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This paper reviews a series of results, partly published recently, on niobosilicate mesoporous molecular
sieves of MCM-41 type modified with noble metals (Pt, Au). Platinum is introduced to MCM-41 by
impregnation technique, whereas gold is incorporated by two methods: during the synthesis by co-
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1. Introduction

In recent years, increasing attention has been paid to noble
metal-supported catalysts because of their potential applications
in industrially important chemical reactions and catalytic
processes involved in environmental protection. Platinum and
gold supported on various matrices are in the focus of this
attention.

Platinum is a very popular metal in catalysis [1]. The history
of platinum as catalyst begins in 1823, when Johann Wolfgang
Dobereiner discovered the catalytic activity of platinum. His
lighter based on the H, and Pt sponge became a huge
commercial success. Since that time the application of platinum
catalysts has grown continuously and nowadays it is a rapidly
expanding commercially important field. Pt-containing catalysts
are useful in petrochemical and general chemical plants and are
becoming increasingly important as autocatalysts for pollution
control.

Gold is an element that has fascinated people for millennia [2-
4]. However, contrary to platinum, gold has been considered to be
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chemically inert and uninteresting for many years and it has long
been believed to be inactive also in catalysis. The situation changed
dramatically since the 1980s when Hutchings [5] and Haruta [6]
reported that gold-catalysts exhibit high catalytic activity in
acetylene hydrochlorination and low temperature CO oxidation.
Since that time, it has been shown, that gold supported on various
oxides exhibits a unique catalytic activity.

It is known that the catalytic activity of supported Pt and Au
nanoparticles is remarkably sensitive to the nature of the matrix, as
well as to the preparation method and pre-treatment conditions of
the sample [2,3,7]. Recently, MCM-41 mesoporous molecular
sieves have been used as supports for platinum [8-10] and gold
[11,12]. MCM-41 materials exhibit a uniformly and hexagonally
arranged mesopores, a very narrow pore size distribution in the
mesoporous range (2-10 nm), high surface area (~1000 m?/g) and
large pore volumes (~1 cm?/g) [13]. It has been found [11] that
mesoporous MCM-41 support makes the high dispersion of metal
nanoparticles, and the mesopores facilitate the transport of
molecules. The framework of siliccous MCM-41 material can be
modified by introduction of various transitions metals. Among
them niobium silicalite MCM-41 was prepared in the group of
Ziolek [14,15]. The incorporation of Nb(V) instead of Si(IV) in
MCM-41 generates excess positive charge in the framework. It was
proposed [16,17] that it was balanced by the charge of hydroxyl
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groups. Dehydroxylation of NbMCM-41 leads to formation of
active species according to the scheme:
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The presence of Nb-0%- and Nb®* species was designed on
the basis of ESR, NO/FTIR studies [16] and the oxidative properties
of NbMCM-41 in catalysis [17,18] which are due to the presence
of active lattice oxygen formed during the dehydroxylation
of molecular sieves. The generation of this active oxygen is
accompanied by the formation of Lewis acid sites. Hexagonally
ordered niobosilicate mesoporous materials denoted as NbMCM-
41 make a new attractive support for Au and Pt. The presence of
niobium in the MCM-41 matrix modified the physicochemical
properties of the catalysts.

The aim of this work is to summarize the effect of niobium, the
nature of noble metals and the preparation method on the
physicochemical and catalytic properties of the final materials
based on NbMCM-41 (in comparison with siliceous MCM-41). This
paper reviews a series of results, partly published recently [19-25],
on niobosilicate mesoporous molecular sieves modified with noble
metals (Pt, Au). The catalytic applications of platinum and gold
supported on NbMCM-41 matrix have been studied in several
important processes: the reduction of NO, by hydrocarbons such
as propene in the presence of oxygen excess, WGS process and
methanol oxidation reaction.

2. Experimental
2.1. Catalyst synthesis and modification

MCM-41 mesoporous molecular sieves were synthesized by the
hydrothermal method described in [13] and modified to prepare
NbMCM-41 according to [14]. Si/Nb atom ratio was 128 as
assumed.

Gold or platinum-containing catalysts were prepared via
wetness impregnation of NbMCM-41 or MCM-41 with HAuCl,
(Johnson Matthey, UK-USA) and H,PtClg (Aldrich), respectively, to
obtain 1 wt.% of Au or Pt on the mesoporous support. Following the
impregnation, the catalysts were dried at 373K for 5h and

Table 1
Textural data of the catalysts (Pt-containing—after the reduction in H;)

calcined at 773K for 3 h in air. After calcination part of Pt-
containing MCM-41 material was next reduced in H; (5 vol.% H,/
N,) at 773 K for 3 h.

