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The effect of polyelectrolyte on fabrication
of macroporous ZrO, ceramics
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The effect of polyethylenimine (PEI) on preparing macroporous ZrO, materials via
heterocoagulation coating process was investigated, using ZrO, nanoparticles as the
building materials and polystyrene spheres as the organic templates. When PEl was
applied to modify the surface charge of ZrO, nanoparticles, it was found that 40-50% of
initial PEI amount remained excess in the suspensions. Adsorption of excess PEl on the
surface of polystyrene spheres resulted in partial coating of the polystyrene spheres by
ZrO, nanoparticles at 1 wt% PEI and even no coating at 3 wt% PEI. Microstructure studies
revealed that ZrO, ceramics prepared without using PEI had quite ordered macropores,
while the ZrO, framework was partially collapsed at 1 wt% PEI and disordered macropores
were observed at 3 wt% PEl. © 2005 Springer Science + Business Media, Inc.

1. Introduction

Well-ordered macroporous materials with three-
dimensional periodicity are of significant interest in
the last decades due to their potential applications in
photonic crystals, catalysts, biomaterials and so on [1-
5]. At present, various methods have been developed
for preparing well-ordered macroporous materials. A
colloidal crystal templating method using close-packed
arrays of monodispersed template spheres (polystyrene
or silica) was commonly applied to prepare three
dimensionally ordered macroporous (3-DOM) mate-
rials such as silica [6, 7], metals [8—10], metal ox-
ides [11-13], polymers [14] and carbon [15]. Never-
theless, control of wall thickness between pores was
found to be limited. In addition to the crystal tem-
plating method, ordered macroporous materials with
a controlled pore size were fabricated by a colloidal
templating method using precoated templates [16—
18]. A heterocoagulation method has also been ap-
plied to prepare well-ordered macroporous materi-
als by utilizing commercial ceramic nanoparticles as
building blocks [19-21]. The critical problem in this
method is to prepare core and shell particles that
are oppositely charged at the same pH range. There-
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fore, polyelectrolyte reagents have been frequently ap-
plied in order to modify the particle surface charge
[19, 22-24].

In this study, the effect of polyethylenimine (PEI)
on the fabrication of macroporous ZrO, ceramics was
investigated. It was aimed to understand the role of
PEI on heterocoagulation process between polystyrene
spheres and nano ZrQO, powders in aqueous suspen-
sions. Characterization of the suspensions was carried
out by zeta potential, particle size measurement and
sedimentation kinetics. Green samples, prepared by slip
casting, were used to analyze the microstructure of the
macroporous materials sintered at 1000°C as a function
of PEI content.

2. Experimental procedure

In the preparation of macroporous ZrO, materials, 3
mol% yttria-stabilized nano ZrO, powders (Aldrich,
USA) with an average particle size of about 50 to
75 nm and specific surface area of 37.9 m?/g were
used as building blocks. As-received suspension of
surfactant-free polystyrene spheres (PS) (8.2 wt%, av-
erage particle size of 1 um, Interfacial Dynamics Corp.,
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USA) was used as organic templates. Polyethylenimine
(PE) (MW 10000, Wako Pure Chemical Industries,
Ltd., Japan) was applied to modify the ZrO, surface
charges.

1 vol% ZrO, suspensions at various PEI contents
were prepared by first dissolving PEI in distilled water
and then adding ZrO; nanoparticles. Suspensions were
ultrasonicated at 120 Watts for 10 min. Then, the sus-
pensions were stirred for 6 h and finally centrifuged at
5000 rpm for 1 second. 5 ml PS suspension was dropped
into 8 ml ZrO, suspension at various PEI contents dur-
ing vigorous stirring and the resulting mixture was fur-
ther stirred for 24 h. The suspensions prepared were
as follows; (a) ZrO, suspensions containing 0 to 3 wt%
PEI and (b) ZrO, suspensions containing O to 3 wt% PEI
and PS templates. Pellets were formed by slip-casting,
using gypsum molds. As-cast samples were dried at
room temperature for 48 h and then fired at 1000°C for
2 h at a heating rate of 100°C/h.

