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A B S T R A C T

Mesoporous silica SBA-15 was prepared and loaded with Pt using the deposition–precipitation method

(DP). The Pt loaded material was characterized by N2 sorption, and X-ray diffraction (XRD) at low

scattering angles as well as XRD at wide angles, in order to monitor the impact of the metal deposition

pathway on the mesoporous texture. After DP the material contains ordered mesoporous silica as well as

a fraction appearing as non-ordered amorphous silica. This is most likely caused by the hydrothermal

treatment involved in the DP. The material was also characterized using NIR and 29Si MAS NMR

spectroscopy. The NIR results of the calcined materials indicate that the silanol groups of SBA-15 may act

as anchoring groups for the metallic Pt particles. The NMR spectroscopy data shows that the Pt/SBA-15

sample prepared by the DP method posseses a better short-range regularity of SBA-15 walls as compared

to the parent SBA-15. This is suggested to be caused by dissolution and possible re-precipitation of

siliceous species.
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1. Introduction

SBA-15 is a mesoporous ordered silica with promising proper-
ties as a catalyst support [1,2]. A number of studies describing the
use of the deposition–precipitation (DP) process for various
systems can be found in the literature [3–11]. From these studies
it can be concluded that nucleation and growth of the precipitated
metal species is accompanied by a significant interaction between
the support and the metal, underlining the complexity of the
process. However, when metals are deposited on SBA-15 in this
way, another variable must be considered; the relatively low
hydrothermal stability of the mesoporous framework [12,13]. As
there is a severe treatment involved in the DP method described
here (heating the material at 90 8C in water for approximately
20 h), it is reasonable to expect changes in the textural properties
of the SBA-15. Information concerning the interaction between the
precipitated species and the support is usually obtained by
monitoring the pH profile during the DP process [6,8,10]. This
has been discussed in an earlier study, and a model for the
interaction between the introduced Pt metal species and the SBA-
15 support was suggested [14].
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In this study we have attempted to elucidate some of these
aspects by means of N2 adsorption–desorption and X-ray
diffraction (XRD) at low scattering angles. Furthermore, we
present data obtained from wide-angle X-ray-diffraction and
29Si MAS NMR spectroscopy recorded on the investigated solids in
order to monitor the impact of the DP treatment on the parent SBA-
15. We also demonstrate the use of NIR spectroscopy to further
characterize the nature of Pt–SBA-15 interaction existing in the
calcined solids.

2. Experimental

2.1. Sample preparation

The synthesis of the SBA-15 support was done following Stucky
and co-workers [1] using a synthesis temperature of 100 8C. The
material was calcined at 550 8C, and used as a support for Pt
catalysts. Pt/SBA-15, DP was prepared by deposition–precipitation
using an aqueous solution of Pt(NH3)4(OH)2, while Pt/SBA-15, WI
was prepared by aqueous wet impregnation of H2PtCl6�6H2O. Both
catalysts were calcined at 300 8C. The details of the preparations
are given elsewhere [14], and some characteristic data is
summarized in Table 1. Blank experiments were also performed
where the parent SBA-15 was exposed to the identical treatment
involved in the functionalization pathways in the absence of the Pt
precursors. Briefly, for the DP method the parent SBA-15 (3 g) was
exposed to an aqueous solution containing urea (deionised water
250 ml, urea 0.026 g). The suspension was acidified by 0.1 M HNO3,
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Fig. 1. N2 sorption isotherms of SBA-15 and Pt/SBA materials.

Fig. 2. Low angle XRD patterns of SBA-15 and Pt/SBA-15 materials.
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heated to 90 8C and subsequently kept at this temperature for 20 h.
Afterwards, the solids were recovered by filtration and washed by
deionised water (200 ml). The washed material was dried in an
oven at 80 8C for 17 h and finally calcined in flowing air at 300 8C
for 2 h. This sample is assigned Pt/SBA-15, DP treated. The SBA-15,
WI, treated sample was prepared by bringing SBA-15 into contact
with an aqueous solution having a pH of 3 (adjusted using 2 M
HCl). The sample was subsequently dried at 80 8C for 17 h,
followed by calcination at 300 8C for 2 h.