The alternative, direct synthesis of AuMCM-41 and AuNbMCM-
41 (co-precipitation) was performed in the same manner as that of
the conventional MCM-41 [13]. The only difference was the
admission of HAuCl, and niobium oxalate (CBMM Brasil) as the
sources of gold and niobium, respectively, into the gel containing
sodium silicate and the template (CTACI - cetyltrimethylammo-
nium chloride). The Si/Au atomic ratio was 256 (corresponding to
1 wt.% of Au).

2.2. Characterization

The prepared materials were characterized by XRD, nitrogen
adsorption/desorption, UV-vis, the temperature-programmed
reduction (H,-TPR) and TOF-SIMS (Time-of-flight secondary ion
mass spectrometry). These techniques were precisely described
elsewhere [19-23].

2.3. FTIR spectroscopy

HC-SCR reaction was studied by in situ FTIR spectroscopy with
NO + C3Hg + O, adsorption and co-adsorption, whereas catalytic
properties of the materials in WGS process were characterized
using an IR + MS Operando system. The details of the experiments
were described in [19,22,23].

2.4. Methanol oxidation reaction

The methanol oxidation reaction was performed in a fixed-bed
flow reactor. 0.02g of the catalyst, with a size fraction of
0.5 <@ < 1 mm, was placed into the reactor. The samples were
activated in helium flow (40 cm® min~!) at 673 K for 2 h. The rate
of heating was 15 K/min. After the activation, the temperature was
decreased to that of the reaction. A portion of 40 ml/min He/O,/
MeOH (88/8/4 mol%) flow was used as a reactant mixture. The
reactor effluent was analyzed using an online gas chromatograph
(GC 8000 Top equipped with a capillary column of DB-1-FID
detector and Porapak Q and 5A molecular sieves columns-TCD
detector). Helium was applied as a carrier gas.

3. Catalysts and their characterization

The mesoporous molecular sieves of MCM-41 type described in
this work are based on silicate framework, in which silicon is
partially isomorphously substituted with niobium (Si/Nb =128).
The resulted NbMCM-41 was applied as a support for platinum or
gold. The latter was also introduced by co-precipitation in one-pot
synthesis. The catalysts studied in this work are listed in Table 1.

Catalyst Surface area BET (m?g!) Mesopore volume BJH (cm® g~ ') Pore diameter BJH (nm)
MCM-41 (for Pt) 1073 0.99 3.9
Pt/MCM-41(IMP) 980 0.88 3.6
NbMCM-41 (for Pt) 961 0.83 3.6
Pt/NbMCM-41(IMP) 910 0.74 33
MCM-41 (for Au) 1076 1.25 3.9
Au/MCM-41(IMP) 1049 1.23 3.9
NbMCM-41 (for Au) 955 1.12 3.8
Au/NbMCM-41(IMP) 900 1.00 3.7
AuMCM-41 (COP) 886 0.81 29
AuNbMCM-41 (COP) 870 0.86 3.6
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3.1. Texture/structure properties

All platinum or gold modified NbMCM-41 catalysts are
hexagonally ordered mesoporous materials as shown by the X-
ray diffraction and low temperature N, adsorption/desorption
techniques. N, adsorption/desorption isotherms (shown in
[19,21,23]) of Pt/NbMCM-41(IMP), Au/NbMCM-41(IMP) and
AuNbMCM-41(COP) are of type IV according to the IUPAC
classification. The texture parameters of these catalysts and those
based on silicate support are given in Table 1. One can notice that
all the structural parameters of the platinum or gold-catalysts
depend on the nature of the matrix (silicate and niobosilicate) and
the method of metal introduction [19,21,24]. The silicate MCM-41
exhibits the largest surface area, pore diameter and mesopore
volume, whereas the introduction of niobium into the framework
of MCM-41 causes a decrease in all these parameters. The presence
of Pt or Au introduced by impregnation only slightly reduces the
surface area and pore volume. In contrast, the introduction of gold
during the synthesis of MCM-41 (co-precipitation) leads to the
catalysts with smaller surface areas and pore volume relative to
those in the impregnated materials [21,24].

