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Microstructural Modifications in Macroporous Oxides Prepared Via
Latex Templating: Synthesis and Thermal Stability of Porous

Microstructure

Carla Verissimo' and Oswaldo L. Alves

LQES-Laboratorio de Quimica do Estado Solido, Instituto de Quimica, Universidade Estadual de Campinas,

Titanium and zirconium oxides with interconnected macropores
presenting well-defined pore sizes and controlled three-dimen-
sional ordering were prepared using a latex templating method.
Polystyrene spheres were used as pore templates, whereas metal
alkoxides were used as oxide precursors. The final thermal
treatment at different temperatures showed macroporous micro-
structure stabilities up to 600°C. At higher temperatures, a col-
lapse of the macroporous microstructure and sintering were
observed, as well as phase transformations in the oxides struc-
tures during the calcination process, as shown by Raman spec-
troscopy and X-ray diffraction techniques.

I. Introduction

CERAMIC macroporous materials with pore sizes between 50
nm and 10 pm, a narrow diameter distribution, and three-
dimensional ordering of pores can present very interesting prop-
erties, leading to several applications such as in separation proc-
esses, catalysis, adsorbents, insulators, lightwei%ht structural
materials, and low dielectric constant materials.”* Moreover,
macroporous materials can also present unusual optical prop-
erties, permitting preparation of optical devices like photonic
crystals with optical bandgaps.!® However, until recently, there
has been no general method available for producing such ma-
terials." In the last few years, a new approach using colloidal
crystals as self-assembled templates for macropores has been
used to prepare macroporous materials with well-defined pore
sizes and controlled three-dimensional ordering.' ¢

Colloidal crystals can be considered as monodisperse particles
self-assembled to form an ordered three-dimensional array.
These artificial opals, as they are known, obtained from emul-
sion droplets or latex spheres, have been used as pore temp-
lates with appropriate dimensions for the preparation of
ceramic macroporous materials, as shown by Imhof and
Pine"'? Velev et al.,> Holland ez al.,>!! Wijnhoven and Voss?
and other authors 6101319

The emulsion templating method requires several efforts in
the preparation of monodisperse droplets, employing a tedious
fractionation procedure.?’ Moreover, the latex spheres present
lower values of polydispersity when compared with emulsion
droplets and larger domain sizes of well-ordered spheres.”' In
general, the use of colloidal crystals prepared from latex spheres
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has been an easier and more versatile method to obtain these
macroporous matrices.

The idea of this experimental approach is to use monodis-
perse particles such as self-assembled latex spheres to form an
ordered three-dimensional array. A precursor solution of the
desired final solid is added to the template and it infiltrates into
voids between the latex spheres. Wet chemistry techniques such
as the sol—gel process are then used to prepare the macroporous
solid material, so that it captures the self-organization from the
colloidal crystals via solidification of the continuous medium by
a sol-gel transition. The template can be removed by calcination
leading to a macroporous structure. In most cases, a final ther-
mal treatment is necessary not just to eliminate the organic tem-
plate but also to produce a solid having a desired crystalline
phase. This stage is very important as the macroporous micro-
structure associated with a specific crystalline phase can provide
the properties of the material leading to its final application.

In this paper, macroporous titanium oxide (TiO,) and zirco-
nium oxide (ZrO,) were prepared using latex spheres as pore
templates, and the influence of the thermal treatment tempera-
ture on the stability of the macroporous microstructure as well
as the phase transformations during the calcination process are
reported.

1L

(1) Materials

All chemicals were used without further purification. The chem-
icals used were titanium tetraisopropoxide (97%, Sigma-Aldrich,
St. Louis, MO), zirconium zn-propoxide (23%—28% free alcohol,
Strem Chemical, Inc., Newburyport, MA), and 2,4-pentanedi-
one (>99,5%, Merck, Whitehouse Station, NJ). A monodis-
perse polystyrene sphere suspension (380 nm diameter, 10 wt%)
was ordered from Bangs Laboratories Inc. (Fishers, IN).

Experimental Procedures

(2) Preparation of Macroporous TiO, and ZrO,

An aqueous suspension (0.3 mL) of 380 nm polystyrene spheres
(10 wt%) was centrifuged at 3000 rpm for 3 h and dried under
vacuum for 5 h to form latex macrocrystals, further used as a
macropore template.

TiO, was prepared using titanium tetraisopropoxide treated
with two equivalents of chelating agent 2,4-pentanedione and
diluted in 1:1 v/v isopropanol. Later, 0.1 mL of this solution was
added dropwise to the latex macrocrystal previously placed over
an absorbent surface. TiO, was also prepared by the direct ad-
dition of pure titanium tetraisopropoxide onto the latex macro-
crystal kept inside the centrifuge tube.