2.2. Instrumentation

X-ray powder diffraction data was recorded on a Siemens D-
5005 diffractometer using Cu Ka-radiation (l = 1.542 Å). Nitrogen
adsorption–desorption isotherms were measured using a Micro-
meritics TriStar 3000. Prior to the measurement, the samples were
outgassed at 100 8C for 12 h. The specific surface area of the solids
was evaluated by the BET method in the range of relative pressures
p/p0 = 0.1–0.3. The pore size distributions were obtained from
desorption branch of the isotherm using the Broekhoff–De Boer
algorithms. Micropore volumes were assessed by means of a t-plot
analysis.

Diffuse-reflectance near infrared spectra were collected using a
Bruker optics multi-purpose analyzer equipped with an integrat-
ing sphere attachment. In order to ascertain that none of the probe
light was transmitted through the sample, spectra were taken with
increasing sample amounts until no further increase in obtained
spectra could be observed. The minimum sample size used for
these analyses was then �15% larger than the amount at which no
further spectral changes could be observed. All NIR spectra were
measured at ambient conditions. For clarity, NIR results are
displayed as absorbance spectra. Identical spectra were recorded
after a period of several weeks as well as from different batches of
the same material, indicating very good reproducibility of the
measurements. Upon the preparation of the samples, the solids
were kept in sealed containers in order to avoid any contact with
water/humidity. Thus the water present in the samples is most
probably the remaining water from the preparation procedure.

The 29Si MAS NMR spectra were collected using a Varian VXR S
spectrometer with a 7.05T (tesla) wide-bore Oxford magnet,
where the 29Si frequency is 58.58 MHz. The MAS experiments
were performed with a Jacobsen VT CP/MAS probe equipped with
7 mm ZrO2 rotors at a spinning rate of 4.5 kHz. The 29 Si MAS
experiments were run with a delay, d1, between the pulses of 5 s, a
puls width of 6 ms, where pw90 is 8 ms and a number of scans of
20000 in each experiment. The 29Si chemical shifts were
referenced to tetramethylsilane. Instrumental neutron activation
analysis (INAA) was used to measure the Pt loading in the samples.
The solids were irradiated in the 2 MW JEEP II reactor, at Kjeller,
Norway, together with standard materials of known elemental
composition. After an appropriate decay period, high resolution
spectrometry was used to measure the intensity and energies of
the gamma lines emitted. A comparison between specific
activities induced in standards and samples provides the basis
for calculation of elemental abundances.

3. Results and discussion

3.1. Impact of the DP on textural and crystallographic properties of

SBA-15

The impact of the preparation method was first studied by use
of N2 adsorption–desorption and X-ray diffraction at low diffrac-
tion angles. N2 sorption isotherms and XRD patterns are depicted
in Figs. 1 and 2 respectively, and stuctural parameters of the
investigated solids are shown in Table 1. Clearly, the application of
the DP leads to systematic changes of the parent SBA-15 such as an
expansion of the mesopores and lowering of BET surface area. The
surface area of the Pt/SBA-15, DP sample is reduced by
approximately 70%. Furthermore, another important feature of
the N2 sorption isotherm is that the hysteresis loop is tilted,
reflecting a less narrow pore size distribution [15]. These structural
parameters as well as the shape of the hysteresis loop resemble
those as obtained for SBA-15 prepared at higher temperatures
(140–150 8C) [16]. Such materials are expected to possess a lower
degree of mesoscopic order as at these synthesis temperatures the
copolymer used as a structure directing agent tends to decompose.
However, the shape of the hysteresis loop also resembles those
obtained on amorphous non-ordered silicas as it is extended to
high values of relative pressures p/p0. This therefore implies that
the functionalized material contains fractions of both; ordered
mesoporous silica as well as non-ordered amorphous silica.
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The XRD data shows that the inclusion of Pt by the DP method
does not interfere with the structural ordering of the mesoporous
material, as there are no significant alterations of the diffraction
lineshape of the functionalized materials compared to the parent
SBA-15. A slight shift of the prominent XRD reflection [1 0 0]
towards a lower angle is observed for the functionalized SBA-15,
also similar to that detected for parent SBA-15 prepared at higher
temperature or platinum supported on SBA-15 [16–18]. The
apparent discrepancy between the conclusions derived from N2