XRD small-angle patterns of all impregnated platinum or gold
MCM-41 samples studied (Fig. 1B) show the very typical hexagonal
lattice verified by the observation of a strong single peak (1 00)
centered at 2@ =2° and three peaks in the range of 2® = 3°-8°
[13]. The latter are due to the ordered hexagonal array of parallel
mesoporous tubes and they are best resolved for the pristine MCM-
41 supports (Fig. 1A). The similarities between XRD profiles of
MCM-41 and NbMCM-41 and those of Pt/MCM-41(IMP), Pt/
NbMCM-41(IMP) and Au/MCM-41(IMP), Au/NbMCM-41(IMP)
demonstrate that the structure of MCM-41 materials is not
destroyed either by the introduction of Pt or Au or by the following
calcination (Au-samples) and reduction in H, (Pt-samples).

On the other hand, the introduction of gold during the synthesis
leads to the catalysts with more disordered structure than that of
the impregnated materials, irrespective of the nature of the matrix
(Fig. 1B).

3.2. The state and surrounding of the noble metal

The state of platinum and gold in MCM-41 materials was
studied by XRD, H,-TPR and UV-vis techniques. The results clearly
indicated the presence of metallic Pt and Au on the catalysts
surface already after calcination [19-21,24,25]. In the wide-angle
range of XRD patterns (Fig. 1C) the reflections characteristic of
metallic platinum (at 2® =39.7° and 46.2°) or metallic gold (at
20 =38.2° and 44.8°) [8,26] are well visible. In the case of Pt-

containing samples the peak at 2® =39.7° originates from the
(111) plane, whereas that at 46.2° from the (2 00) one. Both
reflections are due to the cubic platinum metal structure [JCPDS-4-
802] [26]. It is worthy of notice that, as shown in [19], for the
catalyst containing niobium Pt/NbMCM-41(IMP) both peaks from
metallic platinum are present in the XRD patterns after calcination,
whereas for Pt/MCM-41(IMP), the peak at 46.2° appears after the
reduction of the sample in H, [19]. It suggests that the temperature
hydrogen treatment facilitates the reorganization of Pt clusters or
causes the future reduction of Pt existing still in the PtO form on
the pure silicate support. It is not the case for NbMCM-41
supporting platinum. Contrary, in the case of gold-MCM-41 both
reflections from the Au-metal crystallites (Au(1 1 1) and Au(2 0 0))
were found in the XRD pattern of the calcined materials,
irrespectively of the nature of the matrix and the method of gold
introduction. It indicates that gold on the MCM-41 matrix is
reduced much easier than platinum and that for gold MCM-41
samples the further treatment in H, is not necessary for reduction.
The presence of metallic gold was confirmed by the UV-vis
technique, the bands about 500 nm were observed in the spectra of
all Au-samples studied (see [21,24]).

The important difference between calcined Pt and Au-MCM-41
materials is in the amount of the metal reduced. In contrast to Au/
NbMCM-41(IMP), in the Pt/NbMCM-41(IMP) sample not only
metallic but also cationic forms of noble metal were identified. The
H,-TPR profiles of Pt/NbMCM-41(IMP) shown in [19] include a low
temperature (~390K) peak assigned to the reduction of Pt?*
cations. It confirms a more difficult reduction of platinum than
gold during calcination of noble metal-MCM-41.

The noble metal surrounding was studied by TOF-SIMS
measurements and described in [20]. The results clearly indicate
the presence of Pt in the surrounding of the oxygen atoms (leading
to Pt-O~ and/or Pt-0,~ ions, Table 2) [20]. The calculation of PtO~/
Pt, PtO,/Pt™, and PtO, /PtO~ intensity ratios shows that for Pt/
NbMCM-41 the PtO~ /Pt~ and PtO, /Pt~ values are higher, whereas
the PtO, /PtO~ ratio is lower than that for Pt/MCM-41(IMP). It
reveals that Pt on NbMCM-41 matrix has a higher number of
oxygen atoms in the surrounding than Pt on MCM-41. The
presence of niobium species in the catalysts system is responsible
for an increase in the amount of oxygen in the surrounding of
platinum and the presence of platinum decreases oxygen atoms
number surrounding niobium species in the pristine support. This
phenomenon can be interpreted by the interaction between Pt
species and [Nb-0,] leading to the transfer of oxygen from Nb to Pt.
All Pt-0O forms are significantly reduced during the hydrogen flow
at 773 K, as evidenced by the decrease in PtO~ /Pt~ and PtO, /Pt~
intensity ratios (Table 2). In contrast, for gold-catalysts, the ions
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Fig. 1. XRD patterns of the catalysts: small-angle (A) (B) and wide-angle (C) XRD range.
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Table 2

The TOF-SIMS intensity ratios of selected ions for Pt or Au-containing MCM-41 catalyst [20,21,24]

