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Fine particles of SiO

 

2

 

-coated Fe

 

2

 

O

 

3

 

 were prepared by depositing silica on an iron(

 

Ⅲ

 

) hydroxide precipitate using
tetraethoxysilane (TEOS).  The silica deposition proceeded under mild conditions at 20 °C; crystallization hardly oc-
curred and silica loading was controlled by the amount of TEOS charged, whereas the precipitate crystallized to a mix-
ture of FeO(OH) and 

 

α

 

-Fe

 

2

 

O

 

3

 

 under hydrothermal conditions.  The specific surface area of the SiO

 

2

 

-coated Fe

 

2

 

O

 

3

 

 in-
creased with silica loading, and exceeded 280 m

 

2

 

 g

 

−

 

1

 

 even after calcination at 500 °C.  The silicate species deposited on
the precipitate of iron(

 

Ⅲ

 

) hydroxide prevented the primary particles from agglomerating during calcination, resulting in
the high surface area and hard reducibility of the SiO

 

2

 

-Fe

 

2

 

O

 

3

 

.

 

It is known that silica-gel particles grow in aqueous alkaline
solution, and that the dissolution-deposition of SiO

 

2

 

 alters a
rough surface of silica gel to a smooth one to decrease the sur-
face energy.

 

1

 

  Both the dissolution rate and the solubility of
SiO

 

2

 

 increase with increasing pH of the solution

 

2

 

 and tempera-
ture.

 

3

 

  The dissolution of silica from borosilicate glass, which
is widely used for glass vessels, also proceeds in a basic solu-
tion.  We have reported that silica dissolved from the glass ves-
sel in a basic solution deposits on ZrO(OH)

 

2

 

 particles in our
recent work

 

4

 

 on the preparation of high surface-area zirconia
by aging ZrO(OH)

 

2

 

 in a basic solution, which was originally
reported by Chuah et al.

 

5,6

 

  We found that the silica deposited
on ZrO(OH)

 

2

 

 prevented the agglomeration of particles during
calcination.

 

4

 

We proposed that the dissolution-deposition process of SiO

 

2

 

could be used to prepare silica-coated metal oxides.  Then,
using this process, we prepared high surface-area SiO

 

2

 

–ZrO

 

2

 

.

 

4

 

As a fresh precipitate of ZrO(OH)

 

2

 

 was heated with several
pieces of silica glass chips in a basic solution under hydrother-
mal (HT) conditions at 100 °C, the silica component dissolved
from the glass deposits on the precipitate.  The specific surface
area (hereinafter abbreviated to SA) of the resulting SiO

 

2

 

–ZrO

 

2

 

increased with the silica loading, and exceeded 240 m

 

2

 

 g

 

−

 

1

 

,
even after calcination at 500 °C.

In preliminary tests, it was found that silica deposited on
several metal hydroxides, such as nickel(

 

Ⅱ

 

), iron(

 

Ⅲ

 

), and
tin(

 

Ⅳ

 

) hydroxides, under HT conditions.  The SA of SiO

 

2

 

-
covered NiO and SnO

 

2

 

 exceeded 200 m

 

2

 

 g

 

−

 

1

 

 in the same way
as the SiO

 

2

 

–ZrO

 

2

 

.

 

4

 

  It was also found that the silica deposited
on Ni(OH)

 

2

 

 prevented the agglomeration of NiO particles.

 

7

 

  In
contrast, the SA of SiO

 

2

 

-covered Fe

 

2

 

O

 

3

 

 was as small as 67 m

 

2

 

g

 

−

 

1

 

.  Since the pure iron(

 

Ⅲ

 

) hydroxide dried at 110 °C had a
high SA of 

 

>

 

 200 m

 

2

 

 g

 

−

 

1

 

, we expected that SiO

 

2

 

-covered
Fe

 

2

 

O

 

3

 

 could have a high SA under different silica-deposition
conditions.

The purpose of this work is, therefore, to prepare fine parti-
cles of Fe

 

2

 

O

 

3

 

 by different methods and to explore the character
of the resultant SiO

 

2

 

-Fe

 

2

 

O

 

3

 

.  After we have clarified silica dep-
osition on the hydroxide under HT conditions in ammonia so-

lution with silica glass chips at 100 °C, we investigate the fine
particles of SiO

 

2

 

-coated Fe

 

2

 

O

 

3

 

 prepared under mild conditions
using tetraethoxysilane (TEOS) at 20 °C.  We also examine the
reduction behavior of the resulting SiO

 

2

 

-Fe

 

2

 

O

 

3

 

.

