collision
probability, and in turn, smaller final particle size.

Fig. 4 shows the TEM micrograph of the as-synthesized
nano-ZrO2 particles after 0.05 M ZrOCl2 solution
chelated with diglycol at a ratio of 3:2 was reacted for
72 h. It is observed from Fig. 4a that the particles have a
monodispersed size of ca. 25 nm, which is in good agree-
ment with the results of particle size in Fig. 3c. Fig. 4b
shows a HRTEM image with the corresponding power
spectrum (the square of the Fourier transform of the TEM
image). It is determined that the particles are crystalline in
the tetragonal structure without the presence of defaults.
The distance between lattice planes that calculated from
power spectrum is about 3 × 10−10 m. The faced particle

is parallel to the (111) plane when a crystal lattice unit cell
parameters a = 0.512 nm and c = 0.525 nm was selected
[41]. On considering that the 1PS/Zr-DG particles have a
coating thickness of 24 nm (shown in Table II), the 1PS
particles was homogenously coated with single layer of
ZrO2-DG nanoparticles. Therefore, it was indicated that
homogenously coating of ZrO2-DG nanoparticles on PS
spheres surface could be prepared by control of the hy-
drolysis and condensation behavior of ZrOCl2.

Fig. 5 shows the zeta potential of 2PS, 2PS/1Zr-DG,
2PS/1Zr-DG/PAA, 2PS/2Zr-DG and ZrO2-DG particles
as a function of pH. 2PS particles surface was nega-
tively charged throughout the measured pH region be-
cause of the modification of sulfate functional groups.
The IEP of ZrO2-DG particles were 6.6. PS spheres have
high negative charge at pH 5, and the ZrO2-DG nanopar-
ticles has high positive charge. When the two suspen-
sions were mixed, the ZrO2-DG nanoparticles were ho-
mogenously deposited on PS spheres by heterocoagula-
tion process due to the electrostatic attraction. The IEP
of the coated particles (2PS/1Zr-DG) was 5.6. The IEP
value was similar with the one of ZrO2-DG particles,
which means that PS spheres surface were covered with
ZrO2-DG nanoparticles. After PAA was adsorbed on the
surface of 2PS/1Zr-DG particles (2PS/1Zr-DG/PAA), the
IEP was shifted from 5.6 to 2.4, which insure the follow-
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Figure 4 TEM micrographs. (a) As-synthesized particles from 0.05 M ZrOCl2 mixed diglycol at a volume ratio of 3:2 for 72 h. (b) HRTEM image with
the corresponding power spectrum.
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Figure 5 Zeta-potential plots of 2PS (filled circles), 2PS/1Zr-DG (open
squares), 2PS/1Zr-DG/PAA (open circles), 2PS/2Zr-DG (open triangles)
and ZrO2-DG nanoparticles (filled squares).

ing coating of ZrO2-DG nanoparticles on the particles sur-
face. The zeta potential plot of 2PS/2Zr-DG particles was
identified with the one of 2PS/1Zr-DG particles. There-
fore, it was indicated that the multilayer-coated PS par-
ticles could be synthesized by repeating the ZrO2-DG
deposition and PAA adsorption steps indefinitely to get
required coating thickness.

Fig. 6 shows the particle size distribution (Fig. 6a) and
d50 (Fig. 6b) of 2PS, 2PS/1Zr-DG, and 2PS/2Zr-DG par-
ticles. Each d50 of 2PS, 2PS/1Zr-DG and 2PS/2Zr-DG
particles was 936 nm, 987 nm and 1038 nm, respectively.
The particle size of 50 nm was increased by deposition of
one time. Thus, the coating thickness of one layer was ca.
25 nm. It was indicated that 2PS/1Zr-DG and 2PS/2Zr-
DG particles were homogenously coated with single layer
and two layers of ZrO2-DG nanoparticles, respectively, on
considering that the ZrO2-DG nanoparticles have a diame-
ter of 25 nm. The SEM micrographs of 2PS, 2PS/1Zr-DG,
and 2PS/2Zr-DG particles were shown in Fig. 7. The aver-
age particle sizes of 2PS/1Zr-DG and 2PS/2Zr-DG, which
were estimated from the SEM macrographs, were 1053
and 1105 nm, respectively. The coating thickness of one
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Figure 6 (a) Particle size distributions of 2PS (filled symbols), 2PS/1Zr-
DG (open squares), and 2PS/2Zr-DG particles (open triangles); (b) d50 of
particles coated with different layer of ZrO2-DG nanoparticles.

layer was 26 nm. It was observed that ZrO2-DG nanopar-
ticles were homogenously coated on the PS spheres
surface. This was agreed with the nanoparticle size esti-
mated from the TEM micrograph (Fig. 4) and the particles
size distribution (Fig. 3 and Fig. 6).