Catalysts NbO*/Nb*  NbO,*/Nb*  PtO /Pt~ PtO, /Pt~  PtO, /PtO~  Cl /total PtClI- /Pt~  PtCIO /Pt~  AuCl /Au~  Auz /Au”

NbMCM-41 1.28 0.14 - - - 26x1073 - - - -

Pt/NbMCM-41(IMP) 1.12 0.13 1.80 3.55 1.98 38x1073 0.95 0.55 - -

Pt/NbMCM-41 (IMP) 1.08 0.13 1.12 1.34 1.20 3.7 x1073 0.73 0.75 - -
red. Hy

Pt/MCM-41(IMP) - - 1.43 3.11 2.28 2.6 x1073 0.87 0.50 - -

Pt/MCM-41 (IMP) red. H, - - 0.98 1.08 1.10 22x1073 0.48 0.38 - -

Au/NbMCM-41(IMP) 1.16 0.10 - - - 41x1073 - - No signal 0.23

Au/MCM-41 (IMP) - - - - - 19x103 - - No signal 0.30

AuNbMCM-41(COP) 1.26 0.11 - - - 89x 103 - - No signal 0.15

AuNbMCM-41 (COP) as 0.74 0.04 - 95 x 1073 - - 0.16 0.10
made (with template)

AuMCM-41 (COP) - - - - - 15 x 103 - - 1.46 0.12

AuMCM-41 (COP) as - - - - 61 x 1073 - - 0.19 0.11

made (with template)

indicating the Au-O bonding were not emitted in the TOF-SIMS
study. This confirms the presence of only metallic gold on the
surface of MCM-41 and NbMCM-41 [21,24].

A very important observation from the TOF-SIMS measure-
ments was the identification of chlorine ions in the surrounding of
both, gold and platinum centres in the calcined mesoporous
catalysts [20,21]. However, whereas PtCl~ were detected in the
samples prepared by the impregnation, AuCl~ ions were found
only for the catalysts obtained by co-precipitation (as made
materials still containing the surfactant (template)). Interestingly,
the AuCl~/Au~ intensity ratio, which gives information on the
amount of gold bonded to or surrounded by chloride ions, clearly
increases for AuMCM-41(COP) and decreases to zero for
AuNbMCM-41 after calcination. It means that the calcination of
AuMCM-41(COP) causes the formation of the Au-Cl bond. The
additional DTA/DTG experiment performed on AuMCM-41(COP)
and described in [21] suggests that the difference in the residual
chloride between the MCM-41 samples with Au introduced during
the synthesis and by the post synthesis method is attributed to the
interaction of Au-source with the template. The cationic surfactant
(cetyltrimethylammonium cations) interacts with a part of
[AuCly]~ ions from HAuCl, and stabilizes the Au-Cl species.
During calcination the surfactant is eliminated while the Au-Cl
species become incorporated into the walls of the MCM-41
material. It has been evidenced [21] that the presence of the Au-Cl
species is responsible for a very high basicity of AuMCM-41(COP).
The presence of niobium in the framework of MCM-41 weakens
the interactions of the surfactant with the [AuCl,]~ ions thanks to
the strong Au-Nb interactions. That is why the chlorine ions are
not localized in the surrounding of gold in AuNbMCM-41(COP)
catalyst. On the other hand, the calculation of the PtCl~ /Pt~ and
PtClO~/Pt™ intensity ratios indicates that the reduction of Pt/MCM-
41(IMP) catalyst in the flow of hydrogen at 773 K leads to the
decrease in the values of intensity of the ions containing Cl and Pt.
It shows that the reduction process removes Cl atoms from the
surface more effectively than the calcination of Pt/MCM-41

(A) PUMCM-41(IMP)

PYNbMCM-41(IMP)

(B) AUNBMCM-41(IMP)

sample. Moreover, contrary to Pt/MCM-41(IMP) material, in the
case of Pt/NbMCM-41(IMP) the total Cl content is not influenced by
the reduction treatment (Table 2). It suggests that Cl species are
stronger held in the mesoporous niobosilicate than in the silicate
matrix impregnated with Pt species. The same is true for Au-
impregnated and calcined MCM-41 type materials.