ZrO, was prepared using zirconium n-propoxide diluted in
1:1 v/v isopropanol. This solution was added dropwise to the
latex macrocrystals previously placed over an absorbent surface.

After permeation of oxide precursor solutions into the voids
between the polystyrene spheres and solidification into an inor-
ganic network upon drying under atmospheric conditions for 24 h,
the samples were thermally treated at 600°, 800°, or 1000°C in air.
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(3) Materials Characterization

Microstructure characterizations were performed by Raman
spectroscopy (model System 3000 Raman Imaging Microscope,
Renishaw, New Mills, UK) using the 632.8 nm line of a He—Ne
laser, and scanning electron microscopy (SEM; models JSM
6360LV and JSM 6340F, JEOL, Tokyo, Japan). SEM samples
were placed over an adhesive conductive carbon tape attached
to a metal stub and were coated with carbon and Au/Pd films,
respectively. Powder X-ray diffraction patterns (XRD) were
carried out at the XRD beamline of the Brazilian Synchrotron
Light Laboratory (LNLS, Campinas, Brazil) using a Si(111)
double crystal to monochromatize the incident X-ray beam
(A=1.5405 A), at room temperature. Powder samples were
filled into a thin-walled glass capillary (7 um) with 1 mm diam-
eter.

III. Results and Discussion

(1) Latex Macrocrystal

Different methods have been used to organize the latex spheres
into three-dimensional arrays, such as sedimentation, filtration,
and centrifugation. In this work, latex macrocrystals were pre-
pared by three-dimensional ordering of polystyrene spheres us-
ing centrifugation. This process led to iridescent sediments on
the bottom of the centrifuge tubes that were dried under vacuum
before use.

SEM images from latex macrocrystals showed high ordering
degree of polystyrene spheres after the centrifugation process.
The presence of domains separated by boundaries caused by
packing failures was also observed, as well as the formation of
domains with different packing: hexagonal (H) and tetragonal
(T) (Fig. 1(A)). The presence of hexagonal packing—each
sphere surrounded by six other spheres in the same plane—sug-
gest two different structures for the latex crystallization since
hexagonal packing can be related to the face-centered cubic (fcc)
structure (111) plane and hep structure (001) plane. The tetrago-
nal array also observed in the latex macrocrystal is related to the
fee structure (100) plane, indicating that the latex sphere packing
resulted in a fec structure (Fig. 1(B)).'"**** The fcc array has
been observed in several works where latex or silica spheres were
three dimensionally ordered, and computer simulations have
suggested that the fcc array is more stable than the hep ar-
ray.'"? The co-existence of both fcc and hep arrays has also
been observed in latex macrocrystals, in addition to a bcc array
under specific conditions.'*?

Latex macrocrystals were used as macropore templates to
prepare macroporous titanium and zirconium oxides, as ca.
74% of the volume was occupied by latex spheres and 26%
was available to be filled by inorganic precursor solutions.

(2) Macroporous Oxides

Different experimental approaches were used to prepare mac-
roporous oxides via the latex templating method, as shown in
the literature.> *51113719 I this work, latex macrocrystals were
embedded in alkoxide precursor solutions using different pro-
cedures, as described in the experimental section.

Initially, pure titanium tetraisopropoxide was added drop-
wise inside the centrifuge tube containing the ordered latex
spheres (latex macrocrystal). A porous oxide was not obtained
by this procedure after thermal treatment at 600°C for 8 h, as
observed by SEM images (figure not shown). The absence of
pores in this TiO, sample is probably related to the high reac-
tivity of pure titanium tetraisopropoxide, which prevented its
permeation through the latex macrocrystal by capillary forces
before hydrolysis.

To decrease its reactivity, titanium alkoxide was treated with
the chelating agent 2,4-pentanedione. In this approach, a small
volume of the chelated titanium tetraisopropoxide solution was
added dropwise onto latex macrocrystal pieces previously placed
over an absorbent surface. The idea was to promote the perme-
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Fig. 1. Scanning electron microscopy images of the latex macrocrystal:
(A) high ordering of polystyrene spheres: different domains with hex-
agonal (H) and tetragonal (T) packing; (B) a surface fracture presenting
(111) and (001) planes of the face centered cubic structure.

ation of small volumes of the precursor solution through the
latex macrocrystal, with the excess solution being absorbed by
the surface. Scanning electron micrographs obtained after the
infiltration of the alkoxide solution inside the latex macrocrystal
voids showed maintenance of polystyrene sphere ordering
(Fig. 2(A)). The sample was then thermally treated at 600°C
for 8 h, and the SEM image shows the hexagonal packing of the
latex spheres replicated in the pore arrangement of the inorganic
material (Fig. 2(B)). A high three-dimensional organization of
the macroporosity and a narrow distribution of pore diameters
(ranging from 150-170 nm, indicating a shrinkage of 55%-—
60%) could be observed. The solid microstructure thus obtained
constituted interconnected macropores in a well-ordered hexag-
onal arrangement (Fig. 2(C)).