adsorption–desorption measurement is caused by the fact that the
low angle XRD scattering measurement detects only the preserved
hexagonally ordered SBA-15, while the N2 sorption occurs on the
ordered SBA-15 phase as well as on the non-ordered amorphous
silica. Newertheless, the estimation of the proportional amount of
the ordered and non-ordered silica presented in Pt/SBA-15, DP is
rather difficult. It also follows that the value of wall thickness as
derived from the combination of the XRD and N2 sorption data has
to be interpreted with some caution.

However, it is likely that the structural changes in SBA-15 upon
the DP treatment towards the apparent disorder are caused by the
treatment involved in the method.

The wide-angle XRD of Pt/SBA-15, WI (Fig. 3) shows reflections
at 2u = 39.78, 46.28 and 67.48, attributed to the cubic platinum
metal structure [20]. The most intense reflection (39.78) was used
to estimate the average platinum particle size to be 5.4 nm using
the Scherrer formula. This is in good agreement with values
obtained from TEM on the same material, where the majority of the
Pt nanoparticles was found to be in the range 4–6 nm [14]. The Pt/
SBA-15, DP sample did not exhibit similar intense reflections of
metallic platinum, which is probably due to the lower metal
loading (Table 1), i.e. the signal might have been below the
sensitivity of the instrument, or that the particle size is below the
detection threshold, typically estimated to be 3 nm. Here, the Pt
particle size as observed by transmission electron microscopy
(TEM) was found to be between 2 and 4 nm, however, a certain
fraction of larger particles having a diameter of 15 nm was also
detected [14]. No platinum oxide phase was detected in either
case, see also [19] and references therein.

An interesting feature of the presented XRD patterns is the
broad reflection centered at 2u = 238 that was assigned to
amorphous SiO2 [21]. This reflection is considerably sharper for
the Pt/SBA-15, DP sample, which might be related to changes in the
ordering towards further consolidation of the silica framework.
Here it should be reemphasised that X-ray diffraction probes the
Fig. 3. Wide-angle X-ray diffraction patterns of Pt/SBA materials.
long-range order of examinated materials, and as such can be used
as a valuable complement to NMR spectroscopy giving information
about the local ordering [22,23].

3.2. NIR characterization of SBA-15 and Pt/SBA-15

Silanol groups (believed to be the active species of SBA-15),
their interaction with introduced platinum as well as the change in
their population upon the heat treatment involved in preparation
of Pt/SBA-15 samples have been studied with Diffuse-Reflectance
near infrared (NIR) spectroscopy in the frequency region 8000–
4000 cm�1 (overtone region, avoiding overlapping bands with
adsorbed water). This method has been demonstrated to be useful
for following silica surface modifications and is useful when the
interaction between an active phase and the siliceous catalyst
support is studied [24].

3.2.1. NIR of SBA-15

The diffuse-reflectance NIR spectrum of the calcined SBA-15 is
shown in Fig. 4. The spectral region contains three sets of bands
with prominent absorptions occurring at around 7300, 5270 and
4520 cm�1. This is in a good agreement with NIR spectra recorded
on other siliceous materials [25–28] including mesoporous silica
MCM-41 [29]. In the first wavenumber region at 7300 cm�1, a
sharp peak situated at 7326 cm�1 is attributed to the first overtone
of the stretching frequency of silanols (nOH) [25–27]. The bands at
7141 and 6856 cm�1 arise from isolated water molecules hydrogen
bonded to silanol groups [26]. It has been shown that the strength
of this donor hydrogen bond of silanols is similar to hydrogen
bonds in g-Al(OH)3 [25]. Finally, a shoulder detected at 7425 cm�1

is ascribed to silanols which are perturbed by the interparticle
contact [27,30].