 

Experimental

 

Sample Preparation.    

 

All reagents were supplied by Wako
Pure Chemical Industry Ltd., Japan.  An iron(

 

Ⅲ

 

) hydroxide pre-
cipitate was obtained by adding 10 wt% of an iron(

 

Ⅲ

 

) nitrate solu-
tion (51 g) into 5.0 mol dm

 

−

 

3

 

 of an ammonia solution (194 g).
The fresh precipitate containing 12.6 mmol-Fe, which correspond-
ed to 1 g of the resulting Fe

 

2

 

O

 

3

 

, was used for the following silica
deposition.

A fresh hydroxide precipitate was placed in a poly(tetrafluoro-
ethylene) vessel together with 25 cm

 

3

 

 of the mother solution at a
pH of 9.8–9.9, and was heated at 100 °C for 24–192 h in a pres-
sure vessel with a volume of 50 cm

 

3

 

.  In the HT process for silica
deposition, several pieces of silica glass tube (SiO

 

2

 

 content, 100%;
outside diameter, 6 mm; inside, 4 mm; length, 20–40 mm) with
the total surface area adjusted to ca. 190 cm

 

2

 

 were immersed in the
solution.  The precipitate collected by filtration was dried at 110
°C for 24 h to obtain a SiO

 

2

 

-FeO(OH) sample.  It was then cal-
cined in air at 500 °C for 3 h at a heating rate of 1 K min

 

−

 

1

 

 to ob-
tain a SiO

 

2

 

-Fe

 

2

 

O

 

3

 

 sample.
Another silica deposition was examined using a TEOS solution.

A fresh hydroxide precipitate prepared by the above-mentioned
method was dropped in a glass vessel with an ethanol solution (40
cm

 

3

 

) containing TEOS (0.17–1.39 g, ex. 0.693 g corresponds to
200 mg of silica), after filtration and removal of ammonia by
washing with water.  The hydroxide precipitate suspended in the
solution was stirred for a prescribed period, until a white precipi-
tate caused by abrupt hydrolysis and polymerization of TEOS had
not been observed when an aqueous NaOH solution was added
into the extracted supernatant solution.  Then, the precipitate was
collected by filtration, dried, and calcined in the same manner as
the HT post-treatment mentioned above.

 

Characterization.    

 

A specific surface area (SA) of the sample
was determined by the BET method using the N

 

2

 

 adsorption iso-
therm at 

 

−

 

196 °C in a conventional volumetric gas adsorption ap-
paratus.  Prior to adsorption, the samples were heated in a vacuum
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at 110 and 300 °C for 1 h for the dried and calcined samples, re-
spectively.  According to a method reported by Dollimore and
Heal,

 

8

 

 the pore-size distribution was calculated using the desorp-
tion branch of the N

 

2

 

 adsorption–desorption isotherm measured at

 

−

 

196 °C by Omnisorp 100CX (Coulter, U.S.A.).
The X-ray diffraction (XRD) spectra of samples were recorded

on an M18XHF (Mac Science, Japan) with Cu K

 

α

 

 radiation (

 

λ

 

 

 

=

 

0.154178 nm).  An X-ray fluorescence (XRF) analysis was per-
formed on an MESA-500 (Horiba, Japan).

A temperature-programmed reduction (TPR) measurement was
performed from 30 to 900 °C at a heating rate of 5 K min

 

−

 

1

 

.  A
sample (ca. 20 mg) was fixed in a quartz tube with quartz wool.  A
mixture of H

 

2

 

/N

 

2

 

 (

 

=

 

 1/9) was flowed at atmospheric pressure at a
flow rate of 10 cm

 

3

 

 min

 

−

 

1

 

, and H

 

2

 

 consumed during the program
was monitored with a thermal-conductivity detector.