The zeta potentials were measured using a laser elec-
trophoresis analyzer (Model 502, Nihon Rufuto Co.,
Ltd, Japan). Reagent-grade HCl and NaOH were uti-
lized to adjust pH to desired values. The particle size
distribution was measured by a laser scatting parti-
cle size distribution analyzer (Horiba LA-920, Japan).
A pulsed near infrared light was used to character-
ize sedimentation behavior of suspensions (Turbis-
can ma 2000, Formulaction, France). Light transmit-
ted and backscattered were recorded along the tube
height as a function of time, which allowed suspen-
sion stability kinetics to be measured. A clarification
region from the top and a sediment region at the bottom
took place with time. In sedimentation kinetics analy-
sis, depth of the clarification region from the top was
considered and light transmitted at 3% intensity was
used.

Amount of PEI adsorption was determined from
Thermogravimetric Analysis (TG) (RTG320 Seiko In-
struments, Japan). PEI-containing suspensions with-
out PS were centrifuged at 25000 rpm for 15 min
to separate sediment and supernatant. Sediment was
washed with distilled water 2 times to remove free
PEL After final centrifugation, the sediment was dried
at 100°C for 2 h before the TG analysis. TG of as-
received ZrO; nanoparticles was chosen as a refer-
ence. Weight loss between 200-600°C was used in
the adsorption calculations. Microstructure and pore
morphology observations were performed by scanning
electron microscopy (SEM) (Model JSM5600N, JEOL,
Japan).

3. Results and discussion

Uniform coating of PS spheres with high surface area
coverage requires that ZrO, particles be nano-scale
as well as particle size distribution be narrow. How-
ever, mean particle size of as-received ZrO, nanopar-
ticles was measured to be ~10 pum, which indicated
that as-received nanoparticles were highly agglomer-
ated. Therefore, a high-power ultrasonication at 120
W for 10 min was applied to deagglomerate the pow-
ders. Just after ultrasonication, mean particle size was
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found to be 253 nm, with some particles as big as 1—
3 um. Suspension was lightly centrifuged at various
speeds (1250, 3000 and 5000 rpm) for 1 second to sep-
arate bigger particles. It was found that the particle size
was effectively decreased with increasing centrifuga-
tion speed. 10 min ultrasonication together with cen-
trifuging at 5000 rpm for 1 sec resulted in a mean
particle size of 114 nm with a very narrow particle
size distribution. As a result of centrifuging, volume
fraction of solid in the suspension was found to be
0.93 due to removal of bigger particles as sediment.
These results indicate that both ultrasonication and cen-
trifugation steps are necessary to prepare suspensions
having finer particle size and narrower particle size
distribution.

The zeta potential plots of PS and ZrO, nanopar-
ticles prepared at various PEI contents are shown in
Fig. 1. It is seen that ZrO, suspension with 0 wt%
PEI has an isoelectric point (pHjep) near 7. The pHiep
is increased with PEI addition, that is, it is ~9.2 at
1 wt% PEI and ~10.3 at 3 wt% PEI because PEI
is a cationic polyelectrolyte [25]. On the other hand,
the PS particles are negatively charged throughout the
measured pH region due to the modification of sulfate
functional groups. The pH of as-prepared ZrO, sus-
pension with 0 wt% PEI was measured to be 4.6 and
increased to 6.3 and 8.1 for suspensions with 1 and 3
wt% PEI, respectively. These pH values were remained
the same after the nano ZrO, and PS suspensions were
mixed. As is seen from Fig. 1, both building block
nano ZrO; suspensions and organic template PS sus-
pension are colloidally stable at the as-prepared pH con-
ditions with opposite surface charges. Therefore, depo-
sition of ZrO; nanoparticles on PS surfaces is expected
due to electrostatic attraction on mixing of the two
suspensions.

Fig. 2 shows the particle size distributions of nano
7Zr0,, PEI-modified nano ZrO,, PS and nano ZrO,-
coated PS particles. Mean particle sizes are also given.
The plots indicate that all particle size distributions are
unimodal. After 10 min ultrasonication and centrifu-
gation at 5000 rpm for 1 s, all of the dispersed ZrO,
nanoparticles modified with different contents of PEI
(0 to 3 wt%) have a mean particle size around 115
to130 nm with a very narrow particle size distribution

Zeta potential (mV)
(=

40

-60

-80

-100
pH

Figure 1 Zetapotential plots of PS particles (x ) and ZrO; nanoparticles
with (<>) 0 wt% PEI, (0) 1 wt% PEI and ((J) 3 wt% PEI
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Figure 2 Particle size distributions as a function of PEI content; (a) ZrO,
nanoparticles with: (4) 0 wt% PEIL (M) 1 wt% PEI and (A) 3wt% PEI,
and (b) nano ZrO;-coated PS particles with: (&) 0 wt% PEL (0) 1 wt%
PEI and (A) 3 wt% PEI. Size distribution of PS particles is given for
comparison (O).