3.3. The size and dispersion of noble metal

It is well known [2,3,27] that the catalyst activity depends on
the size and dispersion of the metal supported on the matrix. The
effect of the chemical nature of MCM-41 support and the
treatment of the catalyst on the size and dispersion of platinum
and gold present on the mesoporous MCM-41 matrix was studied
by the TEM and TOF-SIMS methods and reported in [19-21]. It was
found from the TEM results [19] that the presence of niobium in
MCM-41 affected the properties of Pt-species. In Pt/MCM-41(IMP)
the very high growth of the cluster size (from 6 to 20 nm) results
from the reduction of the catalyst. Moreover, the thermal
treatment in H, flow leads to interaction between Pt and Si and
the platinum silicide (among others cubic PtsSi) particles are
formed (particle size ~60 nm). Contrary, the particle sizes of Pt°
dispersed on NbMCM-41 are less affected by the hydrogen
reduction of the calcined material. The interaction of Pt with Nb
species prevents Pt migration during heating. Thanks to that, the
particle size of Pt does not increase significantly (from ca. 15 nm to
ca. 17 nm for Pt/NbMCM-41(IMP)) and the dispersion of Pt after
the reduction is higher than that on the MCM-41 matrix.

The determination of Pt dispersion on the surface of MCM-41
material was possible on the basis of the TOF-SIMS images [20].
The Pt/MCM-41(IMP) sample after calcination and reduction
exhibits non-homogenous distribution of platinum, and only some
platinum clusters are visible in the images (Fig. 2). The catalysts
containing Nb in the matrix behave differently. The calcined and
reduced Pt/NbMCM-41(IMP) reveals a good dispersion of Pt.
Although the platinum signal is weak because of high ionization

AuNbMCM-41(COP

Fig. 2. TOF-SIMS images (200 pm x 200 pm) of Pt/MCM-41 (IMP); Pt/NbMCM-41(IMP) (A) and Au/NbMCM-41(IMP); AuNbMCM-41(COP) (B) catalysts. Bright color indicates

Pt or Au ions.
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energy of this metal, Pt seems to be distributed uniformly on the
support surface. It indicates that Nb species in MCM-41 matrix
prevent Pt migration and agglomeration during the calcination.
That is why Pt dispersion is higher than that on the MCM-41
support.

Interestingly, it was found, that for gold-MCM-41 catalysts the
size and dispersion of Au crystallites was determined not by
the nature (chemical composition) of the matrix but mainly by the
method of Au introduction. The size of Au crystallites in AuMCM-
41(COP) was estimated as between 3 and 18 nm on the basis of the
TEM images [21]. Gold particles on the TEM images of Au/MCM-
41(IMP) have diverse dimensions and shapes (especially in the
agglomerates) which makes it difficult to estimate their sizes.
However, the peaks assigned to the metallic gold in the wide-angle
XRD patterns (Fig. 1C) are sharper for the impregnated material
suggesting larger Au agglomerates in the impregnated sample.
Moreover, this feature was confirmed by the intensity ratio of
Aus~/Au~ (TOF-SIMS) higher for Au/NbMCM-41(IMP) and Au/
MCM-41(IMP) than for AuNbMCM-41(COP) and AuMCM-41(COP).
The TOF-SIMS images allowed the estimation of Au dispersion on
the surface of MCM-41 catalysts. Individual large Au clusters are
visible on the surface of the impregnated catalyst (Fig. 2). In
contrast, the TOF-SIMS images of AuNbMCM-41(COP) and
AuMCM-41(COP) show a homogenous distribution of gold.

4. Processes

The mesoporous molecular sieves of MCM-41 type containing
niobium in the framework (NbMCM-41) and their modified forms
have been studied in various catalytic reactions [16-18,28-31]
like: SCR process, catalytic decomposition of NO, synthesis of
methanothiol, the oxidation reactions (e.g., oxidation of thioethers,
cyclohexene, alcohols). Recently, of considerable interest have
been the oxidizing properties of Nb-containing materials [16-
18,29,30]. In the next sections the effect of Nb on the catalytic
activity of bifunctional Pt-Nb and Au-Nb systems in the reduction
of NO, by propene in the presence of oxygen excess, in the WGS
process and the oxidation of methanol will be discussed.

4.1. Selective catalytic NO reduction by propene
In the 1990s, Held et al. [32] and Iwamoto et al. [33,34]

demonstrated the potential of using hydrocarbons in exhaust gases
to selectively reduce nitrogen oxides even in the presence of a very

large excess of oxygen (HC-SCR). Among a large number of zeolite,
metal oxide and noble metal catalytic systems the Pt-(Pt/MFI, Pt/
Al,03, Pt/SiO;) and Au-(Au/ZnO, Au/TiO,, Au/Al,03) catalysts have
been reported to be active in this reaction [7,35-39].

