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Polyethylene oxide/phenol formaldehyde silica composite
hollow spheres were obtained from a fast silicification of a
polymer blend, containing polyethylene oxide (PEO) as silica
gelator and phenol formaldehyde (PF) polymer as carbon
source, in a highly diluted silica solution at pH ≈ 5.0–6.0. The
PF–PEO/silica hollow spheres can be feasibly converted to
mesoporous silica hollow spheres by hydrothermal treatment
and calcination, and to mesoporous carbon hollow spheres
after pyrolysis under a nitrogen atmosphere and silica etch-
ing. Because the formation of the hollow spheres is kinet-
ically controlled, the diameter of the hollow spheres is de-
pendent on the molecular weight of the PEO polymer, pH
value of the silica solution, and the PF content, and the size

Introduction

Since the discovery of mesoporous silicas by Mobil re-
searchers and Kuroda,[1] the construction of organic tem-
plates to synthesize advanced materials has become a sig-
nificant area of scientific and technological interest.[2,3] Be-
cause of potential applications in drug storage and release,
confined-space catalysis, thermal and electrical insulators,
separation, and biomolecule release, the fabrication of func-
tional porous materials with hollow interiors has attracted
much attention.[4–10] Typically, hollow spheres of various
diameters and wall thicknesses were synthesized by using
polymer or silica beads,[5,6] gold nanoparticles,[7] emulsion
drops,[8–9] or multi-layers vesicles[10] as interior templates.
However, a removable expensive polymer bead, silica, or
a Au nanoparticle is energy-consuming and uneconomic.
Moreover, fine tuning for the chemical composites and syn-
thetic conditions (i.e. temperature, stirring rate, pH value,
etc.) to prepare stable emulsions or vesicles as the morpho-
logical templates of the inorganic materials is a sophisti-
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can be tuned within a range of a few micrometers to tens
of nanometers. These mesoporous hollow spheres have high
surface areas and large pore sizes and volumes. In practice,
the mesoporous carbon hollow spheres with an intercon-
nected mesostructure were used as a solid template to pre-
pare different metal oxide hollow spheres. After impregna-
tion of the proper metal oxide precursors and calcination, the
γ-Al2O3, anatase-TiO2, α-Fe2O3, ZrO2, MgO, and CeO2 hol-
low spheres composed of nanoparticles were readily synthe-
size.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

cated approach. In addition to creating the hollow interior,
introduction of porosity to the shell is also crucially impor-
tant for controlling accessibility and permeability of the
void interior space to the environment.[11] Up to now, the
development of a convenient synthetic method and the use
of cost-effective precursors to generate the materials with
hollow interiors and porous shell is still of much interest.

In polymer chemistry,[12] it is well-known that thermoset-
ting phenol formaldehyde polymers (PF) have been widely
used as carbon precursors in industry and that nature-
friendly polyethylene oxide (PEO) homopolymers have a
high affinity to aggregate with silica species through hydro-
gen bonding between the ether and silanol groups. From
analysis of the molecular structures of the PEO polymer
and PF polymers, it can be seen that the ether groups
(i.e. –O– : hydrogen-bonding acceptor) of the PEO poly-
mers and the methylene hydroxide and phenol groups
(i.e. –CH2OH and C6H6–OH: hydrogen-bonding donor) of
the PF polymers have a high degree of hydrogen-bonding
complementarity. Therefore, PEO and PF polymers could
construct a homogeneously miscible PF–PEO polymer
blend. On the basis of these concepts, in this study we used
the PF–PEO polymer blend in a water/ethanol solution as
the morphological and mesostructural template of the sil-
ica. When combined with a stock sodium silicate solution
at pH ≈ 5.0–6.0, PF–PEO/silica hollow spheres were quickly
generated. Because the synergistic PF–PEO/silica hollow
spheres contain carbonizable PF polymer and silica, hollow
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carbon spheres with mesoporous shells were prepared after
pyrolysis and silica removal. Alternatively, hollow silica
spheres with porous shells were obtained from hydrother-
mal treatment and calcination in air.