When a latex macrocrystal/oxide precursor nanocomposite
was formed, the drying process was started with solvent evap-
oration. Alkoxide hydrolysis was also taking place because of
the natural humidity of air and the precursor condenses, leading
to solidification of the material into an inorganic network
around the template. During the thermal treatment, the latex
spheres decomposed and a densification of the solid was ob-
served, caused by condensation of the hydroxyl groups, forming
an oxide network that resulted in a shrinkage of the pore diam-
eters when compared with the polystyrene sphere size. Usually,
shrinka;es around 17%-35% have been reported in the litera-
ture, 67111516 which indicates that the special conditions in our
experiments led to greater shrinkage. The chelation process al-
lowed alkoxide penetration inside the latex macrocrystal struc-
ture, so as to preserve the three-dimensional ordering of the
latex spheres before hydrolysis, leading to macroporous TiO,.

ZrO, was also prepared by using the procedure described
above. Scanning electron micrographs of latex macrocrystal ob-
tained after the permeation of the alkoxide solution showed the
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Fig.2. Scanning electron microscopy images: (A) latex macrocrystal/
titanium oxide (TiO,) precursor nanocomposite before the thermal treat-
ment. (B) and (C) TiO, sample prepared by adding the titanium alkoxide
solution onto latex macrocrystal pieces placed over an absorbent surface
after the calcination at 600°C for 8 h in air.

preservation of sphere ordering and a visible coating formed by
the initial hydrolysis of the ZrO, precursor (Fig. 3(A)). After
thermal treatment at 600°C for 8 h, the SEM image showed
large domains with a high pore organization (Figs. 3(B) and
(C)). As observed previously for TiO, samples, ZrO, material
also presented interconnected macropores with diameters be-
tween 160 and 190 nm that demonstrated a narrow distribution
and shrinkage around 50%—60%.

SEM images allowed the visualization of the oxide micro-
structure constituted by interconnected macropores in a well-
ordered hexagonal arrangement—as shown by Figs. 2(C) and
3(C)-and the evaluation of the different experimental proce-
dures to obtain macroporous templated ceramic solids.

The thermal stability of the macroporous microstructures was
investigated by thermal treatment of the oxide samples at tem-
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Fig.3. Scanning electron microscopy images: (A) latex macrocrystal/
zirconium oxide (ZrO,) precursor nanocomposite before the thermal
treatment; (B) and (C) micrographs at different magnifications of the
macroporous ZrO, obtained after the calcination at 600°C for 8 h in air.

peratures higher than 600°C. For TiO, treated at 800°C for 1 h,
SEM micrographs showed domains with different microstruc-
tures (Fig. 4). Figure 4(A) shows the loss of pore organization,
the beginning of macroporous microstructure disruption, with
the cracking of pore walls, as indicated by arrows, and TiO,
sphere growth. In the same sample, some regions were consti-
tuted only by TiO, spheres, as shown in Fig. 4(B). A pattern in
the disposition of TiO, spheres was observed, indicating a hex-
agonal distribution of these spheres. Taking into account the
slightly hexagonal shape of the pores, as observed in Fig. 2(C),
TiO, spheres were formed in the vertices of the pores. Sintering
of the TiO, spheres was also observed, as shown in Fig. 4(C),
which led to agglomeration and neck formation. In the case of
thermal treatment at 1000°C for 1 h (Fig. 5), the macroporous
microstructure was completely damaged and microparticles pre-
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Fig.4. Scanning electron microscopy images of the titanium oxide
(TiO,) thermally treated at 800°C showing a disruption of the macro-
porous microstructure: (A) crack of pore walls (arrows); (B) TiO, sphere
growth; (C) sintering.

sented geometric shapes and sizes between 0.1 and 2.5 pm. ZrO,
samples treated at 800° and 1000°C exhibited the same behavior
as observed for the TiO, (Fig. 6).

According to our results, thermal treatments at temperatures
above 600°C led to a disruption of the macroporous micro-
structure, to spherical particle formation, and to sintering, as
shown by SEM images. Possibly, temperatures higher than
600°C promoted a diffusion of the constituent material of the
macroporous walls, causing this material to reassemble into a
spherical shape due to energetic factors. The driving force for
this behavior could be related to the reduction in the surface
energy achieved by the new material microstructure formed by
spherical particles that led to a smaller surface area.

