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Abstract

Chemical vapor deposition of silica, using tetraalkoxysilanes, on mesoporous templated silica, MCM-41, resulted in

ordered silica with pores on the borderline of mesoporous (2–50 nm) and microporous materials (<2 nm). The resulting

materials were characterized by nitrogen and argon physisorption, XRD, transmission electron microscopy, thermo-

gravimetric analysis and infrared spectroscopy. By tuning the deposition conditions the pore size of MCM-41 (�3 nm)

was gradually decreased to �2 nm.

� 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Chemical vapor (and liquid) deposition of alk-
oxy silanes (or alkylchloro silanes) on zeolites is
used to improve shape selectivity by passivation of
the external surface acidity (non-shape-selective
sites) and by narrowing the pore mouth [1]. Tet-
raethoxy- and tetramethoxysilane molecules
(TEOS and TMOS, respectively) are not expected
to enter the channels of zeolites because they are
too large for the relatively small pores of zeolites
(critical diameter of TMOS is �0.9 nm, that of
TEOS is �1 nm). Chemical vapor and liquid de-
position of TEOS was investigated not only on

HZSM-5, but also on the much less acidic silica-
lite-1 (contains traces of aluminum), and on
amorphous silica (not acidic) [2]. During chemical
vapor deposition at low temperature (50 �C)
TEOS was only physically adsorbed on silica, be-
cause it could only decompose on acid sites. But at
higher temperature (400 �C) the silanol groups of
silica were probably able to decompose TEOS
since the formation of water and ethylene was
observed. Thermal deposition of silica from
TMOS was studied on the non-acidic silicalite-1, in
a static vacuum system, in order to achieve shape-
selective adsorption of paraffins [3]. The deposition
rate increased substantially with increasing tem-
perature, ranging from 240 to 500 �C, resulting in
an effective reduction of the pore mouth. The car-
bonaceous residues formed upon deposition were
removed by oxidation/calcination. Zhao and co-
workers [4] reported the vapor-phase silylation of
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ordered mesoporous silica, MCM-41, with TEOS
to narrow selectively the pore mouth (from �3 to
1.4 nm) of MCM-41, after the template had been
partially removed, allegedly from around the pore
mouth, with AcOH/toluene extraction.

Presently, we are interested in the preparation
of host materials suitable for immobilization of
homogeneous catalysts. Mesoporous templated
silicas [5] are promising applicants for this pur-
pose. Homogeneous complexes can be entrapped
in their pores if the size of the pore mouth is ef-
fectively decreased (unconstrained homogeneous
catalysis). Furthermore, controlled decrease of the
pore size of ordered mesoporous silicas could
provide us with new ordered porous materials in
the pore size range between zeolites (<1.3 nm) and
mesoporous silicas (>2.5 nm).

In this work, we have investigated the deposi-
tion of TEOSs and TMOSs on MCM-41, which
has a non-acidic character, in a vapor-phase flow
system, the aim being to find a simple way to de-
crease to pore size of mesoporous silica (�3 nm)
towards the supermicroporous region (1–2 nm).
By this method the pore size of MCM-41 (�3 nm)
was gradually decreased to 2 nm, while the long-
range hexagonal order of the pores was retained.
Upon silica deposition the thickness of the pore
walls increases, thus, improved stability, compared
to the parent MCM-41, is expected. The result-
ing materials were comprehensively characterized
with nitrogen and argon physisorption, XRD,
thermogravimetric analysis and infrared spectro-
scopy.

2. Experimental

2.1. Synthesis of MCM-41

MCM-41 was prepared according to a slightly
adapted literature procedure [6]. Tetraethylam-
monium hydroxide (TEAOH, Acros Organics, 20
wt.% aqueous solution) and cetyltrimethylammo-
nium bromide (CTABr, Acros Organics) were
dissolved in water by stirring at 35 �C. The silica
source, fumed silica (Aerosol 380 Degussa), was
added to this solution under stirring in 2 h, and
the resulting gel was aged at room temperature for

24 h. The molar composition of the gel was:
1SiO2:0.19TEAOH:0.27CTABr:40H2O. Then the
gel was transferred into a teflon-lined stainless-
steel autoclave and heated at 150 �C for 48 h. The
solid product was filtered off and washed several
times with water, dried in air at 120 �C and calc-
ined at 550 �C for 6 h.