(Fig. 2a), which indicates that ultrasonication and cen-
trifugation method was quite effective for deagglomer-
ation of the ZrO, nanoparticles and removal of the big-
ger particles. The SEM micrographs (not shown here)
also indicated that the as-prepared ZrO, suspensions
were agglomeration-free. The mean particle size of PS
particles was measured to be 940 nm, while nano ZrO,-
coated PS particles had a mean particle size of 1386,
1145 and 1031 nm at O, 1 and 3 wt% PEI contents, re-

spectively (Fig. 2b). The coated PS particles at 0 wt%
PEI have a mean particle size bigger than the theoretical
single layer coverage of ZrO, nanoparticles, which may
result from a slight flocculation of the coated particles.
The coated PS particles at 1 wt% PEI have a smaller
particle size, which indicates a partial coating, whereas
the one at 3 wt% PEI has no apparent increase in size as
compared to the raw PS particles, which suggests that
the deposition of ZrO, nanoparticles on PS surface did
not take place.

Fig. 3 shows SEM images of PS and nano ZrO,-
coated PS particles. The SEM micrographs of the PS
(Fig. 3a) and nano ZrO, (0 wt% PEI) coated PS parti-
cles (Fig. 3b) reveal that an effective surface coverage
of PS particles with ZrO, nanoparticles took place suc-
cessfully after mixing, as clearly evident from rough
surfaces of each PS particle compared to the smooth
surfaces of the uncoated PS particles. Only partially
coated particles are observed at 1 wt% PEI content
(Fig. 3c), whereas deposition of nano ZrO, on PS sur-
face is almost nil at 3 wt% PEI content (Fig. 3d). In
addition, ZrO, nanoparticles are present in the latter as
free powders filling the voids. The SEM observation
agrees well with the particle size distribution results
(Fig. 2) in that when PEI is applied, surface coverage
of PS particles with ZrO, nanoparticles consistently
decreases.

Fig. 4 shows the sedimentation behaviors of the mix-
tures of ZrO, and PS suspensions. The plots indicate
advance of clarification depth from the suspension top

Figure 3 SEM micrographs of (a) as-received PS particles and nano ZrO;-coated PS particles with; (b) 0 wt% PEI, (c) 1 wt% PEI and (d) 3 wt%

PEL
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Figure 4 Sedimentation kinetics of mixtures prepared from PS and nano
ZrO; suspensions as a function of PEI content; (a) 0 wt% PEI, (b) 1 wt%
PEIL, (c) 3 wt% PEI Sedimentation kinetics of PS suspension is given
for comparison (d).

as a function of time. The sedimentation kinetic data
reveals that the mixtures of ZrO, and PS suspensions
have different sedimentation behaviors depending on
the PEI contents, with a trend approaching to that of
original PS suspension with increasing PEI content.
Suspension with O wt% PEI has an average rate of
0.61 mm/h as compared to 0.45 mm/h at 1 wt% PEI
content and 0.23 mm/h at 3 wt% PEI content. The rate
at 3 wt% PEI content is quite similar to that of PS par-
ticles (0.22 mm/h). Note that the sedimentation rate is
given as average rate, which is calculated from linear
sections of each curve. The sedimentation rate of the
suspensions, especially at 0 wt% and 1 wt% PEI, is
a little bit faster in the first several hours, which re-
sults from the sedimentation of flocculated particles.
The sedimentation results are in good agreement with
the particle size (Fig. 2) and SEM (Fig. 3) results in that
the particle size increases with decreasing PEI content
due to the efficient coverage of PS surfaces with ZrO,
nanoparticles.