Au or Pt containing NbMCM-41 catalysts characterized in this
work have been studied by FTIR technique, the results are reported
in [19,23]. The FTIR study of NO, C3Hg and O, adsorption and
interaction allowed estimation of the possible chemisorption of
the reagents and their interactions towards intermediates. It was
found that NO adsorbed on metallic platinum present on the
surface of Pt/NbMCM-41(IMP) (calcined and further reduced in H;)
and formed Pt°-complex (1730 cm™') [9,10,40]. Moreover, NO
adsorption leads to the creation of nitrate (NOs™) species
characterized by an IR band 1630 cm™". It was indicated elsewhere
[16,17] that this species was formed at NbO®- centres (identified in
[16,17]) generated after dehydroxylation of Nb-containing MCM-
41 materials. The formation of nitrates requires the oxidation of NO
to NO,. The latter is chemisorbed on NbO~ building NO3 ™~ species.
Oxidation of NO is accompanied by its reduction to N,O
(BNO — N30 + NOy). N,O was observed in the gas phase. The
introduction of gas oxygen causes the appearance of the intense
band at ca. 1440 cm~! which originates from nitrite (NO,~) species
resulting from the NO oxidation to NO, [40] (Fig. 3) and electron
transfer from the solid to NO, molecule. The same features were
not detected for MCM-41 and Pt/MCM-41(IMP) samples, so this
phenomenon has to be assigned to the properties of NboMCM-41
material used as a support for Pt.

Contrary, in Au/NbMCM-41(IMP) and AuNbMCM-41(COP), NO
is not chemisorbed at the gold metallic centres [23]. Again, NO
interaction with oxygen leads to formation of NO,~ species (ca.
1400 cm~!) (Fig. 3). Moreover, the chemisorbed NO, is observed in
the FTIR spectra at ca. 1620 cm™'. Thus, the presence of Nb in the
matrix enhances the oxidation of NO towards NO, in comparison
with that of Au/MCM-41(IMP).

The introduction of propene after the adsorption of NO followed
by O, admission on both Pt/NbMCM-41(IMP) and Au/NbMCM-
41(IMP) leads to partial oxidation of propene towards carboxylate
species (the band at 1572 cm™}, vCOO~ in acetate) [9,41,42] which
transform to carbonates (1534 cm~') [43,44] at 523 K and acetone
(vC=0 at 1727 cm~ ') and CO and CO, at 623 K (Fig. 3). Carboxylate
and carbonate species are less stable on Au/NbMCM-41(IMP) and
Pt/NbMCM-41(IMP) than on Pt/MCM-41(IMP) and Au/MCM-
41(IMP) due to the Au-Nb or Pt-Nb interaction which weakens
the chemisorption of intermediates. The weaker intermediates

(A) PUNbMCM-41(IMP) (B)  Au/NbMCM-41(IMP) (C) AuNbMCM-41(COP)
; 1727
10‘05 0'25|_ 1| 0.25 1720
1l co
= 2 5 ] 5 a s 1690
o / @ | & 1 2154
gk M~ g g1\ smk
& | ~ s 1 1655 [| 1570
2 1728 2570 2 £ /
8 +C,H, ads. 1421 8 ] 8
0 9 el o)
< 1620 < <
140, 1577, _ 1620
1736
s L. L M ] T A
|NOads. .. S

2400 2200 2000 1800 1600 1400
Wavenumber, cm’

2400 2200 2000 1800 1600 1400
Wavenumber, cm”

2400 2200 2000 1800 1600 1400
Wavenumber, cm’™

Fig. 3. FTIR spectra of Pt/NbMCM-41(IMP) (A), Au/NbMCM-41(IMP) (B) and AuNbMCM-41(COP) (C) materials after the admission of reagents at RT in the following order: NO,

0,, heating at 523 K, C3Hg introduction and heating at 523 and 623 K.
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Table 3
Catalytic activity in MeOH + O, reaction (stationary state—average values)

Catalyst Temp. (K) MeOH conv. (%) Selectivity (%)
HCHO HCOOCH; CH30CH3 (CH30),CH, CO,

MCM-41 523 4 55 - 6 4 35
NbMCM-41 523 6 45 - 9 - 46
Au/MCM-41(IMP) 523 6 58 8 2 3 29
Au/NbMCM-41(IMP) 523 20 15 77 - Traces 8
AuMCM-41(COP) 473 37 2 91 Traces 7
AuMCM-41(COP) 523 50 10 70 - Traces 20
AuNbMCM-41(COP) 473 39 1 88 - Traces 11
AuNbMCM-41(COP) 523 53 6 50 - Traces 44

