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Platinum was deposited on MCM-41 mesoporous supports that contained niobium and/or zirconium
introduced either at the stage of mesoporous material synthesis or after synthesis by impregnation. It has
been found that zirconium introduced during synthesis of MCM-41, influenced particle size of the
material to a considerable extent and this, in turn, resulted in quite a high dispersion of platinum on the
support. Such an effect was not observed in the case of niobiosilicate material. Niobium affected
dispersion, when it was introduced to silicate MCM-41 by impregnation. Niobium oxidic species formed
on mesoporous material surface, due to their strong interaction with platinum, prevented from sintering

of the latter during reduction, thus increasing platinum dispersion.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Catalytic properties of supported platinum are influenced by
support materials because the support can have an important
effect on the kind and dispersion of Pt species present on its surface
[1-3]. Moreover, treatment conditions of the supported catalyst
can change the Pt-support interaction and the nature of Pt species
thus affecting the activity of platinum catalysts [1,2]. Recently,
mesoporous MCM-41 materials have been used as supports for Pt
particles (e.g. [2,3]). Unfortunately, the metal particles supported
on the walls of mesoporous tubes are not stable and their
migration results in sintering at high temperatures. The question
arises whether other metal-containing species incorporated into
mesoporous MCM-41 material affect platinum dispersion. The
determination of the effect of the support and various treatment
conditions on surface, internal structure and morphology is of a
great importance to elucidating the mechanism of the metal-
support interaction and the correlation between the structure of
solids and surface properties.

In the recent paper [4], we have studied catalytic properties of
platinum supported on Zr and/or Nb-containing MCM-41 materi-
als and the significant role played by the chemical composition of
the support in the catalytic activity of Pt species has been stressed.
In this work we have focused on the dependence of platinum
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dispersion on calcination and reduction processes as well as on the
nature of a metal (such as Zr and Nb) introduced into the support
and the preparation method employed. The role of the morphology
is also discussed. Zirconium and niobium were chosen as elements
introduced into silicate MCM-41 by using co-precipitation and
impregnation method. Niobia is well known as a strong metal-
support interacting oxide [5] and therefore the location of Nb in the
framework or extra-framework positions could significantly
influence the interaction with platinum species.

2. Experimental
2.1. The preparation of samples—synthesis and modification

MCM-41 was synthesized by the hydrothermal method from
sodium silicate (27% SiO, in 14% NaOH; Aldrich) and cetyltri-
methylammonium chloride (25 wt.% aqueous solution; Aldrich) as
a template. Trisoxalate ammonium complex of niobium (CBMM,
Brazil) and ZrO(NOs), (Alfa Aesar) were used for the preparation of
mono- and bimetallic silicates. The Si/T atomic ratio (T = Nb and/or
Zr)in the gels was 128, when niobium and zirconium oxide species
were introduced into MCM-41 either at the stage of the
mesoporous material synthesis or by impregnation of MCM-41
with aqueous solutions of Nb and Zr compounds.

Incipient wetness technique was applied to impregnate all the
materials with aqueous solution of hexachloroplatinic acid
(H,PtClg-H,0, Aldrich) in the amount necessary to obtain 1 wt.%
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Pt loading. The catalysts were successively dried at 363 K for 5 h
(temperature ramp 3 K/min) and calcined in air for 3 h at 773 K
(temperature ramp 2 K/min) followed by reduction with H, (5 vol.%
H,/N, mixture) for 3 h at 773 K (temperature ramp 2 K/min).

2.2. The characterisation of samples

The prepared materials were characterised by X-ray diffraction
(XRD) using a TUR M-62 diffractometer (CuK, radiation,
A =0.154 nm). Surface areas, pore diameters and pore volumes
of the MCM-41 materials were calculated from low-temperature
nitrogen adsorption isotherms measured on a Micromeritics 2010
sorptometer. Prior to adsorption measurements, the samples
were degassed inavacuum at 573 K for 3 h. The same sorptometer
was employed, after a slight modification, to measure hydrogen
chemisorption. The following procedure was applied in the
measurements: preliminary evacuation and heating at 573 K for
1 h, the flow of hydrogen at 573 K for 1 h, evacuation at 573 K for
2 h, cooling down to 308 K, leak test and finally the measurement
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of hydrogen uptake at 308 K. The linear part of total hydrogen
adsorption isotherm was extrapolated to zero pressure to
evaluate the saturation of platinum surface with chemisorbed
hydrogen. In agreement with Ref. [6], it was assumed that total
hydrogen uptake was more suitable than irreversible hydrogen
uptake for the calculation of platinum surface area, although some
authors prefer to use for this purpose irreversibly bound
hydrogen. Platinum surface area (S) was calculated from the
formula [6]:

S= Noa%
where Ny is the Avogadro number, « is area occupied by one atom
of platinum, D is dispersion, and M is the atomic weight of
platinum. If metal surface area is expressed in m?/g, its density p in
g/cm?3, and spherical shape of metal particles is assumed, then the
formula for calculation of mean particle size P is [6]:
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Fig. 1. Small-angle (A) and high-angle (B) X-ray diffraction patterns and N, adsorption/desorption isotherms (C, D) of Pt/Nb(128)MCM-41 (a), Pt/Zr(128)MCM-41 (b), Pt/
Zr(256)Nb(256)MCM-41 (c), Pt/Nb(128)/MCM-41 (d), t/Zr(256)/Nb(256)/MCM-41 (e), Pt/Zr(128)/MCM-41 (f).
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Table 1 Table 2
Textural parameters of catalysts Platinum dispersion on MCM-41 (denoted as M) supports
Catalyst® Sger (M?/g)  Mesopore Total Wall Catalyst® Pt Pt surface Average Pt
diam. (nm) volume  thickness dispersion (%) area (m?/gmetal) size from
(from PSD)®  (cm?/g)  (t) (nm)° H, ads. (nm)
Pt/Zr(128)M calc. 825 221 0.78 2.03 Pt/Zr(128)M calc. 38.3 95 3.0
Pt/Zr(128)M red. 787 2.06 0.72 2.26 Pt/Zr(128)M red. 313 77 3.6
Pt/Zr(256)Nb(256)M red. 1020 2.89 0.91 1.82 Pt/Zr(256)Nb(256)M red. 244 60 4.6
Pt/Nb(128)M red. 914 2.83 1.32 1.76 Pt/Nb(128)M red. 17.4 43 6.5
Pt/Nb(128)/M red. 1005 333 0.71 1.83 Pt/Nb(128)/M red. 20.9 52 54
Pt/Zr(256)/Nb(256)/M red. 1186 3.58 0.86 1.86 Pt/Zr(256)/Nb(256)/M red. 19.2 47 5.9
Pt/Zr(128)/M red. 1043 3.07 0.69 1.82 Pt/Zr(128)/M red. 10.5 26 10.8

2 Numbers in brackets indicate Si/metal molar ratio; slash stands for the
impregnation method.

b pSD—pore size distribution.

¢ t=ag— D/1.05.

TEM studies were performed on a JEOL 2000 electron
microscope operating at 80 kV, while SEM ones on a Philips
SEM 515 operating at 15 kV. Powdered samples were deposited on
a grid with a holey carbon film before being transferred to the
electron microscope.

3. Results and discussion

XRD patterns (Fig. 1A) and TEM images (not shown here)
confirmed the hexagonal, well-ordered arrangement of mesopores
in all samples used in this study. X-ray diffraction patterns at low-
angle range are characteristic of the mesostructured materials
with highly ordered hexagonal arrangement [7]. They are
characterised by a narrow single Bragg peak (100) at 20 ~2°
and up to three peaks in the region of 20 ~ 3-8°.

The presence of Pt-metal clusters can be seen in the high-angle
range of XRD patterns (Fig. 1B). The characteristic reflections of
metallic platinum at 39.7° ((1 1 1) plane) and 46.2° ((2 0 0) plane)
[8,9] are clearly visible in X-ray diffraction patterns of all the
materials. In the XRD pattern of Pt/Zr(128)MCM-41 (Fig. 1B-b),
additional peaks at 31.7 and 45.5 20 degrees are present. They can
be indexed to the ZrSi(1 1 1) (JCPDF file 72-1271) and ZrO,(2 1 1)
(JCPDF file 86-1451), respectively [10].

The nitrogen adsorption isotherms are typical of mesostruc-
tured MCM-41 type materials. The samples prepared via one-pot
synthesis in the presence of Zr source (Fig. 1 C-b,c) slightly differ
from the others. They exhibit the hysteresis loop characteristic of
wide-mouth shaped pores which can be generated as a result of
zirconium interaction with silicon that leads to the formation of
silicides or oxysilicides.