Fig. 5 shows zeta potential plots of nano ZrO;-coated
PS particles. It can be observed that the zeta potential
plots of the coated particles are very similar to those
given in Fig. 1 for the ZrO, nanoparticles. Not only full
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Figure 5 Zeta potential plots of nano ZrO;-coated PS particles with; ()
0 wt% PEI, (@) 1 wt% PEI, and (W) 3 wt% PEI. The plot of PS particles
after mixing with the supernatant of 3 wt% PEI-added ZrO; suspension
is also given ().
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Figure 6 Amount of PEI adsorbed as a function of initial amount of PEIL.

coverage at 0 wt% PEI and partial coverage at 1 wt%
PEI, but also no coverage at 3 wt% PEI did change the
surface charge of the PS particles in the suspensions.
Fig. 5 also shows the zeta potential of PS particles af-
ter mixing with the supernatant of 3 wt% PEI-added
ZrO; suspension. Change of the surface charge of PS
particles without ZrO, coating can be attributed to the
presence of excess PEI in the as-prepared ZrO; sus-
pension. Fig. 6 shows the amount of PEI adsorbed on
ZrO; nanoparticles as a function of initial PEI contents
as determined from the TG analysis. It indicates that
there were some excess PEI remained in the suspen-
sion. Nearly 52% excess PEI (about 0.25 wt% with
respect to dry weight of PS) remained in the suspen-
sion at 1 wt% PEIL When the initial PEI content was
further increased to 3 wt%, there was 42% excess PEI
(about 0.61 wt% with respect to dry weight of PS) re-
mained in the suspension. After ZrO, and PS suspen-
sions were mixed, the positively charged excess PEI
easily adsorbed on the surface of negatively charged
PS particles by electrostatic attraction, which, in turn,
gave rise to modification of the surface potential of PS
particles. From the zeta potential plot of the PS particles
after mixing with the supernatant of ZrO, suspension
with 3 wt% PEI (Fig. 5), it is seen that the zeta poten-
tial of PS particles is shifted from negative to positive
below pH ~ 10, which confirms the adsorption of ex-
cess PEI on PS particles. The TG analysis and zeta
potential results are parallel to SEM (Fig. 3), particle
size distribution (Fig. 2) and sedimentation (Fig. 4) re-
sults in regard to the effect of excess PEI on coating
efficiency.

Fig. 7 shows the SEM micrographs obtained from
as-sintered surface of the samples prepared at different
PEI contents and sintered at 1000°C for 2 h. Closely
packed and uniformly distributed pores are observed in
the sample with 0 wt% PEI after the PS templates were
burn out, which can be attributed to uniform and high
surface area coating of PS particles (Fig. 7a). How-
ever, some broken walls between pores are observed
when the PEI content is 1 wt% (Fig. 7b). Furthermore,
the microstructure of the sample with 3 wt% PEI con-
sisted of dispersed macropores and separately sintered



Figure 7 SEM micrographs from as-sintered surfaces of samples with;
(a) 0 wt% PEI, (b) 1 wt% PEI, and (c) 3 wt% PEI. Samples were sintered
at 1000°C for 2 h.

ZrO; nanoparticles (Fig. 7c). Effect of sintering tem-
perature on macroporous ZrQO, ceramics was described
elsewhere [21].

It was mentioned so far that excess PEI has a pro-
found effect on efficient coating of PS particles with
Zr0O; nanoparticles. The coating and forming processes
at different PEI contents are schematically described in
Fig. 8. The numbers I, II, and III represent respective
suspensions. At the beginning (Fig. 8a), each suspen-
sion (e.g., ZrO,, PS, and PEI-added ZrO,) is highly
stable. At 0 wt% PEI, the PS particles are fully cov-
ered with ZrO, nanoparticles. Besides, the mixed sus-
pension has a high stability due to the high surface
charge of ZrO, nanoparticles (Fig. 5). However, particle
size distribution is slightly broader at 0 wt% PEI con-
tent (Fig. 2b). The possible reason could be the bridg-