2.2. Silica deposition experiments

MCM-41 (�0.1 g, particle size <0.1 mm) was
dried at 300 �C for 4 h in a helium flow in a reactor
(packed bed, diameter � 15 mm), and then cooled
down to the desired deposition temperature. Then
a helium flow (50 cm3/min) saturated with TEOS
or TMOS (both from Acros Organics) vapor at
room temperature was led through the sample at
the deposition temperature for the given time,
followed by a He flow (50 cm3/min) saturated with
water vapor at room temperature for the given
time and at the given temperature. The resulting
material was dried at 20–200 �C in a nitrogen flow
for several hours.

Silica deposition was also carried out by treat-
ing the air-dried MCM-41 at the desired temper-
ature for the given time with a nitrogen flow (60
cm3/min) saturated at room temperature with both
TEOS and water vapor, i.e. the saturator was filled
with a mixture of TEOS and water. When TMOS
was used, a He flow (50 cm3/min) was splitted into
two parallel flows. One flow was led through a
saturator containing TMOS, while the other was
led through a saturator containing water. The two
flows were mixed before entering the reactor con-
taining MCM-41. After deposition the material
was dried as described above.

2.3. Partial removal of the template from uncalcined
MCM-41

As-synthesized, i.e. non-calcined MCM-41, was
stirred at room temperature for 20 h in ethanol
(p.a., Merck) containing the given amount of
concentrated HCl (37 wt.%, Fisher Scientific). The
resulting material was centrifuged and washed
several times with ethanol, followed by drying at
80 �C in air for several hours.
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2.4. Characterization

Nitrogen and argon physisorption measure-
ments were performed at )196 �C with a Micro-
metrics ASAP 2400 set-up. Prior to analysis the
samples were outgassed at 100–300 �C under vac-
uum. The surface area, pore volume and pore di-
ameter of the samples were calculated using BET
[7] and BJH [8] theory (from the desorption
branch), respectively. T-plot analysis was used to
check the micropore volume [9a].

Note: The specific pore volume and surface area
data were not corrected by the weight increase
occurred upon silica deposition because of tech-
nical difficulties with the exact measurement of the
change in weight due to water adsorbed on the
silica surface. The weight increase upon silica de-
position was however substantial, up to 20 wt.%,
when silica deposition was carried out in the pres-
ence of water vapor.

Thermogravimetric analysis was performed on
a Perkin Elmer TGS-2 analyzer in air atmosphere
with a heating rate of 5 �C/min.

Powder XRD patterns were obtained with a
Philips 1710 powder diffractometer, using CuKa
radiation.

Transmission electron microscopy (TEM) im-
ages were recorded on a Philips CM-200 electron
microscope operated at 200 keV. The sample ma-
terial was mounted on a carbon grid by drying a
droplet of a suspension of the sample in ethanol on
the grid.

Fourier transform infrared spectra were re-
corded on a Perkin Elmer Spectrum One spec-
trometer equipped with a MIR-TGS detector. The
dried silica sample was pressed into a self-sup-
porting waffer with 0.5 cm diameter. The spectra
were measured in the transmission mode.

3. Results and discussion

3.1. Silica deposition on calcined MCM-41 using
tetraalkoxysilanes

MCM-41 was treated, after drying (in a He flow
at 300 �C for 4 h), at the given temperature with a
He flow saturated with either TEOS or TMOS

vapor and, subsequently, with a He flow saturated
with water vapor (¼ 1 silica deposition cycle), as
described in the experimental part. During this
procedure TEOS or TMOS molecules are ad-
sorbed on the surface and react with the surface
silanol groups of MCM-41, followed by hydrolysis
of the surface alkoxy species to generate more
surface silanol groups during treatment with water
vapor.