Results and Discussion

Figure 1 shows the representative SEM image of the as-
synthesized PF–PEO6000/silica composite. It can be clearly
seen that the morphology of the particle is spherical and
that the diameter of the sphere ranges from 1.0 to 0.5 µm.
Some broken spheres reveal that the spheres are hollow and
the wall thickness is around 0.1–0.2 µm. The inner cavities
of the spheres were clearly identified by TEM contrast im-
aging (Figure 1B). Clearly, the spheres are almost hollow
(�90%). The TGA curve of the PF–PEO6000/silica com-
posite is intermediate between the TGA curves of the PEO/
silica and PF polymer (Figure 1C), which demonstrates a
homogeneous blending between PEO6000 and PF poly-
mers. This average in combustion temperature occurs com-
monly in homogeneous organic or polymer blends.

Figure 1. SEM (A) and TEM (B) images of the PF–PEO6000/silica
hollow spheres prepared by using a synthetic component of PF/
PEO6000/sodium silicate/H2O = 2.0: 2.0: 8.0: 315.0 g. (C). TGA
curves of the PEO6000/silica, PF–PEO/silica, and PF/silica com-
posites.

Because the PF–PEO/silica composite hollow spheres
contain the carbonizable PF polymer, the mesoporous car-
bon hollow spheres can thus be easily obtained from high-
temperature pyrolysis and silica removal by HF etching.
The resulting mesoporous carbon retains the spherical mor-
phology (Figure 2A). Some broken or folded hollow
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spheres reveal that the mesoporous carbon spheres are hol-
low.[13] The hollow interiors of the carbon spheres can be
more clearly shown in a TEM image (Figure 2B). The shell
thickness of the hollow mesoporous carbon spheres is
around 0.1 µm. The preservation of the hollow-sphere mor-
phology indicates that the thermosetting PF polymers dis-
perse homogeneously within the shell, and then form a
stable cross-linked framework to keep the hollow-sphere
morphology. The high-magnification TEM image clearly
shows that the mesostructure of the hollow sphere’s shell is
wormhole-like (i.e. interconnected), and the pore size is
around a few nanometers (inset of Figure 2B). In parallel
to the TEM observations, the hollow mesoporous carbon
spheres exhibit a type IV N2 adsorption–desorption iso-
therm with a capillary condensation occurring at P/P0 =
0.3 to 0.4 (Figure 2C). By analyzing the adsorption iso-
therm, the mesoporous carbon hollow spheres have a high
Brunauer–Emmett–Teller surface area (≈1500 m2 g–1), large
Barrett–Joyner–Halenda pore size (≈2.6 nm), and pore vol-
ume (≈0.93 cm3 g–1), as do the mesoporous carbons ob-
tained from the mesoporous silica-templating method.[4]

To obtain information about the thermal stability and
carbon phase of the hollow mesoporous carbon spheres,
TGA, Raman spectroscopy, and XRD investigations were
performed.[14,15] The hollow mesoporous carbon spheres ex-
hibit significant weight loss in a narrow temperature range
between 600 and 650 °C (Supporting Information, Fig-
ure S1). Thus, the porous carbon of high thermal stability
can be easily produced from the PF–PEO6000/silica com-
posite. The silica residue in the porous carbon is less than
2.0 wt.-%, indicating that the silica was almost entirely re-
moved by HF etching. The mesoporous carbon hollow
spheres show two broad XRD peaks that can be indexed to
(002) and (100) diffraction peaks for the amorphous car-
bons (Figure 2D). In addition, the Raman spectrum of the
sample displays two broad vibration bands (inset of Fig-
ure 2D). One band is around 1580 cm–1 (G-band; the in-
terplane sp2 C–C stretching) and the other band is located
around 1340 cm–1 (D-band; the defects within the carbon),
which also indicate the amorphous carbon structure.[16]

