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Hierarchically porous hollow spheres composed of
dehydroxylated imogolite and carbonaceous materials were
formed by using polystyrene particles as templates. A large
amount of polystyrene particles were removed by heat
treatment at relatively low temperature, leaving a small
amount of highly porous carbonaceous material and retaining
micropores of imogolite nanotubes.

Hierarchically porous materials are of great importance
because of their potential applications in catalysis, separation,
and devices,! owing to their high surface area, efficient
diffusion of guest species, and tailored morphology. A
colloidal templating technique is one of the most useful
methods to fabricate three-dimensionally ordered macroporous?
and hollow spherical® structures in hierarchically porous
materials. Colloidal particles, consisting of polymers, silicates,
and salts, have been utilized as templates for this technique.

Formation of hierarchically porous materials with multiple
components is useful to integrate various properties into their
frameworks. Templates can also be used as the sources of parts
of frameworks if the removal conditions are finely tuned. For
example, Polarz et al. have reported that mesoporous silica—
carbon composite materials are promising as solar absorbers.*
Consequently, carbonization of polymer templates is expected
to provide hydrophobic porous carbons in the frameworks of
hierarchically porous materials.

To fabricate hierarchically porous materials, we have
focused on imogolite as a building block.® Imogolite is a
hydrophilic microporous aluminosilicate nanotube (general
composition: Al,SiO3(OH),) whose inner and outer diameters
are ca. 1 and ca. 2nm, respectively.® We have reported that
positively charged imogolite nanotubes can be assembled with
polyelectrolytes on polystyrene (PS) particles by a layer-by-
layer technique to form core-shell structures.’® The core—shell

Bull. Chem. Soc. Jpn. Vol. 84, No. 1, 49-51 (2011) 49

O

L Y T Vi
S R

“ firi;réosqolite A400°C
OS2 FEU~PDDA / Multiple
PS particle components
/o —
layer-by-layer AS500°C
‘, E— E—
P35 particle Core-shell particle Single component

Scheme 1. Preparation of hierarchically porous hollow
spheres at different heat treatment temperatures [PDDA:
poly(diallyldimethylammonium chloride), PSS: poly(sodi-
um 4-styrenesulfonate)].

particles are transformed into hierarchically porous hollow
spheres composed mostly of dehydroxylated imogolite by heat
treatment at 500°C under an ambient atmosphere. If PS
particles are carbonized, it is expected that hierarchically
porous materials composed of both hydrophilic dehydroxylated
imogolite and hydrophobic porous carbonaceous materials are
formed. However, the heat treatment at high temperatures
(700-900 °C) under an inert atmosphere is necessary for the
carbonization of PS particles, which inevitably destroys the
microporous structure of imogolite.”

In this paper, we have focused on the partial carbonization of
PS at relatively low temperature under an ambient atmosphere.
The composition of the products was controlled by the
temperature of the heat treatment (Scheme 1). We found that
highly porous carbonaceous materials are formed on the hollow
shells, retaining micropores of imogolite nanotubes. The
present method is promising for the formation of hierarchically
porous materials consisting of multiple components.

PS particles coated with multilayer shells composed of
imogolite nanotubes and polyelectrolytes were prepared ac-
cording to our report.”® Imogolite was synthesized according to
the literature.5%!% Poly(diallyldimethylammonium chloride)
(PDDA, M,, = 100000-200000, Sigma-Aldrich Co.) and poly-
(sodium 4-styrenesulfonate) (PSS, M, = 70000, Sigma-
Aldrich Co.) were used as polycation and polyanion, respec-
tively. PS particles ca. 850 nm in diameter (Seradyn Inc.) were
coated layer-by-layer with multilayer shells consisting of
PDDA(/PSS/imogolite), (denoted as core—shell particles).
The number of PSS/imogolite bilayers is smaller than that
reported previously,® which is better to increase the amount of
carbonaceous materials relative to imogolite. The core—shell
particles were thermally treated at 400 or 500 °C for 3 h under
ambient conditions (denoted as H400 and H500, respectively).