Applying TEOS, one deposition cycle at 200 �C
results in about 0.3 nm decrease in the pore di-
ameter (Fig. 1). The decrease in both the specific
pore volume and the surface area is in accordance
with what is expected from geometrical consider-
ations assuming cylindrical pores. This indicates
that silica deposition on MCM-41 at 200 �C using
TEOS proceeds rather uniformly throughout the
pores. However, as shown in Fig. 1, the pore size
distribution of the modified material is consider-
ably broader, and the mesoporous step is not
as sharp as in the case of the parent MCM-41,
especially after the second silica deposition cycle.

Upon the first silica deposition cycle at 200 �C
with TMOS, which is more reactive in silyla-
tion reactions than TEOS, the pore diameter of

Fig. 1. N2 physisorption isotherms and pore size distributions

of the parent MCM-41 (a), and MCM-41 after one silica de-

position cycle (b), and after two silica deposition cycles (c), at

200 �C using TEOS. One silica deposition cycle: He (50 cm3/

min) saturated with TEOS at room temperature for 16 h, fol-

lowed by He (50 cm3/min) saturated with water at room tem-

perature for 7 h.
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MCM-41 decreased with around 0.5 nm (Table 1).
Interestingly, upon the second deposition cycle
neither the pore size nor the specific pore volume
or surface area changed considerably, indicating
that hardly any more silica was deposited. Silica
deposition on MCM-41 using TMOS was carried
out not only at 200 �C, but also at lower temper-
atures, viz. 130 and 100 �C. Here, again the pore
diameter decreased with about 0.5 nm upon the
first deposition cycle, but no further change in the
structural properties occurred during the second or
third deposition cycle.

In order to find the reason why silica deposition
on MCM-41 stops, even at 200 �C, when the pore
diameter reaches 2.2–2.3 nm, the samples on which
silica was deposited at 200 �C using TEOS or
TMOS were studied with FTIR. Performing silica
deposition with TMOS or TEOS at 200 �C results
in a surface mostly covered with silanol groups.
On the FTIR spectra recorded at room tempera-
ture (not shown), a sharp peak at 3740 cm�1 cor-
responds to the free silanol groups; a broad band
centered at around 3700 cm�1 and a very broad
band around 3550 cm�1 are assigned to single sil-
anol groups derived from geminal silanol groups
upon silylation [10] and to silanol groups in hy-
drogen-bonding, respectively; the latter is dis-
turbed by some physically adsorbed water, the
intensity of which decreased when the sample was
heated. However, the appearance of four peaks
at around 3000–2800 cm�1 indicates that some

organic residues (�4 wt.% from TGA in the case
of the sample treated with TMOS) are present as
well. To remove the carbonaceous residue the
sample modified with silica deposition at 200 �C
using TMOS was calcined at 350 �C in air. Upon
silica deposition on the calcined sample, the cap-
illary condensation step of nitrogen shifted only
slightly towards lower relative pressures, and the
pore size decreased from 2.3 to 2.1 nm without
considerable change in the specific pore volume or
surface area (Table 1). Based on these observa-
tions, further deposition leading to smaller pore
size seems to be inhibited rather by pore-blocking
than by inactivation of the silica surface. Never-
theless, it was rather unexpected that silica depo-
sition terminates at a pore diameter of �2.1 nm,
considering that the size of the TMOS molecule is
around 0.9 nm. It is important to note here that
the absolute figures for the pore diameters of this
size have to be treated with caution; in general, the
BJH method underestimates the pore diameter of
mesoporous materials [11].

On the basis of XRD patterns (not shown) the
long-range hexagonal ordering of the pores was
completely kept upon silica deposition, as all the
four diffraction peaks characteristic of the parent
MCM-41 were also present in the diffractogram of
the modified materials. This was further confirmed
by TEM studies.