ing of negatively charged PS particles by positively
charged ZrO, nanoparticles during mixing (shown as
letter A in Fig. 8b), which results in a slight floccu-
lation of PS particles. The sedimentation rate, in fact,
is higher in the first couple hours of the test (Fig. 4a),
proving some degree of flocculation. However, well-
ordered macroporous ceramic can be prepared after
sintering in the absence of PEI (Fig. 7a). As for the
suspensions containing PEI, excess PEI adsorbed on
PS particles hinders an effective coverage of PS parti-
cles with ZrO, nanoparticles. The adsorption of excess
PEI modifies the surface potential of PS particles from
negative to positive (Fig. 5), which, in fact, effectively
prevents further deposition of ZrO, nanoparticles by
means of electrostatic repulsion. At 1 wt% PEI, par-
tial coating takes place because excess PEI amount is
less (e.g., 0.25 wt% with respect to the PS amount).
Local flocculation of PS particles is caused by excess,
positively charged PEI (shown as letter B in Fig. 8b).
In this case, flocculated PS particles without adherence
of nano ZrO, building block results in the collapse of
the framework locally after the organic templates were
burn out. When PEI amount is further increased to 3
wt%, too much excess PEI remains in the suspension
(e.g., 0.61 wt% with respect to the PS amount) and al-
most all PS particles are modified with PEIL. By this
way, coating of PS particles with ZrO, nanoparticles
is almost totally eliminated, as also seen in Fig. 3d.
However, the mixed suspension is well-dispersed be-
cause both nano ZrO, and PS particles are positively
charged (Fig. 5). Furthermore, some of the PS parti-
cles easily connect without the building block ZrO,
nanoparticles during the slip casting process. There-
fore, the pores are randomly distributed in the sintered
structure.

These results clearly suggest that PEI should not be
added at all at fabricating macroporous ZrO, materials
if one desires to have a well-ordered, self-supporting
structure. If PEI is to be used, however, it is highly rec-
ommended that excess PEI must be removed (e.g., by
washing ZrO, nanoparticles in a way similar to the TG
sample preparation described in Section 2) before ZrO;
building block and organic polystyrene template sus-
pensions are mixed. Removing excess polyelectrolyte
is quite important when the use of polyelectrolyte be-
comes a must for some ceramic systems where species
dissolution is inevitable due to suspension pH. For ex-
ample, Ba®>* dissolution in aqueous BaTiO; suspen-
sion is favored towards the acidic region, resulting in
an isoelectric point near pH 4.5 due to the formation
of TiO,-rich surface layer on BaTiOs [26]. It was re-
ported that Ba>* dissolution can be prevented towards
the alkaline region (e.g., after pH 8) [27]. Therefore, if
one wants to fabricate macroporous BaTiO3 ceramics
using PS templates, isoelectric point must be modified
towards the alkaline region both to prevent Ba’>* dis-
solution and to induce positive surface charge for het-
erocoagulation process, using polyelectrolyte. In this
work, it was shown an example for ZrO,-polystrene-
PEI-water system, but choice has to be made depend-
ing on the ceramic-organic template-polyelectrolyte-
solvent system.
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Figure 8 Schematic views of macroporous ZrO, fabrication; (a) individual suspensions, (b) mixed suspensions, and (c) microstructure after heat
treatment. Surface charges pertaining to ZrO,, PS, PEI, and PEI-added ZrO, are shown at the top.

4. Conclusions

This work was focused on the effect of polyethylen-
imine (PEI) on preparation of well-ordered macrop-
orous ZrO, materials, derived from ZrO, nanoparticles
as the building block materials and polystyrene spheres
as the organic templates. ZrO, nanoparticles contain-
ing 0 to 3 wt% PEI had a mean particle size around
115 to 130 nm with a very narrow particle size distri-
bution. TG results showed that about 40-50% of ini-
tial PEI amount remained excess in the suspensions.
After the heterocoagulation process, the mean parti-
cle size of nano ZrO,-coated PS particles without PEI
was found to be 1386 nm, as compared to 1145 nm
at 1 wt% PEI and 1031 nm at 3 wt% PEI addition,
indicating that surface coverage of PS particles with
ZrO, nanoparticles consistently decreased in the pres-
ence of PEI because excess PEI modified the PS surface
charge from negative to positive which resulted in an
electrostatic repulsion between nano ZrO, and PS parti-
cles. Microstructure studies indicated that ZrO, ceram-
ics with well-ordered macropores could be prepared
without applying PEI, whereas partially collapsed ZrO,
framework at 1 wt% PEI and disordered macropores at
3 wt% PEI were obtained. Therefore, PEI should not
be added at all at fabricating macroporous ZrO, ma-
terials if one desires to have a well-ordered and self-
supporting structure. If PEI is to be used, however, ex-
cess PEI must be removed before nano ZrO; building
block and organic polystyrene template suspensions are
mixed.
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