Raman spectroscopy and XRD were used to investigate oxide
structures after thermal treatments at different temperatures.
TiO, is known to exist in three distinct crystallographic forms:
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Fig.5. Scanning electron microscopy image of the titanium oxide ther-
mally treated at 1000°C.

Fig.6. Scanning electron microscopy images of the zirconium oxide
(ZrO,) thermally treated at 800°C showing a disruption of the macro-
porous microstructure: (A) crack of pore walls (arrows); (B) ZrO, sphere
growth; (C) sintering.
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Fig.7. Raman spectra of the titanium oxide samples thermally treated
at 600°, 800°, and 1000°C (A, Anatase peaks; R, Rutile peaks).

anatase (tetragonal), brookite (orthorhombic), and rutile (te-
tragonal). Both anatase and brookite phases can be converted
irreversibly into the rutile form when treated at high tempera-
tures. The temperature of the phase transition is sensitive to
several factors, such as the experimental procedure used to ob-
tain the TiO,, reagents, the size of particles, etc. As a general
trend, this phase transition begins at around 400°-600°C and it
is complete between 800° and 1000°C.>*® As shown by the
Raman spectroscopy and XRD pattern of TiO, samples treated
at different temperatures (600°, 800°, and 1000°C), the phase
transition from an anatase to a rutile structure was promoted
when the temperature was increased from 600° to 1000°C (Figs.
7 and 8, respectively). Raman spectrum for TiO, sample heated
at 600°C presented peaks near 396, 517, and 637 cm ™!, which
were related to anatase structure vibrations (Fig. 7). XRD data
also corroborated the formation of the anatase phase up to
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Fig.8. X-ray diffraction pattern of the titanium oxide samples ther-

mally treated at 600°, 800°, and 1000°C (A, Anatase peaks; R, Rutile
peaks).
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Fig.9. X-ray diffraction pattern of the zirconium oxide samples ther-
mally treated at 600°, 800°, and 1000°C (T, Tetragonal phase; M, Mono-
clinic phase).

600°C (Fig. 8). Thermal treatment of the TiO, at 800°C led to a
higher crystallization of the anatase structure, as can be ob-
served by the presence of well-defined peaks centered at 25.3°,
37.0°, 37.8°, 38.6°, 48.1°, 54.0°, and 55.1° (260) in the XRD pat-
tern related to (101), (103), (004), (112), (200), (105), and (211)
planes of the anatase phase (Fig. 8).%° The initial formation of
rutile structure from XRD data was also observed at 800°C.
When the temperature was increased to 1000°C, the Raman
spectrum presented only peaks correlated to the rutile structure
at 446 and 610 cm™! (Fig. 7). XRD pattern obtained for this
sample presented well-defined peaks centered at 27.5°, 36.2°,
39.3°,41.3°,44.2°, 54.5°, and 56.8° (20), corresponding to (110),
(101), (200), (111), (210), (211), and (220) planes of the rulite
structure, which corroborates the complete conversion of the
anatase to the rutile phase (Fig. 8).%

In the case of ZrO,, a similar behavior was observed. The
material initially formed at 600°C presented a tetragonal struc-
ture as the majority phase (Fig. 9). At higher temperatures,
a conversion of tetragonal into monoclinic phase took place,
resulting in grain growth and macroporous microstructure
disruption.'>16-30

Subramanian et al.*! observed that the grain growth of TiO,
prepared by latex templating at temperatures higher than 800°C
resulted in macropore collapse. These authors state that the
continuous growth of grains, responsible for macroporous
microstructure disruption, has not yet been understood com-
pletely. Nevertheless, it is known that, in systems where a phase
transition occurs through a process involving nuclei formation
and further growth, as in the case of TiO,, there is an increase in
the tendency for sintering. This phenomenon is known as the
Hedvall effect: during transformation, the breaking and forma-
tion of bonds increase the atomic motions, increasing mass dif-
fusion transport. In this way, the nucleation and growth of the
rutile phase are responsible for the increase in the diffusion
mass, according to the Hedvall effect, favoring macropore col-
lapse and sintering.**>?

IV. Conclusions

Different experimental procedures can lead to the formation of
macroporous oxides presenting interconnected macropores with
a well-defined pore size and controlled three-dimensional order-
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ing from latex templating method. Herein, TiO, and ZrO, ma-
terials were obtained from the latex templating method.

Unusual shrinkage of the pore volume was also observed for
the oxide materials after thermal treatment at 600°C. Such a
result suggests that different experimental procedures can lead
to different shrinkages, allowing the use of templates consider-
ably larger than the final pore size desired.

An investigation of the thermal stability of the oxide macro-
porous microstructures showed the disruption of macropores at
temperatures of 800°C associated with oxide phase transitions.
The macroporous microstructure maintained at 600°C makes
these materials very interesting for applications in processes at
relatively high temperatures.
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