Here it is important to emphasise that both vicinal free OH
groups and isolated OH contribute to the prominent peak at
7326 cm�1. On the other hand, geminal silanol groups, (two
hydroxyl groups situated on one silicon atom), also occur on SBA-
15, but cannot be monitored by NIR. The latter aspect will be
discussed later in section dealing with 29Si MAS NMR spectroscopy,
as this method provides resolution between isolated and geminal
silanol groups. Another aspect that should be considered in respect
to the mesoporous silica SBA-15 is that the material contains
silanols located in the inner surface of mesopores as well as on the
outer surface. It has been shown that the large majority of silanol
groups is located on the inner surface and the number of silanol
groups has been estimated to be 3.7 SiOH/nm2 [31]. Moreover, it
Fig. 4. Reflectance NIR spectrum of the first overtone region of SBA-15 calcined at

550 8C.



Fig. 6. Reflectance NIR spectra (6000–5000 cm�1) of the parent SBA-15 and SBA-15

functionalized with Pt via DP and WI methods.
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should be emphasised that in almost all kinds of amorphous silicas,
there are silanols not only on the surface but also throughout the
particle. These internal silanols arise in different ways depending
on the process by which the silica is prepared. One source of
internal SiOH groups is through diffusion of H2O into the solid SiO2

structure [32]. It has been pointed out that H2O can penetrate into
amorphous SiO2 to a distance of 15 nm, where a small amount of
silanols can exist as SiOH pairs [32]. Another source of internal
silanols emanates from some of the SiOH located on the surface
being trapped during the preparation procedure as the particles
coalesce [33]. It should be noted that both internal and external
SiOH groups contribute to the prominent silanol IR band at
3747 cm�1 [33] and therefore it is likely that they both also
contribute to the overtone NIR silanol band at 7326 cm�1.

The second region observed at around 5270 cm�1 is associated
with the combination of stretching and deformation vibrations of
water [26]. For a detailed description of the water interaction with
SiOH groups see e.g. [25,26]. The asymmetrical broader band
detected near 4520 cm�1 was assigned to a combination of the
fundamental OH� stretching of the isolated SiOH groups with the
fundamental symmetric stretching mode of silica network at
800 cm�1 [27]. However, some other authors assigned this band
to the combination of the streching and deformation vibration
of —SiOH groups, see [30] and references therein.

3.2.2. NIR of Pt/SBA-15 samples

Upon introduction of the Pt into the SBA-15 and further
treatments (heating), the dominant absorption bands exhibit some
very interesting features. This is depicted in Figs. 5–7 for spectral
regions 7600–6500, 6000–5000 and 5000–4200 cm�1, respec-
tively. The intensity of the first overtone band at 7326 cm�1 (Fig. 5)
for Pt/SBA-15 samples indicates that the decrease of the silanol
population is more prominent for Pt/SBA-15, DP, however, a
significant decrease in the silanol number was also obtained for the
Pt/SBA-15, WI sample. Both samples were found to exhibit a
decrease in intensity of the bands assigned to silanols interacting
with water (7141 and 6856 cm�1). Similarly, the band arising from
the interparticle contact at 7425 cm�1 is also less intense for both
platinum containing samples. The second region of the spectral
profile at around 5270 cm�1, depicted in Fig. 6, reveals that both
impregnated samples contain a slightly higher amount of water,
arising from the aqueous environment used in the process. The
water content also influences the intensity of the prominent silanol
band at 7326 cm�1 as observed for the Pt containing materials
Fig. 5. Reflectance NIR spectra (7600–6500 cm�1) of the parent SBA-15 and SBA-15

functionalized with Pt via DP and WI methods.
(Fig. 5) [26]. The splitting of the 4526 cm�1 band for the Pt/SBA-15,
DP into three components is observed (Fig. 7). This has been also
observed by other authors when a sol–gel glass heated to 1000 8C
was exposed to ambient conditions. Subsequently, the band at
4555 cm�1 was attributed to the isolated SiOH groups, while the
two others centered at 4518 and 4460 cm�1 were attributed to
SiOH groups hydrogen bonded to water molecules [26].

