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Recently, many workers have been investigated the
possibility of fabricating various replicas from inorganic
templates.'> Based on these investigations, it is anticipated
that nano-sized carbon capsules would constitute excellent
materials for many fields of research and many different
industries.>* It is well known that shrinkage and cracking are
induced in carbon materials during the carbonization or
pyrolysis processes,”” and it can be assumed that the such
phenomena are sufficient to create mesopores, if the thick-
ness of the carbonizing material is very thin, such as in the
case of nano-sized carbon shell.

In this study, we attempted to fabricate mesoporous carbon
hollow spheres (hereinafter, referred to as CHSs) from non-
mesoporous silica spheres through their carbonization and
activation, and simultaneously estimate the difference in the
physical properties between two types of CHSs prepared
from phenol-formaldehyde resins (hereinafter, PF-resin)
synthesized in either the gas or liquid phase. Herein, the
synthesis in the liquid phase was employed for the purpose
of preparing thicker carbon shells than in the gas phase.

Silica spheres with diameters in the range of 450-500 nm
were synthesized according to the sol-gel method.’ The
terms CHS-gas and CHS-liquid are used to indicate the
carbon hollow spheres fabricated in the gas and liquid
phases, respectively, while AcCHSs refers to the activated
carbon hollow spheres. The SEM and TEM images of the
CHSs are shown in Figure 1. The CHS-gas spheres shown in
Figure 1(A) had an average core diameter of 500 nm and an
average shell thickness of about 10 nm. The CHS-liquid
spheres shown in Figure 1(B) had an average core diameter
of' 500 nm and an average shell thickness of about 40-50 nm.

The adsorption/desorption isotherms and BJH pore
distributions of the various CHSs are shown in Figure 2. In
the case of the spheres synthesized in the gas phase, the
isotherms of both the CHS-gas and AcCHS-gas spheres
were designated as type H3, as recommended in the [UPAC
manual, indicating that their carbon shells consisted with
almost plate-like particles.® Both the isotherm and pore
distribution of the AcCHS-gas spheres had similar patterns
to those of the CHS-gas spheres, indicating that the
activation process served to improve their pore volume, in
particular due to the generation mesopores with a diameter
of 2-4 nm, that were created during the carbonization
process. And the pore volume above 10 nm could be

Figure 1. SEM and TEM images of the various CHSs [(A) CHS-
gas, (B) CHS-liquid].

attributed to the bulk pores between those spheres because
of the thin and flexible shells. In the case of the spheres
synthesized in the liquid phase, the isotherms of both the
CHS-liquid and AcCHS-liquid spheres were designated as
type H3. However, the pattern of the AcCHS-liquid spheres
was not similar to that of the CHS-liquid spheres at a relative
pressure of around 0.5, and was distinctly different from
those of the above-mentioned CHS-gas and AcCHS-gas
spheres. This can be attributed to the pore distributions of
both the CHS-liquid and AcCHS-liquid spheres synthesized
in the liquid phase. The pore volume of the CHS-liquid
spheres increased with decreasing pore diameter, whereas
the pore volume of the AcCHS-liquid spheres remarkably
increased within the range of pore diameters of about 3-4
nm, indicating that the activation of the carbonized AISiR-
liquid spheres increased the number of mesopores generated
from the micropores created during the carbonization pro-
cess. However, this abrupt variation could not be considered
to result merely within the increased number of mesopore
from the micropores, following two reasons; firstly, because
the total pore volume of the CHS-liquid spheres, which has a
value of 0.65 cm?/g calculated by the BJH method, is less
than that of the AcCHS-liquid spheres, whose value is 1.3
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Figure 2. Nitrogen adsorption/desorption isotherms and BJH pore distributions of the various CHSs.

Table 1. Physical properties of the various CHSs from the BET
measurements

. . CHS- AcCHS- CHS-  AcCHS-
Properties Unit .. .
gas gas liquid liquid
Surface area [m%g] 958 1464 999 1360
Total pore volume [em®/g] 1.3 2 0.65 1.3
Average pore [nm] 55 55 2.6 3.8

diameter

cm’/g, and secondly, because non-micropores are created
during the activation process. Therefore, it can be assumed
that the activation process may open mesopores, which were
created and subsequently clogged during the carbonization
of the AISiR spheres synthesized in the liquid phase.

The physical properties inferred from the isotherms are
listed in Table 1. The total pore volumes of all of the CHSs
are higher than that of commercial activated carbon, for
which the value is in the range of 0.4-0.6 cm>/g, regardless
of the surface areas. In addition, although the properties of
the CHSs synthesized in the gas phase are better than those
of the CHSs synthesized in the liquid phase, considering the
pore distributions shown in Figure 2, the number of meso-
pores with diameters of 3-4 nm is abruptly increased by the
activation of the carbonized AISiR synthesized in the liquid
phase.

From these results, we propose that mesopores can be

created on the carbon shells of carbon hollow spheres using
PF-resin coated aluminosilicate spheres as a non-mesopo-
rous template. In addition, the water vapor activation of the
carbonized aluminosilicate resin synthesized in the liquid
phase provides a very effective means of fabricating these
mesoporous carbon hollow spheres with a higher volume of
mesopores having a specific size, in the range of 3-4 nm.
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