chemisorption leads to a more effective interaction with the
adsorbed NO species manifested as the appearance of the band at
2150 cm™! (chemisorbed CO) [45,46], adsorbed N,O (2230 cm™!)
[40,43] and CO, (~2300 cm™') [46] formation after heating at 523
and 623 K. However, it is worth noting that the mechanism of HC-
SCR-NO on Pt/NbMCM-41(IMP) and Au/NbMCM-41(IMP) is
different. According to the FTIR data, the nitrate species (NO,")
formed after NO, chemisorption on Pt/NbMCM-41(IMP) are active
in the interaction with propene towards total oxidation products
via generation of acetate. In the Pt-catalyst, NbMCM-41 plays the
role of storage of NO. In the oxidizing conditions NO is stored in
the forms of nitrate and nitrite chemisorbed on Nb species. In the
reduction step NO, is desorbed and interacts with propene.

Contrary to the behavior of Pt/NbMCM-41(IMP), in the Au-
impregnated sample NO,~ is formed but seems not to participate
in the reaction with propene. On Au/NbMCM-41(IMP), NO is
oxidized to NO,, which reacts with chemisorbed propene towards
carboxylates, further transformed to carbonates and acetone, and
at higher temperatures to CO, CO,, and N,O. Because of a weaker
interaction of Au-NbO, than Pt-NbO,, NO,™ is stronger held on
NbO, species in Au/NbMCM-41(IMP) than in Pt/NbMCM-41(IMP).
Thus, in Au/NbMCM-41(IMP) the support cannot play the storage
role because NO, is hardly released from that.

The effect of Nb on the activity of Pt/NbMCM-41(IMP) catalyst
in the SCR-NO reaction and the storage properties of NbMCM-41
were also studied in transient conditions (in the flow of NO, O, and
C3Hg - FTIR Operando system). The Operando experiments
described in [25,47] confirmed that the presence of Nb in the
support enhanced the activity of Pt-catalyst. Contrary to Pt/MCM-
41(IMP), on Pt/NbMCM-41(IMP) propene was totally converted at
423-523 K. Moreover, the observed consumption of NO, after C3Hg
admission indicates the role of NO, as the oxidation agent in the
HC-SCR-NO process. On the other hand, the higher conversion of
C3Hg on Pt/NbMCM-41(IMP) than on Pt/MCM-41(IMP) is supposed
to favor hydrocarbon activation, enhancing its reduction proper-
ties. It was proposed [47] that the reaction pathway is based on the
mechanism proposed by Burch et al. [48], in which Pt reduced
particles are able to dissociate NO, the oxidized platinum is unable
to break NO bond, while a high oxygen concentration on the
catalytic surface leads to a selectivity towards N,O more than N.

4.2. Methanol oxidation

Methanol is one of the most important chemical intermediates
used in industrial chemistry. It is the starting reactant for the
synthesis of various products, including hydrocarbons and mild
oxidation products. The process of partial oxidation of methanol is
nowadays intensively studied. Among the oxidation processes,
formaldehyde production for the synthesis of phenolic resins is
largely predominant [49]. Commercially, the selective oxidation of
methanol to formaldehyde is carried out both on silver and ferric
molybdate catalysts [49].

The results of methanol oxidation at 473 and 523 K (Table 3)
clearly indicate that the introduction of Au by impregnation
enhances the activity of MCM-41 and NbMCM-41 matrices.
Moreover, Nb in the framework of NbMCM-41 increases the
activity of impregnated MCM-41 and, what is important,
significantly decreases the total oxidation towards CO, (from
29% for Au/MCM-41(IMP) to 8% for Au/NbMCM-41(IMP)). How-
ever, the Au/NbMCM-41(IMP) catalyst activates the reaction
mainly towards methyl formate, whereas the main product
formed on Au/MCM-41(IMP) is formaldehyde (58% selectivity)
which is an important product because of industrial market
demands.

The catalysts prepared by the co-precipitation method are
much more active in methanol oxidation than those of the
impregnated materials, but also less selective. The dramatic
enhancement of the total oxidation to CO, is observed (20% for
AuMCM-41(COP) and 44% for AuNbMCM-41(COP) at 523 K).
Irrespectively of the chemical composition of the matrix, the
main product of methanol oxidation on these catalysts is methyl
formate. The basic character of AuMCM-41(COP) and AuNbMCM-
41(COP) seems to be responsible for the high total oxidation of
methanol to CO, that is enhanced by the presence of Nb besides
gold. This behavior indicates that Au-Nb interaction in the
skeleton makes the electron transfer much easier than in
AuMCM-41 and therefore increases the CO, formation.