3.2.3. NIR of SBA-15 upon the DP and WI treatment

In order to correctly interpret the loss of silanol groups
observed for Pt containing samples and monitored as the decrease
of intensity of the prominent silanols band at 7326 cm�1, it is
useful to resolve the impact of each pathway on the silanol
population. Therefore, blank experiments were performed where
SBA-15 was exposed to the same procedure as used in the DP and
WI methods, but without the use of the platinum precursor.

Spectra obtained in the region 7600–6500 cm�1 for the WI
treated and DP treated samples are shown in Figs. 8 and 9
respectively. Noticeable features of the prominent silanol band at
about 7300 cm�1 are its shift towards a lower wavenumber and the
broadening as compared to the Pt containing samples. This shift
has previously been attributed to the structural changes of the
siliceous materials, specifically, that not only the silica network has
been consolidated but also the O–H silanol bond has been
Fig. 7. Reflectance NIR spectra (4900–4300 cm�1) of the parent SBA-15 and SBA-15

functionalized with Pt via DP and WI methods.



Fig. 8. Reflectance NIR spectra (7600–6500 cm�1) of the Pt/SBA-15 prepared via WI

method and SBA-15 exposed to an identical treatment as in the WI method (drying

and mild calcination at 300 8C) but without use of the Pt precursor.

Fig. 9. Reflectance NIR spectra (7600–6500 cm�1) of the Pt/SBA-15 prepared via DP

method and SBA-15 exposed to an identical treatment as in the DP method (heating

the parent SBA-15 at 90 8C in aqueous solution for approximately 20 h) but without

use of the Pt precursor.
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strengthened and/or shortened, while the broadening has been
attributed to a change of the environment of the silanol groups
from the surface to the interior of the silica network [26]. As a
similar change is not seen on the functionalized samples, we
propose that Pt retards changes occurring in the SBA-15 structure.

The WI treated sample exhibits only a mild reduction of the
silanol groups as compared to the parent SBA-15, while the SBA-15,
DP treated sample exhibits a significant decrease in the number of
silanols. Possible reasons for such a behavior will be discussed in
the NMR section. As indicated in Figs. 8 and 9, there is a difference
in the silanol population between the treated, un-functionalized
samples and samples containing Pt. We propose that the additional
loss of silanols detected for the Pt containing SBA-15 may be due to
the interaction with Pt. The importance of acidic oxygen-contain-
ing groups in the anchoring of the metal precursor onto a catalyst
support has been shown by others for the homogenous deposition
precipitation (HDP) of Pt onto carbon-nanofibers (CNF) [5]. Our
study indicates that on the calcined solids, independently of the
pathway, the metallic Pt may be anchored to the surface of SBA-15
through the silanols. Another hypothesis on the additional loss of
silanols detected on the Pt containing samples could be an
interaction of the ligands originating from the decomposition of
the Pt precursors with the surface of silica. However, the NIR
spectral profiles recorded on the Pt containing or treated samples
did not show any bands corresponding to NHx or Cl moieties,
indicating that most of the ligands are removed during the
calcination.

Another important consequence of the change of the silanols
number observed on the treated, un-functionalized samples is the
impact on the textural properties of the parent SBA-15. The impact
of the slightly acidic impregnation (pH 3) without using a metal
precursor on the textural changes of mesoporous SBA-15 structure
was studied by others by means of N2 adsorption–desorption and
Table 1
Physiochemical properties of ordered materials obtained from XRD and N2 adsorption

Sample da (nm) Surface

area (m2/g)

Pore diameter

(nm)

W

(n

SBA-15 9.0 1070 5.8 3.5

Pt/SBA-15, WI 9.2 860 5.8 3.7

Pt/SBA-15, WI 9.2 330 8.3 1.3

a Interplanar spacing of primary reflection.
low angle XRD using synchrotron radiation [34]. It was found that
such treatment leads to a slight decrease in BET surface area and
pore volume, which was attributed to an additional calcination
step. Here we measured surface area, pore volume and micropore
volume on the DP treated sample, resulting in values of 350 m2/g,
0.94 and 0.015 cm3/g, respectively. All values are significantly
lower as compared to the parent SBA-15, but on the other hand
slightly above those obtained for the Pt/SBA-15, DP sample
(Table 1). Therefore, the DP treatment itself is responsible for the
textural properties of the Pt/SBA-15, DP sample, while the presence
of Pt causes very modest changes in surface area, pore and
micropore volume.