In addition to producing mesoporous carbon hollow
spheres, mesoporous silica hollow spheres also can be gen-
erated from the PF–PEO6000/silica composite after hydro-
thermal treatment at 100 °C and calcination at 560 °C in
air. The microtome TEM image shows that the mesostruc-
ture of the shell of the hollow silica spheres is disordered
and that the pore size is around a few nanometers (Fig-
ure 2E). Therefore, the mesoporous silica hollow sphere dis-
plays type IV N2 adsorption–desorption isotherms with an
apparent capillary condensation occurring at P/P0 = 0.6–
0.7 (Figure 2F). The mesoporous silica hollow spheres have
Brunauer–Emmett–Teller surface area of 520 m2 g–1, a
mean Barrett–Joyner–Halenda pore size of 6.2 nm, and a
pore volume of 0.75 cm3 g–1. Consequently, the high-quality
mesoporous carbon and silica hollow spheres can be conve-
niently obtained from the calcination and (carbonization
+ silica removal) of the PF–PEO/silica composite hollow
spheres, respectively.
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Figure 2. SEM (A) and TEM (B) micrographs of the mesoporous
carbon hollow spheres. Inset is HR-TEM image of mesoporous
shell of the mesoporous carbon hollow spheres. (C). N2 adsorp-
tion–desorption isotherm of the mesoporous carbon hollow
spheres. Inset is the BJH pore size distribution. (D) High-angle
XRD pattern of the mesoporous carbon hollow spheres. Inset is
the Raman spectrum. (E). TEM image of the mesoporous silica
hollow spheres. Inset is the microtome TEM image. (F) N2 adsorp-
tion–desorption isotherm of the mesoporous silica hollow spheres.
Inset is the BJH pore-size distribution.

When using other PEO homopolymers of different mo-
lecular weights to blend with the same amount of PF poly-
mer, the TEM images revealed that the prepared mesopo-
rous carbon samples consisted of hollow spheres (yield �
90%) with different diameters (Figure 3). By comparing the
diameters of these mesoporous carbon hollow spheres, it is
clear that the average diameters and the shell thickness de-
crease with an increase in the PEO polymer molecular
weight. According to these current results, the use of the
PEO100000 or PEO300000 polymers gave hollow spheres
in tens of nanometers (Figure 3B, C), and submicro- to mi-
crometer hollow sphere were obtained with PEO10000 or
PEO6000 (Figures 3A and 2B). Like the hollow mesopo-
rous carbon spheres synthesized with PEO6000, other hol-
low mesoporous carbon spheres have high surface area, me-
soporosity, and large pore volume (Supporting Infor-
mation, Figure S2). Clearly, the mesoporous silica hollow
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spheres with various diameters (tens of nanometers to mi-
crometers) were also obtained from the hydrothermal treat-
ment and organic template removal (Supporting Infor-
mation, Figure S3). To the best of our knowledge, this is
the first time that the mesoporous carbon and silica hollow
spheres with various diameters have been synthesize by
using the commercially attractive PF–PEO polymer blend
and sodium silicate.

Figure 3. TEM images of the mesoporous carbon hollow spheres
synthesized with PF–PEOn polymer blend as template. (A) n =
10000; (B) n = 100000; (C) n = 300000. The synthetic compositions
are: PF/PEOn/sodium silicate/H2O = 2.0: 2.0: 8.0: 315.0 g.

To understand the driving force of the formation of the
hollow spheres, we poured the ethanol/water solution of the
PF–PEO polymer blend into water and found that an
opaque solution (i.e. PF–PEO emulsion solution) was
formed at the beginning and then the hydrophobic PF poly-
mers gradually underwent phase separation and precipi-
tation from the aqueous phase. In contrast, when the PF–
PEO polymer blend solution was added to a sodium silicate
solution, a light yellow gel solution was formed in a few
seconds without phase-separation and precipitation of the
free PF polymers. This is because the silicate species can
quickly assemble with the PEO parts in the PF–PEO poly-
mer blend at pH around 5.0–6.0 to solidify the hydrother-
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mally unstable PF–PEO emulsions and prohibit the self-
precipitation of the hydrophobic PF polymer. Although the
phase-separation approach is typically used to prepare hol-
low latex particles,[15] this is the first time that it was em-
ployed to synthesize porous materials.