Textural parameters of all materials used in this study (Table 1)
clearly depend on the chemical composition of support, prepara-
tion methods as well as zirconium and niobium loading. When
zirconium was introduced during the synthesis of MCM-41, thicker

2 Numbers in brackets indicate Si/metal molar ratio; slash stands for the
impregnation method.

walls and small mesopore diameter were obtained, while BET
surface area decreased. The wall thickness was calculated
assuming the hexagonal pore geometry and the unit cell
parameter, do (do =2 (3~ '/?) d), minus the distance, D, between
the midpoints of the sides of the hexagonal cross-section, equal to
D/1.050 [11]. Interestingly enough, the materials into which Zr
and/or Nb were introduced using wet impregnation of silicate
MCM-41 were characterised by large surface areas and pore
diameters as well as by relatively thinner walls.

The morphology of MCM-41 materials underwent dramatic
changes after the incorporation of zirconium. SEM images show
very small and rather uniform particles for all Zr-containing
materials into which Zr was introduced during synthesis. The
smallest particle sizes of the mesoporous material were observed
for the material containing both niobium and zirconium (Fig. 2).
The impregnation of NbMCM-41 with zirconium salt has
influenced the texture only to a slight extent.

The location of Nb species (extra-framework vs. framework)
depends on the method of niobium incorporation into the
silicate mesoporous material. The presence of UV band (not
shown here) at ~230 nm, originated from tetrahedrally coordi-
nated Nb species [12-14], and the absence of that at ~330 nm,
assigned to octahedrally coordinated Nb, in UV-vis spectra of
NbMCM-41 prepared by one-pot synthesis indicates that
niobium is located in the framework. In contradistinction to
that, in the material prepared by the impregnation with Nb salt,
niobium oxidic species are anchored to the walls in the extra-
framework positions. The zirconium-containing materials exhi-
bit the UV band at ~212nm, assigned to tetrahedrally
coordinated Zr [15-17].

There is no simple relationship between the particle size of
mesoporous material (Fig. 2) and platinum dispersion (Table 2)
because the chemical compositions of supports have also a
significant impact on the latter. The presence of Pt-metal clusters

Fig. 2. SEM images of Pt/Zr(256)Nb(256)MCM-41 (A), Pt/Zr(128)MCM-41 (B), Pt/Nb(128)MCM-41 (C).
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Fig. 3. Distribution of platinum particle size on Zr-containing materials.

right after the calcination step is evidenced by high-angle range of
XRD patterns [18]. The results shown in Table 2 clearly indicate
that the reduction step brings about the agglomeration of Pt
clusters and results in a decrease of Pt dispersion. The platinum
particle size distribution shown in Fig. 3 confirms the above
observation. Interestingly enough, there is a significant difference
in the platinum particle size distribution on both reduced Zr-
containing samples. In the case of the material modified via
impregnation with zirconium salt, that was characterised by
bigger particles than those of Zr(128)MCM-41, sintering of
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platinum proceeds much easier. However, this is not the case of
Nb-modified materials. Platinum sintering on niobium-containing
supports occurs during the reduction step to a smaller extent than
in the case of zirconium-modified samples. This suggests the
occurrence of an interaction between platinum species and
niobium ones that prevents the agglomeration of metal clusters
during the reduction step. However, calcined Pt/Zr(128)MCM-41
shows higher platinum dispersion than its niobium-containing
counterpart that is characterised by very large particles size
(Fig. 2C) and therefore, even if sintering of Pt during the reduction

Pt/Nb(128)/MCM-41 red.

Fig. 4. Distribution of platinum particle size on Nb-containing materials.
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is faster than that on NbMCM-41 sample, Pt dispersion can be
higher in the final reduced sample.

Generally speaking, in the case of the supports onto which Nb and
Zr were introduced by one-pot synthesis, the highest Pt dispersion
was found on zirconium-containing material. This effect is assigned
to particle sizes of the supports. However, when the support was
prepared by the impregnation of MCM-41 with the niobium
precursor, Pt dispersion after the reduction was much higher than
that observed for Pt/Nb(128)MCM-41 (Fig. 4). This indicates that
platinum—extra-framework niobium oxide interaction is stronger
than that between of platinum and niobium species in the
mesoporous walls. This is not the case of Zr species located in the
extra-framework positions. This agrees with the well-known fact
that strong metal-support interactions (SMSI) were found in the
case of Nb,Os, whereas they were not observed in that of ZrO, [19].

4. Conclusions

Summing up, we wish to emphasize the role of zirconium
located in the framework of MCM-41 material (reduction in
particle size of the latter) and that of niobium oxide species in the
extra-framework positions (the occurrence of SMSI) in the
formation of well-dispersed platinum crystallites.
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