3.2. Silica deposition on calcined MCM-41 using a
mixture of tetraalkoxysilane and water vapor

In order to increase the silica deposition rate,
and, thus, the amount of silica deposited, in the
following experiments MCM-41 was treated at
different temperatures with TEOS (or TMOS) va-
por in the presence of water vapor, since water
physisorbed on the silica surface is known to cat-
alyze the reaction of alkoxy silanes with the sur-
face silanol groups. We have to note that under the
silica deposition conditions used no silica forma-
tion was observed in the absence of MCM-41.

Based on the observation that the weight in-
crease (data not shown) upon deposition in the
presence of water is considerably greater than that
in the absence of water, it can be concluded that
a considerably larger amount of silica can be

Table 1

Textural properties of MCM-41 before and after silica deposi-

tion using TMOS at 200 �C

BET (m2/g) Vpore (cm3/g) dpore (BJH)

(nm)

MCM-41 1056 0.99 2.8

After the 1st

deposition cycle

854 0.77 2.3

After the 2nd

deposition cycle

814 0.70 2.3

After the 3rd

deposition cyclea

783 0.65 2.1

One silica deposition cycle: He (50 cm3/min) saturated with

TMOS at room temperature for 5 h followed by He (50 cm3/

min) saturated with water at room temperature for 16 h.
a Prior to the 3rd silica deposition cycle, the material was

calcined in air at 350 �C for 4 h.
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deposited in the presence than in the absence of
water. The amount of silica deposited increases
with increasing deposition temperature or time. As
a result, the pore size of MCM-41 can be gradually
decreased by increasing the deposition tempera-
ture or time, as can be seen in Tables 2–4.

The pore size distribution becomes significantly
broader upon modification, especially at higher
temperatures or longer deposition times. Silica
deposition with a mixture of TEOS or TMOS and
water vapor occurs everywhere inside the pores (as
well as on the external surface) but, probably,
much less uniformly than in the case of silylation
with TEOS or TMOS vapor first followed by hy-
drolysis with water vapor. If we take into consid-
eration that the specific pore volume and surface
area would be considerably higher (up to 20%) if
we correct these specific data by the weight in-
crease upon deposition, it seems that silica depo-
sition in the presence of water vapor occurs to a
greater extent on the external surface area and
near the pore mouth than inside the pores.

As shown in Tables 3 and 4, the decrease in
pore size upon silica deposition on MCM-41 either
with TEOS þ H2O or with TMOS þ H2O, even at
200 or 300 �C, ceases at around 2.1 nm pore di-
ameter.

Silica deposition with alkoxy silanes in the
presence of water is incomplete below 200 �C, on

the basis of thermogravimetric analysis and in-
frared spectroscopy, i.e. the surface ethoxy or
methoxy groups are only partly hydrolyzed to
silanol groups. The surface of MCM-41 on which
silica was deposited from TEOS and water vapor
at 100 �C became considerably more hydrophobic
compared to the parent sample due to the presence
of the ethoxy groups and, most likely, physically
adsorbed TEOS. Calcination of this sample at 300
�C in air brought about additional hydrolysis/
condensation on the modified silica surface and, as
a result, the pore size decreased from 2.4 to 2.1 nm.

No significant change was visible in the TEM
images of MCM-41 upon silica deposition in the
presence of water (Fig. 2). Formation of amor-
phous silica on the external surface of MCM-41
was not observed. Furthermore, XRD patterns of
the modified silicas contained three diffraction
peaks indicating that the long-range hexagonal
pore order of the parent MCM-41 was retained
(Fig. 3). As expected the interplanar spacing ðd100Þ
did not change significantly upon modification.

3.3. Silica deposition on non-calcined MCM-41
from which the template has partially been removed
by extraction

In order to further investigate silica deposition
on MCM-41, we followed the method reported by
Zhao and coworkers [4]. The authors stated that

Table 2

Textural properties of MCM-41 before and after silica deposi-

tion with TEOS þ H2O for 3 h at different temperatures

Deposition

temperature (�C)

BET (m2/g) Vpore

(cm3/g)

dpore (BJH)

(nm)

None 1081 1.03 2.8

130 913 0.86 2.6

300 876 0.70 2.3

400 822 0.59 2.1

Table 3

Textural properties of MCM-41 before and after silica deposition with TEOS þ H2O at 200 �C and at 300 �C for different times