3.3. 29Si MAS NMR characterization of SBA-15 and Pt/SBA-15

The fact that some structural changes occur on the Pt/SBA-15
samples has already been shown from the evaluation of XRD and
N2 sorption data and was also further suggested by the NIR data.
Thus, it is of interest to explore the consequences of the changes in
long-range order on the eventual corresponding changes in short-
range order of SBA-15.

It was also pointed out above that the geminal silanol groups
cannot be distinguished by means of NIR, due to the vibrational
modes of these species which are expected to be very close to those
of the isolated silanols [30]. On the other hand, the 29Si MAS NMR
spectrum of a siliceous material typically exhibits three Qn bands
assigned to 29Si nuclei shielded by different binding environments.
The low intensity Q2 peak at �91 ppm is attributed to the geminal
silanol groups (BBSiO)2Si(OH)2, the Q3 at 101 ppm is assigned to the
isolated silanols (BBSiO)3SiOH, and the Q4 band centered at
�110 ppm is due to silicons of the (BBSiO)4Si type [35,36]. The
latter band represents a silicon population in a fully condensed
framework, while the Q2 and Q3 bands represent incompletely
–desorption.

all thickness

m)

Mesopore

volume (cm3/g)

Mesopore

volume (cm3/g)

Pt content

(wt. %)

1.18 1.18 –

1.02 1.02 0.38

0.87 0.87 0.25
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condensed silicon atoms. However, the monitoring of the silicons
bearing –OH groups is usually performed by means of the 1H 29Si
cross-polarisation method conducted under magic angle spinning
conditions (CP/MAS NMR) at different contact times [22,31]. By use
of the latter method, a strong enhancement of Q2 and Q3 bands is
observed, which enables determination of the relative proportion
of geminal and isolated silanols [22,31]. However, it has been
pointed out that spectra obtained using the cross-polarization
method do not show the whole siloxane population (Q4) because
the proton is too far from these silicon sites [35,37]. This indicates
that 29Si CP/MAS NMR may not be used when the purpose of the
study is to explore the nature of the silica walls. Therefore, the bulk
29Si MAS NMR measurement has been used in this study.

The NMR spectra of the examined materials are depicted in
Fig. 10. The spectrum of the parent SBA-15 is well in agreement
with existing literature, showing broad Qn bands that are
overlapping. This closely resembles reported NMR spectra of
amorphous silicas [38] and the spectrum of mesoporous silica
MCM-41 [39], suggesting a broad range of Si–O–Si (T–O–T) bond
angles in this material. This is consistent with a framework that
lacks precise repeats of Si positions at the second nearest
neighbour (T–T) scale [39]. However, the Qn bands are more
distinguishable for the Pt containing materials, especially promi-
nent for the sample prepared by the DP method, as the Qn bands are
detected at their regular positions for this material. These results
strongly indicate that the functionalized materials, especially the
Pt/SBA-15, DP sample, exhibit a better short-range order of the
silica framework. We propose that this is related to a decrease in
the silanol population as indicated by NIR. The WI treated sample
exhibits a modest reduction of the silanol groups. This is most
likely due to silanol consumption through dehydroxylation as
proposed in the following equation:

SiOH þ OHSi ! SiOSi þ H2O (1)

The mild decrease in silanol population for the WI treated sample
is not surprising as it has been shown that a significant reduction in
the number of silanol groups due to dehydroxylation can only be
expected for siliceous materials treated at temperatures higher
Fig. 10. 29Si MAS NMR spectra of Pt/SBA-15 and SBA-15.
(above 700 8C in vacuo) than those used in this study [27]. However, a
slight decrease of the 7326 cm�1 band was observed already at
200 8C [27], which is also confirmed by our experiment. Further-
more, as already mentioned, the shift of the prominent silanol NIR
band to 7320 cm�1 was observed, indicating the consolidation of the
silica network. Based on this we propose that the improvement in
the short-range order observed by means of 29Si MAS NMR for the Pt/
SBA-15, WI sample is associated with dehydroxylation of the
framework caused by the additional calcination.