 

9,10

 

A temperature-programmed desorption (TPD) measurement of
adsorbed benzaldehyde was made in an N

 

2

 

 flow of 50 cm

 

3

 

 min

 

−

 

1

 

from 250 to 800 °C at a heating rate of 10 K min

 

−

 

1

 

.  Prior to the
adsorption of benzaldehyde, a sample (ca. 20 mg) fixed in a quartz
tube with quartz wool was heated in the N

 

2

 

 flow at 500 °C for 1 h.
After the sample bed had been cooled to 250 °C, five pulses of
benzaldehyde with each pulse of 10 mm

 

3

 

 were injected in the N

 

2

 

flow.  Benzaldehyde desorbed from the sample was monitored on
a flame-ionization detector.  It has been reported that benzalde-
hyde is adsorbed not on silica, but on iron(

 

Ⅲ

 

) oxide.

 

11,12

 

  Thus, we
can calculate the surface density of the adsorbed benzaldehyde,
which means the exposure of iron(

 

Ⅲ

 

) oxide on the surface.  A
commercial silica, CARiACT Q-10 (SA 

 

=

 

 295 m

 

2 g−1) supplied
by Fuji Silycia, was used as a reference of a silica surface.

Results

Silica Deposition under HT Conditions.    The solubility
of silica can be negligible in a 5.0 mol dm−3 NH3 solution at

100 °C.4  Thus, the amount of silica dissolved can be regarded
as silica loading.  Table 1A shows silica loading calculated
from the weight loss of silica glass chips during the HT pro-
cess in a NH3 solution at 100 °C.  The silica loading did not in-
crease with passing the HT-process time after 24 h, and was
saturated at a loading of ca. 50 mg per gram of the resulting
Fe2O3.

Table 1A also shows the SA values of SiO2–FeO(OH) and
SiO2–Fe2O3 samples.  An original hydroxide precipitate dried
at 110 °C had a high SA of 213 m2 g−1, although it reduced its
SA to 24 m2 g−1 after calcination at 500 °C.  The SA value of
SiO2–FeO(OH) decreased in the HT process, whereas no sig-
nificant change was observed during calcination.  Since the SA
values of SiO2–Fe2O3 calcined at 500 °C were three-times as
large as that of pure Fe2O3, the SiO2 coating in the HT process
had a small effect on the increase in the SA of Fe2O3.  In con-
trast to the silica-coated samples, pure hydroxide decreased the
SA during the HT process in the absence of silica glass for 48
h; the resulting Fe2O3 had a SA of 22 m2 g−1, which was close
to that of a non-HT sample.  It is speculated that the hydroxide
particles agglomerate during the HT process.

Figure 1 depicts the XRD profiles of SiO2-coated samples
prepared under the HT conditions.  The iron(Ⅲ) hydroxide pre-
cipitate had a low crystallinity, which consisted of FeO(OH)
(Fig. 1a).  When an amorphous-like precipitate was treated
under the HT conditions without silica glass, it transformed
into crystalline FeO(OH) and α-Fe2O3 (Fig. 1c).  The SiO2–
FeO(OH) precipitate also showed diffraction peaks of
FeO(OH) and α-Fe2O3 (Fig. 1b).  In samples of SiO2–Fe2O3

calcined at 500 °C (Fig. 1d), major peaks were observed at 2θ
= 33.2, 35.6, 40.9, 49.5, 54.0, 62.4, and 64.0 degrees, which
were assigned as planes of (104), (110), (113), (024), (116),

Table 1.   Physical Properties of SiO2–Fe2O3 Prepared by Silica Deposition

Reaction 
period/h

SiO2 loading
/mg gFe2O3

−1
Specific surface areaa)/m2 g−1 Particle size of 

Fe2O3
b)/nmSiO2–FeO(OH) SiO2–Fe2O3

0 0 213 (0.20) 24 (0.14) 43

(A) HT process with silica glass at 100 °Cc)

24 50 58 69 —
48 41 66 73 21

144 56 56 73 —
48d) 0 — 22 —

(B) TEOS deposition process at 20 °Ce)

48 100 320 169 (0.25) 10
96 200 346 230 (0.34) 10

144 300 386 262 (0.40) 10
336 400 405 285 10

a) Specific surface area calculated by BET method; numbers in parentheses indicate pore
volume (cm3 g−1) calculated by nitrogen adsorption at −196 °C.  b) Average particle size of
Fe2O3 in the SiO2–Fe2O3 calculated by Scherrer’s equation using full width at half maxi-
mum of the peak at 2θ = 54.0°, assigned as (116) plane.  c) Treated with hydrothermal pro-
cess in the NH3 (5 mol dm−3) solution containing glass chips at 100 °C.  The SiO2 loading is
measured by weight decrease of silica glass chips during the HT process.  d) HT process in
the absence of silica glass.  e) Prepared by immersing the precipitate in TEOS ethanol solu-
tion at 20 °C.  The SiO2 loading is calculated from the charged TEOS as it completely
deposited on the surface.
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(214), and (300) of α-Fe2O3, hematite, respectively.  The XRD
results indicate that an amorphous-like hydroxide precipitate
was crystallized to FeO(OH) and α-Fe2O3 during the HT pro-
cess, and that FeO(OH) was decomposed into α-Fe2O3 during
calcination.