Deposition time (h) 200 �C 300 �C

BET (m2/g) Vpore (cm3/g) dpore (BJH) (nm) BET (m2/g) Vpore (cm3/g) dpore (BJH) (nm)

None 1076 1.05 2.8 1081 1.03 2.8

3 961 0.86 2.5 876 0.70 2.3

16 792 0.68 2.2 743 0.57 2.1

36 760 0.60 2.2

Table 4

Textural properties of MCM-41 before and after silica deposi-

tion with TMOS þ H2O at 200 �C for different times

Deposition

time (h)

BET (m2/g) Vpore

(cm3/g)

dpore (BJH)

(nm)

None 1056 0.99 2.8

3 865 0.76 2.4

6 817 0.71 2.3
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by this method the size of the pore mouth of
MCM-41 could be decreased without significant
loss in the pore volume and surface area. They
described the partial removal of the template, ce-
tyltrimethylammonium chloride, from uncalcined
MCM-41 by stirring it with around 0.2 equivalent
AcOH (with respect to the template content of the
uncalcined MCM-41) in toluene. The resulting
material was treated with TEOS vapor followed by
treatment with water vapor at 200 �C, followed by
calcination to remove the rest of the surfactant. In
our hands, however, no template was removed by
the above described extraction method, probably
due to the low solubility of the surfactant in tol-
uene. In our approach we used HCl in ethanolic
solution at room temperature for template ex-
traction. As can be seen from Fig. 4, the amount of
template removed by extraction from uncalcined

MCM-41 can be gradually increased with in-
creasing HCl/surfactant molar ratio. At room tem-
perature around 80% of the surfactant can be
removed by extraction with excess HCl (30-fold).
Note the good reproducibility of the extraction,
which was tested by using 0.2 equivalent HCl.

Unlike under reflux conditions (often used in
literature [12]), performing template extraction
with HCl in ethanol at room temperature reaction
of the silanol groups with ethanol does not take
place, and thus, the silica surface remains active
for further reaction with alkoxy silanes.

Uncalcined MCM-41 was extracted with 0.2
equivalent HCl (with respect to the amount of
surfactant in MCM-41) in EtOH at room tem-
perature, followed by treatment with TEOS vapor
and, afterwards, with water vapor, at 100, 130 or
200 �C. Finally, the sample was calcined at 550 �C

Fig. 2. TEM images of the parent MCM-41 (a,b) and MCM-41 after silica deposition with TEOS þ H2O for 3 h at 300 �C (c,d).
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to remove the rest of the surfactant. Pore size
distributions, calculated from nitrogen physisorp-
tion measurements, are shown on Fig. 5.

On the basis of the weight decrease upon cal-
cination of MCM-41 extracted with 0.2 equivalent
HCl and then modified with silica deposition at
200 �C (for 16 h), a large amount of the surfactant
decomposes already during silica deposition. As a
result, it cannot prevent anymore TEOS from
going inside the pores, and thus, silica deposition
gives roughly the same result as silica deposition
on the calcined MCM-41 (see Table 5). Decom-
position of the template, in accordance with TGA
(Fig. 4), starts already around 130 �C, and up to
200 �C a considerable amount of the template is
removed, especially at prolonged deposition times.
This is in agreement with the findings of Kleitz
et al. [13] that below 250 �C around 50% of the

template is removed by evaporation of the alkene
resulting from Hofmann elimination. Similarly,
carrying out silica deposition at 130 �C (for 16 h)
leads to some decomposition of the template.

Fig. 3. Powder XRD patterns of the parent MCM-41, and after

silica deposition with TEOS þ H2O for 3 h at different tem-

peratures.

Fig. 4. TG curves of calcined MCM-41 (a), and of uncalcined

MCM-41 (h) after treatment with different amounts of HCl in

ethanol: large excess (b), 0.5 (c), 0.25 (d), 0.2 (e,f), equivalent

with respect to the surfactant content of the uncalcined MCM-

41, and 0.2 equivalent HCl in water (g), at room temperature.