A significant improvement in the short-range periodicity as
compared to parent SBA-15 is observed for the Pt/SBA-15, DP
sample. Also in this case we propose that this is related to a
decrease in the number of silanols as indicated by use of NIR.

When SBA-15 is exposed to an aqueous media it can dissolve
due to hydrolysis of the Si–O–Si bond. It has been established
that the solubility of silica and the dissolution rate depends on
particle size, surface area, hydration state, impurities in silica,
temperature and pH of the solution [33]. Here, the DP
experiments were performed in the pH range 3–6.5, where, as
it has been shown, the dissolution rate of silica is rather low
[33,40]. However, it has also been pointed out that the rate
increases proportionally with the surface area of the silica
[33,40]. It should also be noted that the dissolution rate increases
with increasing temperature [33]. According to the proposed
mechanisms of silica dissolution [11,33] and the suggested
kinetic model [40] available for this process it is likely that during
the dissolution of the silica new silanol groups are generated on
the surface. In parallel with the generation of the new silanol
groups on the surface, Si(OH)4 units are released as a product of
silica dissolution. These units can condense, be ionized
[SiO(OH)3]� and form different types of monomeric, oligomeric,
and polymeric chains, all negatively charged [11]. All these
species are involved in the equilibrium of SBA-15 dissolution.
Furthermore, the process is yet more complex as the Si(OH)4

units can precipitate on the surface of SBA-15. This has been
explained on the basis that silicon increases its coordination
number from four to five as proposed for the case when Si(OH)4

interacts with the surface [33].
If we want to implement these findings on SBA-15, it has to be

reemphasised that the walls of SBA-15 exhibit a microporous
region of lower density around the cylindrical aggregates [41]. The
lower density region was suggested to be due to partial occlusion
of the PEO copolymer chains in the silica matrix [41]. We assume
that during the dissolution, occurring more progressively in the
lower pH range of the DP experiment, the lower density region is
involved. Subsequently, in the higher pH range of the DP
experiment, the released Si(OH)4 units precipitate on the surface
of SBA-15. Upon the drying and calcination, this precipitated part
of SBA-15 becomes more consolidated, which is accompanied by a
significant decrease in the micropore volume. This process is
suggested to be responsible for the improved short-range order of
the Pt/SBA-15, DP sample as observed by means of 29Si MAS NMR.
However, in the light of the results obtained from the N2 sorption it
seems plausible that the process of the re-precipitation occurs in
two ways. One way is the precipitation of the Si(OH)4 units onto
the remaining ordered mesoporous matrix while the rest of the
siliceous species released during the dissolution condenses and
agglomerates within the bulk solution. The latter process results in
formation of non-ordered amorphous silica as detected by N2

sorption.

4. Summary and conclusions

In this paper we have used several characterization techniques
in order to bring more insight into some consequences of the
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deposition–precipitation method when used to functionalize the
mesoporous silica SBA-15 with Pt. Pt/SBA-15 prepared by a
conventional wet impregnation method and parent SBA-15 were
used as reference materials.

The N2 sorption shows that the hydrothermal treatment
involved in the DP method (heating the material at 90 8C for
20 h in aqueous solution) has a detrimental effect on the SBA-15
texture so that the final functionalized material contains larger
fractions of non-ordered amorphous silica. On the other hand, the
Pt containing sample prepared by the DP method posseses a better
short-range order of the SBA-15 framework as shown by 29Si MAS
NMR.

It is suggested from the NIR spectroscopy data that the
interaction between the mesoporous silica and Pt on calcined
solid may be provided by silanol groups, through which the
metallic Pt might be anchored to the surface of SBA-15.
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