Silica Deposition Using TEOS.    TEOS in the coating so-
lution was surely consumed during deposition, and all of the
TEOS disappeared from the solution for some periods.  In a
reference, no consumption of TEOS was observed in the ab-
sence of iron(Ⅲ) hydroxide.  Figure 2 shows the changes in the
SA of SiO2–Fe2O3 with the deposition time in which an
iron(Ⅲ) hydroxide was immersed in a TEOS/ethanol solution

at 20 °C.  The SA of the samples became saturated after an ap-
propriate period, after which no TEOS was detected in the su-
pernatant solution.  Thus, the charged TEOS was completely
deposited on the hydroxide.  In both the TEOS deposition and
the HT process with silica glass, we tested the XRF analysis
for several SiO2–Fe2O3 samples (spectra not shown).  An X-ray
signal from Si atom was observed, and its intensity was com-
parable to the calculated silica loading, while pure Fe2O3

showed no Si-XRF signal.
Figure 3 shows the changes in the SA of SiO2–FeO(OH)

and SiO2–Fe2O3 with silica loading.  The SA values are listed
in Table 1B.  A high SA value of hydroxide was maintained in
the SiO2–FeO(OH) samples, and the SA increased with in-

Fig. 1.   XRD profiles of SiO2–FeO(OH) samples prepared
under HT conditions. a, Non-hydrothermal sample; b, HT
treatment with glass for 48 h; c, HT treatment without
glass for 48 h; d, sample b was calcined at 500 °C.  �: α-
Fe2O3, �: FeO(OH).

Fig. 2.   Changes in specific surface area of SiO2–Fe2O3 with
TEOS deposition time.  Iron(Ⅲ) hydroxide was immersed
in TEOS solution at 20 °C.   Numbers in the figure indicate
the amount of silica (mg gFe2O3

−1) charged in the solution as
TEOS.

Fig. 3.   Changes in specific surface area with silica loading
for samples prepared using TEOS at 20 °C.  �, SiO2–
FeO(OH) dried at 110 °C; �, SiO2–Fe2O3 calcined at 500
°C.

Fig. 4.   Specific surface area of SiO2–Fe2O3 prepared using
TEOS at different temperatures.  Numbers indicate the re-
action time (h) of TEOS deposition.  TEOS (0.693 g,
which corresponds to 200 mg of silica) was used for the
silica deposition on 1 g of Fe2O3.
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creasing the silica loading.  The SA of the SiO2–Fe2O3 samples
also increased with increasing the silica loading.  Figure 4
shows the effect of the temperature in the TEOS deposition
process.  It is obvious that a high SA of > 200 m2 g−1 was rap-
idly attained at a higher deposition temperature; the high SA
was obtained at 80 °C for 1 h.

Figure 5 depicts the pore-size distribution of SiO2–Fe2O3

prepared in TEOS deposition at 20 °C.  At low silica loading,
the SiO2–Fe2O3 sample had a pore-size distribution similar to
that of pure iron(Ⅲ) hydroxide.  The distribution shifted to the
large pore-size side with silica loading.  Table 1 also lists the
pore volume, which increased with increasing silica loading.

Figure 6 depicts the XRD profiles of samples prepared in
the TEOS deposition.  Both SiO2–FeO(OH) and SiO2–Fe2O3

were partially crystallized.  The diffraction peaks of the crys-
tallite grains were assigned as the α-Fe2O3 phase.  Also, the
XRD pattern observed in the sample prepared at 100 °C for 1 h
(Fig. 4) was comparable to that of SiO2–Fe2O3 prepared at 20
°C (profile not shown).  Table 1 also lists the average particle

size of the α-Fe2O3 phase in the samples, which was calculated
by Scherrer’s equation using the broadening of the (116) peak.
It is obvious that the SiO2–Fe2O3 samples prepared using
TEOS consist of small primary particles of α-Fe2O3.