Fig. 8 shows TG curves of 2PS, 2PS/1Zr-DG and
2PS/2Zr-DG particles. TG curve of 2PS spheres indi-
cated that 2PS spheres were decomposed from 250◦C
to 400◦C. 2PS/1Zr-DG particles have a slight weight loss
bellow 275◦C due to the evaporation of absorbed water
and residual diglycol, and dehydration of Zr-OH to ZrO2.
PS spheres were decomposed from 275◦C. The weight
loss occurred from 325◦C to 500◦C was caused by crys-
tallization of Zr-OR into ZrO2 [42] and the decomposi-
tion of the residual PS spheres. For 2PS/2Zr-DG particles,
the decomposition of PS spheres started at 300◦C. There
was a radical increasing of the temperature from 350◦C to
400◦C, after then the temperature was decreased to 370◦C
again. After coated with two layers of ZrO2-DG nanopar-
ticles, the coating thickness was increased. As a result,
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releasing of hot gas that resulted from the PS spheres de-
composition was slow down, which caused in the radical
increasing of the temperature. When the hot gas was re-
leased and most of the PS spheres were decomposed, the
sample was cool down a little. Above 500◦C, there was no
apparent weight loss for all of the three particles, which
indicated that 550◦C was a suitable calcinations temper-
ature. Due to the coating of ZrO2-DG, the beginning de-
composition temperature of PS spheres was increased a
little compared to the uncoated PS spheres. Furthermore, it
could be calculated from the TG curves that 2PS/1Zr-DG
and 2PS/2Zr-DG particles contained 13 wt% and 30 wt%
ZrO2-DG nanoparticles, respectively.

Fig. 9 shows the SEM micrographs of 2PS/1Zr-DG
and 2PS/2Zr-DG calcined bodies. It could be observed
that macroporous materials with ordered microstructure
and connected channels were obtained after the com-
pacts were calcined. From the TG curves, we found that

Figure 7 SEM micrographs of (a) 2PS, (b) 2PS/1Zr-DG, and (c) 2PS/2Zr-
DG particles.
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Figure 8 TG curves of (a) 2PS, (b) 2PS/1Zr-DG, and (c) 2PS/2Zr-DG
particles.

the 2PS/1Zr-DG and 2PS/2Zr-DG particles have a slight
weight loss upon to 275◦C and 300◦C, respectively, which
was result from the evaporation of absorbed water and
residual diglycol, and dehydration of Zr-OH to ZrO2. Due
to the evaporation and dehydration, the coated nanoparti-
cles connected to each other, which preserved the ordered
macroporous structure without collapsed after PS spheres
were decomposed. Furthermore, it could be observed that
the porous wall thickness of the calcined bodies obtained
from 2PS/1Zr-DG particles was thinner than the one from

Figure 9 SEM micrographs of (a) 2PS/1Zr-DG, and (b) 2PS/2Zr-DG cal-
cined bodies.
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2PS/2Zr-DG particles. Therefore, it was indicated that the
porous wall thickness of the final macroporous materials
could be controlled by utilizing pre-coated temples parti-
cles with different coating thickness.

4. Conclusions
The hydrolysis and condensation behavior of ZrOCl2 was
well controlled by utilizing diglycol as a complex reagent.
As a result, 25 nm ZrO2-DG nanoparticles, which could
be dispersed in an aqueous solution, were synthesized
when 0.05 M ZrOCl2 solution mixed with diglycol at a
concentration ratio of 3:2 and then reacted for 72 h. More-
over, ZrO2-DG nanoparticles were homogenously coated
on PS spheres surface. Multilayer-coated PS spheres with
different coating thickness were produced using PAA to
modify the surface charges of ZrO2-DG coated particles.
One layer and two layers shell coated particles have a
coating thickness of 25 nm and 51 nm, and a ZrO2-DG
content of 13 wt% and 30 wt%, respectively. After ZrO2-
DG nanoparticles coated PS spheres were formed by cen-
trifugation and calcined at 550◦C, macroporous materials
with ordered microstructure were obtained.

The present research provides a potential route for
preparing dispersed nanoparticles from metal salts by
using complex reagent to control the raw materials
hydrolysis and condensation behavior. Furthermore, it
is indicated that a possible application of nanoparticles
as nanocomposites materials is to coat the dispersed
nanoparticles on the surface of submicrometer or
micrometer particles surface.
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