On the basis of all the above observations, a simple
plausible mechanism was proposed addressing the forma-
tion of the hollow spheres. As shown in Scheme 1, when the
PF–PEO solution was added into a highly diluted sodium
silicate aqueous solution, the hydrophobic PF polymers in-
duced the formation of PF–PEO emulsions. At the same
time, the silica species, which assemble with the PEO poly-
mers, attach onto the outer surface of the PF–PEO emul-
sions. After fast further silica condensation, the PF–PEO
emulsions were solidified prior to the PF phase-separation,
and then the hollow PF–PEO/silica hollow spheres were
generated. Therefore, with careful control of the condensa-
tion rate of the silica species on the PF–PEO emulsions and
the coalescence rate of the PF–PEO emulsions induced by
the hydrophobic PF polymer, a capsule-shaped PF–PEO/
silica composite was obtained. Because the PEO homopoly-
mer of higher molecular weight can assemble faster with
the silica species than the lower molecular weight polymers,
the average diameter of the trapped PF–PEO/silica hollow
spheres becomes smaller (Figure 3).

According to silica chemistry, it is well-known that the
silica condensation rate depends on the pH value.[17] Fig-
ure 4 exhibits the mesoporous carbon samples prepared at
different pH values. It is clear that the pH value of the sili-
cate solution must be tuned in the range of 5.0–6.0 to get
the hollow spheres, where matching interaction between
PEO and silica species (i.e. hydrogen bonding between –
CH2CH2Oδ– of the PEO polymer and the silanol group –
SiOH of the silica species) and fast silica condensation rate
could prevent the self-precipitation of the PF polymers.[18]

In this pH value range, the silica condensation rate in-
creases with the pH value,[17] and thus the average diameter
of the hollow spheres decreases as the pH value increases
(Figures 2B, 4B, and 4D). However, outside of this pH
range, the hollow spheres were no longer obtained. At pH
values �5.0, the slow silica condensation rate led to the
generation of micrometer-sized solid spheres or particles
(Figure 4A). However, at pH values �7.0, mismatching in-
teractions between the negatively charged silicate species
and the partially negative PEO polymer resulted in the sep-
aration of the silica and the PF–PEO polymer blend, which
led to the precipitation of the PF polymers.

Scheme 1. Formation mechanism of the PF–PEO/silica composite hollow spheres in a highly diluted silica solution.
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Figure 4. TEM micrographs of the mesoporous carbon hollow
spheres synthesized in silica solutions at different pH value (PF/
PEO6000 weight ratio = 2.0). (A) pH = 4.0; (B) pH = 5.5; (C) pH
= 6.0. Scale bar = 500 nm.

In addition to studying the effect of the silica condensa-
tion rate on the diameter of the hollow spheres, we also
changed the content of the PF polymer to control the co-
alescence rate of the PF–PEO emulsions. As expected, we
found that the average diameter of the mesoporous carbon
hollow spheres increased with an increase in the PF poly-
mer content (Figure 5). When the PF/PEO6000 weight ratio
is higher than 1.5, the PF polymer precipitation rate is rela-
tively too fast to be completely trapped and some PF poly-
mer precipitates. Moreover, it must be mentioned that the
yield of the carbon is determined by the PF content. At low
PF/PEO6000 weight ratios (�0.5), the carbon yield is very
low. Consequently, the appropriate PF/PEO6000 weight ra-
tio to obtain carbon hollow spheres in a suitable yield ran-
ges form 0.8 to 1.5. To reduce the dispersion in the diameter
of the hollow spheres, considerably kinetic and thermo-
dynamic principles behind the formation of the hollow
spheres will be further studied.

It is known that there are advantages to use mesoporous
carbon as solid templates:[4,19–21] (1) The high stability of
the carbon framework can stand for cruel synthetic condi-
tions. (2) The amorphous carbon should be easily removed
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Figure 5. TEM images of the mesoporous carbon hollow spheres
prepared with different PF/PEO300000 weight ratios (r) at pH =
5.0. (A) r = 0.5; (B) r = 0.8; (C) r = 1.3; (D) r = 1.5. Scale bar =
500 nm.