Figure 7 shows TPD profiles of the adsorbed benzaldehyde.
The benzaldehyde adsorbed on the SiO2–Fe2O3 samples was
desorbed at around 450 °C, while the other adsorbed on a com-
mercially available silica was at around 580 °C.  The amount
of adsorbed benzaldehyde was normalized by the specific sur-
face area to calculate the density of the adsorbed benzalde-
hyde.  Figure 8 shows the change in the density of the adsorp-
tion sites of benzaldehyde.  Benzaldehyde adsorbed on pure
Fe2O3 with a density of 0.75 nm−2, while it adsorbed on the
commercial silica at a small density of ca. 0.02 nm−2.  The ad-
sorption density decreased to ca. 0.1 nm−2 with increasing the
silica loading.  This indicates that the fraction of the Fe2O3 sur-
face decreases.

Figure 9 shows TPR profiles of SiO2–Fe2O3 calcined at 500
°C.  Pure Fe2O3 was readily reduced below 700 °C.  The SiO2–

Fig. 5.   Pore-size distribution of (A) pure Fe2O3 and (B) SiO2–Fe2O3 prepared using TEOS at 20 °C.  a, hydroxide precipitate dried
at 110 °C; b, pure Fe2O3; c, silica loading of 100; d, 200; e, 300 mg gFe2O3

−1.

Fig. 6.   XRD profiles of (A) SiO2–FeO(OH) and (B) SiO2–Fe2O3 samples prepared using TEOS at 20 °C.  a, silica loading of 0;
b, 100; c, 200; d, 300; e, 400 mg gFe2O3

−1.  �: α-Fe2O3.
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Fe2O3 required a very high temperature to be reduced by hy-
drogen.  A new peak appeared above 800 °C, and the irreduc-
ible species increased with increasing silica loading.  This
means that the SiO2–Fe2O3 samples with higher silica loading
are less reducible.

Discussion

Deposition of Silica.    In the preparation of metal oxides,
such as ZrO2, NiO, and Fe2O3, the metal hydroxides precipitat-
ed in basic conditions have a high SA above 200 m2 g−1.  How-

ever, they lost the high SA in calcined bodies of oxide because
of the aggregation and growth of the crystal phase of metal ox-
ides.  In our previous study on SiO2–ZrO2 and SiO2–NiO pre-
pared in the HT process, the high SA of SiO2-coated hydroxide
was retained even after being calcined at 500 °C, and the core
ZrO2 and NiO were amorphous and of low crystallinity, re-
spectively.4,7  Although silica deposition is observed on the
iron(Ⅲ) hydroxide particles, the aggregation of particles and
the crystallization to FeO(OH) and α-Fe2O3 are observed un-
der HT conditions (Fig. 1).

The temperature in aging clearly affects the aggregation of
hydroxide and crystallization (Figs. 1 and 6).  Since the depo-
sition rate of silica onto hydroxide was not very fast under the
HT conditions at 100 °C using silica glass, the hydroxide pre-
cipitate aggregated and crystallized into FeO(OH) and α-
Fe2O3 before silica had deposited.  This is the reason why
SiO2–Fe2O3 treated under the HT conditions at 100 °C lost the
high SA of the original hydroxide.  In the deposition process
using TEOS, the deposition rate at 20 °C is as slow as the dis-
solution rate of silica under the HT conditions at 100 °C.
However, the silica deposited from TEOS effectively works as
an obstacle to prevent the aggregation of hydroxide during cal-
cinations, because no hydroxide precipitate aggregates at a low
temperature of 20 °C.

The deposition rate of silica from TEOS is greatly affected
by the temperature (Fig. 4).  At a higher deposition tempera-
ture of TEOS, a high SA is attained for short periods.  This is
simply related to the silica deposition rate.  The core hydroxide
does not aggregate even at 100 °C because of the fast silica
deposition from TEOS; silica deposits on the surface before
the core hydroxide crystallizes.

Incidentally, sol–gel techniques have been applied to the
coating of iron(Ⅲ) oxide using silicon alkoxide.13–15  In pio-

Fig. 7.   TPD profiles of benzaldehyde adsorbed on SiO2–
Fe2O3 samples prepared using TEOS at 20 °C.  a, pure
Fe2O3; b, silica loading of 50; c, 150; d, 200; e, 300 mg
gFe2O3

−1; f, commercial silica gel.