Fig. 5. Pore size distribution curves, calculated from N2 phys-

isorption measurements, of the parent MCM-41, and of MCM-

41 containing �80% of surfactant subjected to silica deposition

at different temperatures followed by calcination. One silica

deposition cycle: He (50 cm3/min) saturated with TEOS at room

temperature for 16 or 2 h, followed by He (50 cm3/min) satu-

rated with water at room temperature for 7 h.
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Although no template decomposition was ob-
served when silica deposition was carried out at
105 �C, the decrease in specific pore volume was
much more than what was expected from the de-
crease in the pore size if only the pore mouth is
affected. Since the surfactant blocked the inside of
the pores, this decrease in pore volume can be at-
tributed to intensive pore-blocking upon silica
deposition, probably due to the large amount of
TEOS physisorbed at such a low temperature.
Repeating silica deposition three times at 105 �C
resulted in a very broad pore size distribution, the
maximum of which was still at 2.5 nm, but the
amount of pores smaller than 2.5 nm increased
considerably (Fig. 5, Table 5). However, by the t-
plot analysis no micropores were detected.

No change in the pore shape of MCM-41 was
visible by TEM since, due to focus problem, it is
difficult to analyze the pore size and wall thickness
exactly. Again, no formation of amorphous silica
on the external surface of MCM-41 was observed.

Argon physisorption isotherms (at 77 K) of the
parent MCM-41, of calcined MCM-41 subjected to
silica deposition at 200 �C, and of MCM-41 con-
taining around 80% of surfactant subjected to silica
deposition at 105 �C followed by calcination were
also recorded in order to test whether an adsorp-
tion–desorption hysteresis loop was visible, and, it
so, whether there was a change in its shape (Fig. 6).
In contrast to N2 physisorption, Ar physisorption

isotherms of all the three samples showed hystere-
sis, in agreement with literature [11,14,15]. The
hysteresis loops of both the parent MCM-41 and
the one silylated at 200 �C after calcination had a
similar shape (type H1 [9b]), characteristic of cy-
lindrical pores. The hysteresis loop had a different
shape, somewhat triangular (type H2 [9b]), with the
sample on which silica was deposited while the
pores were partly filled with template. This might
be the result of a change in the pore shape, i.e. ink
bottle-like instead of cylindrical.

4. Conclusion

By silica deposition using TEOS or TMOS in a
vapor-phase flow system, at relatively low tem-
peratures, the pore size of MCM-41 can be de-
creased gradually from the mesopore towards
micropore region. However, it seems that, under
the conditions used so far, a pore diameter smaller
than 2 nm is difficult to achieve, most likely due to
pore-blocking. Upon silica deposition the hexag-
onal ordering of the pores is retained. The result-
ing material has pore walls covered with silanol
groups that are ready for further modification, i.e.
grafting or tethering of active components.

Table 5

Textural properties (from N2 physisorption measurements) of

MCM-41 containing around 80% of surfactant after silica de-

position at different temperatures and for different times, fol-

lowed by calcination

Deposition

temperature

(�C)

Deposition

time (h)a

BET

(m2/g)

Vpore

(cm3/g)

dpore (BJH)

(nm)

None none 1076 1.05 2.8

200 16 932 0.76 2.6

200b 16 879 0.79 2.6

130 16 851 0.66 2.6

105 2 975 0.79 2.6

105 2 (3 cycles) 830 0.57 �2.5

a One silica deposition cycle: He (50 cm3/min) saturated with

TEOS at room temperature for 16 or 2 h, followed by He (50

cm3/min) saturated with water at room temperature for 7 h.
b Calcination to remove all the template before silica depo-

sition.

Fig. 6. Ar physisorption isotherms of the parent MCM-41 (a),

of the calcined MCM-41 after silica deposition at 200 �C (b)

and of MCM-41 containing �80% of surfactant subjected to

silica deposition at 105 �C, followed by calcination (c) (the

former two have been offset (y axis) by 200).
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