by calcination at temperatures higher than 600 °C. (3)
Crystallization of the metal oxide can be readily achieved
under the confinement of the mesostructure of carbon. In
practice, we used the mesoporous carbon hollow spheres
of interconnected mesostructure as a solid exo template to
prepare the porous metal oxide hollow spheres.[22] Figure 6
shows the representative TEM and SEM images of the
ZrO2, Al2O3, TiO2, and Fe2O3 hollow spheres prepared by
impregnating mesoporous carbon hollow spheres with
acidic ethanolic solutions of Zr(OAc)4, Al(NO3)3, Ti-
(OBu)4, and Fe(NO3)3 salts, respectively, and calcination at
600 °C in air. These images clearly demonstrate that the
metal oxide hollow spheres can be easily obtained from a
typical impregnation process by using mesoporous carbon
hollow spheres as a solid template. In addition to preserving
the hollow-sphere morphology, the HR-TEM image reveals
that the shell of the metal oxide hollow spheres is composed
of many nanocrystals (ca. 5–30 nm, insets of Figure 6). In
combination with the high-angle XRD patterns of the
metal oxide hollow spheres, all broad XRD peaks can be
assigned undisputedly to the γ-Al2O3, anatase-TiO2, α-
Fe2O3, and ZrO2 nanoparticles. According to these results,
we proposed a possible mechanism for the formation of the
mesoporous metal oxide hollow spheres. In the first stage,
the precursors of the metal oxides can be incorporated into
the interconnected nanopores of the mesoporous carbon
shell. Upon heat treatment, the precursors thermally de-
compose, and the nanoparticles derived therefrom grow
larger and crystallize. In the presence of thermally stable
carbon, the crystalline dimension is confined to the nano-
scale. Because the nanocrystals interlink with each other
and form continuous and stable frameworks, the hollow-
sphere morphology is fully replicated even after the removal
of the carbon template by further high temperature heat
treatment. These metal oxide hollow spheres have a high
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surface area (100–150 m2 g–1), large pore size (8.0–12.0 nm),
and a large volume (0.25–0.35 cm3 g–1; Supporting Infor-
mation, Figure S4, Table S1). In addition to ZrO2, γ-Al2O3,
anatase-TiO2, and α-Fe2O3 mesoporous hollow
spheres,[23–27] other metal oxide hollow spheres (e.g. MgO
and CeO2; Supporting Information, Figure S5) were also
produced by using the mesoporous carbon hollow spheres
as a solid template. Moreover, to obtain magnetic nanopar-
ticles containing mesoporous carbon hollow spheres, the
Fe(NO3)3 impregnated mesoporous carbon was heated to
900 °C under a N2 atmosphere instead. Figure 6F shows
that the Fe nanoparticles are embedded within the mesopo-
rous carbon shell or in the interior of the hollow spheres.
The magnetic nanoparticles containing mesoporous carbon
hollow spheres demonstrate the magnetic properties (Sup-
porting Information, Figure S6).

Figure 6. TEM and SEM images and XRD patterns of the mesopo-
rous metal oxide hollow spheres prepared by using mesoporous
carbon hollow spheres as hard templates. (A) ZrO2; (B) γ-Al2O3;
(C) α-Fe2O3; (D) anatase-TiO2, (E) XRD patterns; (F) The Fe nan-
oparticle containing mesoporous carbon hollow spheres obtained
from pyrolysis of a Fe(NO3)3 impregnated mesoporous carbon hol-
low spheres at 700 °C under an atmosphere of N2. Insets are the
HR-TEM and electron-diffraction images of the metal oxides and
iron nanoparticles.
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Conclusions

In brief, we have described a new method to conveniently
synthesize PF–PEO/silica hollow spheres. The synergistic
PF–PEO/silica hybrid composite can be transferred to
mesoporous carbon and mesoporous silica hollow spheres
as required. This synthetic method for the preparation of
hollow spheres with different diameters involves the simple
mixing of well-defined precursors and changing the compo-
nents and pH value of the mixture; thus scale-up of the
hollow spheres is readily accomplished. The phase-separa-
tion approach can be extended to different polymer blends
and nonsilica metal oxides. With good control of assemb-
ling kinetics, one can judiciously select other polymer
blends to manufacture hollow mesoporous spheres with
high flexibility in their compositions. In addition, the use
of stable mesoporous carbon hollow spheres is an alterna-
tive for the preparation of metal oxides hollow spheres of
high crystallinity and magnetic mesoporous carbon hollow
spheres. These hollow spheres of high composition-flexibil-
ity have potential to be applied as a catalyst, absorbent,
sensor, magnetically separable carrier, microcapsule, super-
capacitor, and as an aid in drug-delivery and fuel cells.