Fig. 8.   Change in density of adsorption site of benzaldehyde.
The density was calculated from the amount of adsorbed
benzaldehyde (Fig. 7) per unit surface area (Fig. 3).

Fig. 9.   TPR profiles of SiO2–Fe2O3 samples prepared using
TEOS at 20 °C.  a, pure Fe2O3; b, silica loading of 50; c,
100; d, 200; e, 300; f, 400 mg gFe2O3

−1.
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neering reports, coating was described as having been done un-
der strongly basic13,14 and acidic conditions,15 so that the sili-
con alkoxide was hydrolyzed and condensed to silica aggre-
gates.  In a TEM measurement,14 it was clearly observed that
the silica layer covered the Fe2O3 particles, while the silica
layer was too thick to be as large as the core particle size.  It
has been reported that silica-coated Fe2O3 has a high specific
surface area, 297 m2 g−1, after drying at 150 °C,15 whereas no
details are mentioned about the thermal resistance and the rela-
tion between the silica loading and the specific surface area of
the coated particles.  In this work, we did not use any catalysts
for the hydrolysis of TEOS, and the silica deposition proceed-
ed via a surface reaction between TEOS and the surface OH
groups of FeO(OH).  This is a significant difference between
the present and pioneering studies.

Agglomeration of Iron(Ⅲ) Hydroxide and Oxide Parti-
cles.    A gradual agglomeration of ZrO(OH)2 precipitate was
observed in pure ZrO2 treated under the HT conditions at 100
°C.4  The SA of a ZrO(OH)2 sample dried at 110 °C decreased
from 220 to 90 m2 g−1 with increasing the HT period from 0 to
192 h.  It is noted that the agglomeration of iron(Ⅲ) hydroxide
proceeds much faster than that of ZrO(OH)2 under the same
HT conditions (Table 1A and Fig. 1).  Pure hydroxide precipi-
tate readily aggregates during the HT process in the absence of
silica glass at 100 °C.

In silica deposition using TEOS, we do not have to worry
about the agglomeration of the hydroxide precipitate.  It is ob-
vious that silica is deposited on hydroxide precipitates at a low
temperature, at which the agglomeration and crystallization of
hydroxide do not occur.  It is advantageous that the reactive
TEOS is readily deposited under mild conditions.  The SA val-
ues of the samples increase with increasing silica loading (Fig.
3).  In comparing SiO2–FeO(OH) with SiO2–Fe2O3, the SA of
the former is always higher than that of the latter.  This is sim-
ply explained by the difference in the density; the densities of
Fe2O3 and FeO(OH) are 5.25 and 4.26 g cm−3, respectively.16

In a simple geometric calculation, the diameter (d) of a spheri-
cal particle is calculated to be d = 6000/SA/ρ nm, where ρ is
the density.  Using the SA value of Y-intercept of Fig. 3, the d
of Fe2O3 spherical particles with SA of 190 m2 g−1 is calculat-
ed to be d = 6.0 nm, and that of FeO(OH) particles with 300
m2 g−1 is d = 4.7 nm.  In addition, the d of non-coated Fe2O3

particles with a SA of 24 m2 g−1 is calculated to be d = 48 nm.
Judging from the d values, the deposited silica prevents Fe2O3

particles from aggregating during calcination; the primary par-
ticle of hydroxide transforms into an Fe2O3 particle without
aggregation during calcination.  Actually, the average size of
the Fe2O3 particles listed in Table 1 is consistent with the
above discussion.  Therefore, the high SA of an as-dried pre-
cipitate of SiO2–FeO(OH) is maintained after calcination.  A
similar observation was found in previous SiO2–ZrO2 and
SiO2–NiO systems under the HT process in an aqueous alka-
line solution.4,7

The vapor-phase deposition of silica on oxide supports has
been studied: silica-coated catalysts, such as SiO2–ZrO2 and
SiO2–TiO2, were prepared by depositing silica in the vapor
phase,17,18 while the SA of ZrO2 and TiO2 supports was smaller
than 70 m2 g−1.  We also investigated alumina-supported silica
and its usage for acid catalysis.19–21  Even for the alumina with

an SA of 200 m2 g−1, the SA of support limits that of the re-
sulting composite material in the vapor-phase deposition pro-
cess.  The present liquid-phase deposition process using TEOS
and as-prepared metal hydroxide, however, has a great advan-
tage: the high SA of the original hydroxide is retained under
mild deposition conditions so as not to aggregate the primary
particles of the support hydroxide.