Thermogravimetry-differential thermal analysis (TG-DTA)
curves were recorded on a Rigaku TG8020 instrument with a
heating rate of 5°Cmin~' under a dry air flow. Transmission
electron microscopy (TEM) images were recorded with a JEOL
JEM-2010 microscope with accelerating voltage at 200kV.
Carbon contents were determined by CHN analysis using a
Perkin-Elmer PE-240011 apparatus. Energy dispersive X-ray
(EDX) mapping data were recorded on a JEOL JEM-6500F
microscope equipped with a JEOL JED-2300T spectrometer.
The Fourier transform infrared (FTIR) spectra were recorded on
a Perkin-Elmer Spectrum One spectrometer using a KBr disc.
Powder X-ray diffraction (XRD) patterns were obtained with a
Rigaku Ultima-III diffractometer using Cu Ko radiation (40kV,
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Figure 1. TG-DTA curves of (a) PS particles (sample

amount: 1.79mg) and (b) core-shell particles (1.19 mg)
under a dry air flow.

40mA). N, adsorption—desorption isotherms were measured
with a Quantachrome Autosorb-1 apparatus.

The TG-DTA curves of bare PS particles show a mass loss
with both endothermic and exothermic DTA peaks. These
peaks indicate that PS particles are oxidatively decomposed
(combusted) above 260°C (extrapolated beginning temper-
ature).® The following endothermic peak suggests that the
combustion of PS particles is accompanied with carbon—carbon
bond scission. The TG-DTA curves of core-shell particles
show two-step mass losses with large exothermic DTA peaks
above 320°C and a small exothermic one above 430°C
(Figure 1). The results indicate that the combustion of PS
particles became dominant in the core—shell particles and the
residue formed by the first reaction was combusted at higher
temperature. Because large and small mass losses occur at ca.
320 and ca. 430 °C, respectively, the core—shell particles were
heat treated at 400 and 500 °C.

The color of core-shell particles (white) turned to brown
when the particles were heat treated at 400°C, whereas it
became white again at 500 °C (Figures 2a and 2b). Both H400
and H500 are hollow spheres, which supports that PS particles
are mostly removed by the heat treatment even at 400°C
(Figures 2c¢ and 2d). The carbon contents in H400 and H500
estimated by CHN analyses were 19 and 0.5 wt %, respectively.
Therefore, the brown color is probably due to incompletely
decomposed residue of PS particles. The EDX mapping also
shows that carbons are located on hollow spheres (Figure S1).
Though carbonaceous residues were not well observed from the
TEM image (Figure 2c¢), they should reside on the inner surface
and inside the shells of hollow spheres.

The FTIR spectrum of core—shell particles shows many
absorption bands due to PS particles and polyelectrolytes (the
assignments are described elsewhere,”® Figure 3a). Even
though 19wt% of carbon is present in H400, its FTIR
spectrum shows almost no bands due to organic components
(Figure 3b). Therefore, the carbon contents correspond mostly
to carbonaceous materials. The bands at ca. 1400 and ca.
1700 cm™! may be attributable to C—-OH stretching and C=0
stretching vibrations!! of partially oxidized carbonaceous
materials. The bands at 400-800 and 900-1200cm™' are
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Figure 2. Photographs of (a) H400 and (b) H500 and
(c, d) their TEM images, respectively.
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Figure 3. FTIR spectra of (a) core—shell particles, (b) H400,
and (c) H500.
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Figure 4. N, adsorption—desorption isotherms of (a) H400
and (b) H500.

attributable to dehydroxylated imogolite with amorphous
structure.” The spectrum of H500 shows absorption bands
only due to dehydroxylated imogolite (Figure 3c). From these
data, it is reasonable to estimate that H400 consists of
dehydroxylated imogolite and amorphous carbonaceous mate-
rials and that H500 consists of only dehydroxylated imogolite.
The XRD patterns of both H400 and H500, indicating only
broad peaks due to amorphous materials (Figure S2), are
consistent with this estimate.