Experimental Section
Typical Synthesis of Mesoporous Carbon and Silica Hollow Spheres:
The PEO (Acrös) (2.0 g) and PF (0.5–3.0 g; PF2180, phenol/alde-
hyde, 0.8–0.9; MW ca. 96000; Chung-Chun Plastic, Taiwan) poly-
mers were dissolved in a mixture of ethanol (20.0 g) and water (5–
15 g) to form a clear solution. Then, the PF–PEO blend solution
was poured quickly into an acidified sodium silicate solution aque-
ous solution (pH ≈ 5.0–6.0) at 40 °C, which was prepared by ad-
justing the pH value of a mixture of sodium silicate (27 wt.-% SiO2,
8.0 g, Aldrich) and water (300.0 g) to 4.0–7.0 and aging for 3–
10 min. A light-yellowed precipitate formed within a few seconds.
Filtration, washing, and drying at 100 °C gave the PF–PEO/silica
hollow spheres. The mesoporous carbon hollow spheres with meso-
porous shells were gained after a pyrolysis at 1000 °C under a N2

atmosphere for 2 h and silica removal by 6 wt.-% HF etching. Al-
ternatively, to obtain the hollow silica spheres with a mesoporous
shell, the PF–PEO/silica hollow spheres were kept static in a poly-
propylene bottle at 100 °C for 1 d and calcined at 580 °C for 6 h to
remove the organic template.

Synthesis of Metal Oxides Hollow Sphere: A proper amount of
metal oxide precursor (metal/carbon ≈ 1:50 in mol) was dissolved in
an acidic ethanolic solution (95 wt.-% ethanol, 20.0 g, conc. HNO3,
1.0 g). The Zr(OAc)4, Al(NO3)3, Ti(OBu)4, and Fe(NO3)3 were
used as the precursors to the ZrO2, γ-Al2O3, anatase-TiO2, and α-
Fe2O3 hollow spheres, respectively. Then, the ethanolic solution
was combined with the mesoporous carbon hollow sphere sample
(0.4 g). After stirring for 1 d under ambient conditions and dried
at 60 °C to evaporate the solvent, the dried metal oxide precursor
impregnated mesoporous carbon was obtained. Calcination at
600 °C for 8 h to remove the mesoporous carbon template gave the
metal oxides hollow spheres.

Characterization: N2 adsorption–desorption isotherms were ob-
tained at 77 K with a Micromeritics ASAP 2010 apparatus. Before
analysis, the sample was degassed at 120 °C for about 6 h at
10–3 Torr. The pore size distribution was obtained from the analysis
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of the adsorption branch by using the BJH (Barrett–Joyner–
Halenda) method. Scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images were obtained with an
S-800 (Hitachi) operated at an acceleration voltage of 20 keV and
an H-7500 (Hitachi) operated at 100 keV, respectively. The organic
content in the mesoporous silicas and the porous carbon thermo-
stability were measured by thermogravimetric analysis (TGA).
TGA tests were conducted with a TA Q-50 thermogravimetric sys-
tem. In a typical experiment, ca. 10 mg of the sample was heated
to 700–800 °C at 10 °Cmin–1 in air. Raman spectra were obtained
with a Dilor XY Raman spectrum, using an Ar laser with an exci-
tation wavelength of 514.5 nm.

Supporting Information (see footnote on the first page of this arti-
cle): TGA curve of the mesoporous carbon hollow spheres, N2 ad-
sorption–desorption isotherm of the PF–PEOn polymer blend-tem-
plated mesoporous carbon hollow spheres, SEM images of the dif-
ferent PF–PEOn polymer blend templated mesoporous silica hol-
low spheres, N2 adsorption–desorption isotherms of the different
mesoporous metal oxides hollow spheres, TEM images of mesopo-
rous MgO and CeO2 hollow spheres, photograph showing magnetic
Fe@mesoporous carbon hollow sphere, and table of the precursors
and properties of the metal oxides and Fe@carbon hollow spheres.
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