Regarding high-surface-area SiO2–ZrO2,4 we have consid-
ered a mechanism for preventing aggregation from sintering;
an oxide layer with a different structure acts as an obstacle of
aggregation of the core oxide particles during heating.  A simi-
lar behavior has been reported for silica-alumina prepared by
contacting silica with alumina; the alumina particles exhibit a
heat resistance to sintering.22,23  That is, the silica phase acts as
an obstacle for the sintering of alumina particles because of the
different crystal structure.  Moreover, alumina supported on
silica also prevents the agglomeration of the core silica under
the HT conditions.24  In the same way, the deposited silicate
species prevents the Fe2O3 precursors from sintering.

Surface Structure and Reduction Behavior of SiO2–
Fe2O3.    The TPD results indicate that the silica species covers
the Fe2O3 surface, and that the surface character of Fe2O3 be-
comes closer to that of silica with an increase in the silica load-
ing (Fig. 8).  The difference in the TPD peak positions between
pure silica and the SiO2–Fe2O3 suggest that the adsorption sites
of SiO2–Fe2O3 can be attributed to the exposed Fe2O3 surface
(Fig. 7).

The silica-coated Fe2O3 particles prepared by Ohmori and
Matijevic were reduced by hydrogen at 450 °C, even at a high
SiO2/Fe2O3 weight ratio of 3.76, although it had a thick silica
layer with a thickness of ca. 60 nm.14  In their TEM observa-
tion, the Fe core shrinks in the thick silica shell, which seems
to be stable while retaining a rigid structure during reduction.

The structure of the present SiO2–Fe2O3 seems to be a core
Fe2O3 covered with silica shell.  Although the silica shell was
not reduced by hydrogen, it did not protect the core Fe2O3 dur-
ing reduction; a part of Fe2O3 in the samples was reduced.  The
silica shell would be partially composed of iron silicate.  The
silicate is an irreducible Fe2O3 species, which is reduced at
temperatures higher than 800 °C according to the TPR profiles
(Fig. 9).  The TPR results show that the amount of irreducible
Fe2O3 species increases with increasing silica loading.  It is ob-
vious that the irreducible Fe2O3 species readily forms during
silica deposition, followed by the calcination.

Conclusions

We tried to prepare fine particles of SiO2-coated Fe2O3 with
a high SA by depositing silica on the iron(Ⅲ) hydroxide pre-
cipitate.  When a fresh precipitate of the hydroxide was heated
in a pressure vessel under hydrothermal (HT) conditions in an
aqueous ammonia solution containing several pieces of silica
glass chips at 100 °C, the precipitate crystallized to a mixture
of FeO(OH) and α-Fe2O3 together with growth of the particle
size.  Although the silica components dissolved from silica
glass were deposited on the precipitate, the silica loading was
not controlled by the HT period.  The SA values of the result-
ing SiO2–Fe2O3 were smaller than those of pure hydroxide
dried at 110 °C.  Thus, the HT process was not efficient for
preparing fine particles of SiO2-coated Fe2O3.
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We then replaced silica glass chips with tetraethoxysilane
(TEOS) as a silica source.  Another precipitate of the hydrox-
ide was contacted with a TEOS/ethanol solution at 20 °C.  Sil-
ica components were deposited on the precipitate through
TEOS decomposition, and the silica loading was controlled by
the amount of TEOS.  The SA of the SiO2–Fe2O3 prepared by
TEOS deposition increased with silica loading, and exceeded
280 m2 g−1 even after calcination at 500 °C.  In contrast to pure
Fe2O3, which readily aggregated during heating, the silicate
species deposited on the surface of the original precipitate par-
ticles prevented the primary particles from agglomerating dur-
ing calcination, resulting in the high surface-area SiO2–Fe2O3.
In the pore-size distribution, the pore volume increased with
the silica loading.  The deposition rate of silica from TEOS
varied with the temperature.  The increase in the temperature
shortened the period to complete the silica deposition; the SA
of a sample prepared at 20 °C for 96 h equaled that prepared at
80–100 °C for 1 h.
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