The N, adsorption—desorption isotherm of H400 shows a
noticeable difference from that of H500 (Figure 4). The BET
surface area of H400 (ca. 500 m?> g~!) is much higher than that
of H500 (ca. 290m?g~"). This high value of H400 is not
explained only by the presence of imogolite (The highest BET
surface area of imogolite is 398 m?g~! when heat treated at
275°C).'2 Consequently, the amorphous carbonaceous materi-
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Figure 5. TG-DTA curves of PS particles coated with
(a) PDDA (sample amount: 4.53mg), (b) PDDA/PSS
(6.59mg), and (c) imogolite (3.21 mg) and (d) a physical
mixture of PS particles and imogolite (2.97 mg).

als certainly contribute to its high porosity. The uptake at
P/Py<0.1 is due to the adsorption in the intratubular
micropores of imogolite, showing little structural difference
in micropores between H400 and H500. At 0.1 < P/Py < 0.9,
the gradual increase in the adsorption amount was observed
only for H400. Thus, additional widely distributed mesopores
(2-8nm, Figure S3) are attributable mainly to amorphous
carbonaceous materials formed only in H400. The steep uptake
at P/Py > 0.9 is due to adsorption in macropores, which are
thought to be inside or among hollow spheres. Therefore, H400
possesses micro—meso—macro hierarchical porosity due to both
dehydroxylated imogolite and amorphous carbonaceous mate-
rials.

The change in the decomposition behavior of PS particles is
caused by their confinement in multilayer shells composed of
imogolite nanotubes and/or polyelectrolytes. The DTA curve of
PS particles coated only with PDDA shows a small exothermic
peak and a large endothermic peak (Figure 5a). That of PS
particles coated with PDDA /PSS shows only exothermic peaks
due to the combustion of PS particles (Figure 5b). These results
suggest that the oxidative decomposition becomes more
dominant when the PS particles are confined in thicker
multilayer shells even though they are organic. The DTA curve
of PS particles coated only with imogolite also shows obvious
exothermic peaks (Figure 5S¢ and Supporting Information),
which indicates that the thermal decomposition behavior
changes more significantly when PS particles are confined in
the layer of imogolite. In this case, more carbonaceous materials
remained than in the case of H400, whereas such core—shell
particles with monolayer of imogolite cannot retain their hollow
spherical structures.”® When a physical mixture of PS particles
(80wt %) and imogolite (20wt %) was used, the TG-DTA
curves are similar to those of bare PS particles (Figure 5d and
Supporting Information). Therefore, the influence of imogolite
for the decomposition behavior is considerably enhanced when
PS particles are coated with the shells. Therefore, the role of
imogolite nanotubes is not only to provide micropores but also
to enhance partial carbonization of PS particles. The reasons for
such changes are possibly related to the catalytic activity of
inorganic surfaces for oxidation of polymers’* or limited
diffusion of decomposed products in the confined spaces,'
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though further studies are needed to clarify the confinement
effect.

In conclusion, hierarchically porous hollow spheres com-
posed of dehydroxylated imogolite and carbonaceous materials
were formed by using PS particles as both templates and carbon
sources. A large amount of PS particles were removed by heat
treatment at 400 °C, leaving a small amount of highly porous
carbonaceous materials and retaining micropores of imogolite
nanotubes. Imogolite is found to be useful as a microporous
building block and to change thermal decomposition behavior
of PS particles to improve functionalities of hierarchically
porous materials.
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Supporting Information

EDX mapping (Figure S1), XRD patterns (Figure S2), BJH
pore size distribution (Figure S3), and the experimental
procedures are available free of charge on the web at http://
www.csj.jp/journals/bcsj/.
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