The FTIR experiments of MeOH adsorption described detail in
[24] show that methanol is chemisorbed on all Au-catalysts in two
forms: methoxy species manifested by the IR band at 1444 cm !
and formate species giving rise to the band at ca. 1596 cm™
(vCOO0™) [50,51]. According to the mechanism of methanol
oxidation [49,51] this reaction requires the formation of chemi-
sorbed methoxy groups, which are further transformed to
formaldehyde species by the extraction of hydrogen with activated
oxygen. If formaldehyde is chemisorbed strongly enough on the
nucleophilic species it can interact with the next methanol
molecule and form methyl formate. It was the case in the reaction
performed on AuMCM-41(COP), and Au/NbMCM-41(IMP). The
different effect of niobium on the selectivity of Au-containing
samples depending on the preparation method has to be
emphasized. When Au is introduced by impregnation the Au-
NbO, interaction is weaker than in one-pot synthesized sample
and it makes the chemisorption of aldehyde species on gold centres
stronger. This favors its further reaction towards formate. On the
other hand, Nb-Au interaction in AuNbMCM-41(COP) weakens the
chemisorption of aldehyde species decreasing the selectivity to
methyl formate in comparison to AuMCM-41(COP). Simulta-
neously, the total oxidation of methanol to CO,, which usually
involves the radical mechanism, increases.

Contrary to gold-catalysts, Pt-containing samples were almost
inactive towards partial oxidation products in methanol oxidation.
A very high selectivity to CO, was observed already at 473 K (93%
for Pt/NbMCM-41 and 85% for Pt/MCM-41).

1
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4.3. WGS process

The water-gas shift (WGS) process (CO + H,O = CO, + Hj) is
one of the important steps in the industrial production of hydrogen
from hydrocarbons [52].

It is well known from the literature [53,54] that Pt-supported
catalysts (mainly Pt/Ce0Q,) are one of the most active materials for
WGS reactions at low temperatures. Generally, two mechanisms of
the WGS process on Pt/CeO, are considered: (i) a redox process in
which Pt is an active centre for CO chemisorption, leading to ceria
reduction (via CO, production), which is then reoxidized in the
interaction with H,0, accompanied by hydrogen formation; (ii) a
reaction of hydroxyl groups from reduced ceria with CO producing
formate species, which decompose towards hydrogen. Moreover, it
is known [55] that Nb added to the Pt-containing catalyst shifts the
performance towards water-gas shift reaction over the competing
methanation reaction.

However, it has been shown in last decade, that also gold-
supported catalysts have high activity in the water-gas shift
process at 398-448 K [2]. WGS reaction has been intensively
studied on Au/CeO, and Au/Ce0,-ZrO, systems [2,56,57]. Different
mechanisms of WGS process on these catalysts have been
analyzed, in which Au® or Au®* are active species and oxygen
comes from the support oxides or geminal hydroxyl groups. The
latter are formed either by hydrogen spillover or by the reaction of
water with the surface ion vacancies.

In order to study the activity of Pt-containing MCM-41 catalysts
in the WGS process, Pt/NbMCM-41(IMP) and Pt/MCM-41(IMP)
samples were first submitted to in situ IR analysis with CO
adsorption [22]. FTIR spectra after CO adsorption on Pt/NbMCM-41
show the appearance of the band at 2060 cm~! assigned to CO
linearly coordinated on Pt small particles [58]. CO, and water were
also formed, as shown by the bands at 2349 and 1636 cm™". Their
production was firstly attributed to CO partial oxidation on Pt
unreduced sites and to OH perturbation, respectively, as confirmed
by the changes in the hydroxyl bands in the 3800-3300 cm !
region. When Pt/NbMCM-41(IMP) was studied in the operando
system under CO flow, mass spectra showed hydrogen production
concomitantly with CO — CO, oxidation and hydroxyl consump-
tion when the temperature reached 473 K [22]. At 523 K, H, output
was observed to be greater; it was maintained almost constant by
water introduction in the stream. One can suppose that Nb-O
species, which were found earlier [16] in NbMCM-41 sample, are
the source of active oxygen and that they interact with CO forming
CO,. The following mechanism was proposed [22]:

Pt + CO = Pt—-CO

Pt — CO + 2=SiOH — CO, +H,0 + Pt + 2=Si
Pt — CO + Nb-O =2 Pt + Nb + CO,

Nb + H,0 =2 Nb—OH,

NbOH, = Nb—O + H,

CO is chemisorbed on Pt species (the Pt-CO complex was
detected in the IR spectra above 2000 cm~!) and in this form it
interacts with NbMCM-41 matrix leading to the abstraction of
oxygen from Nb-O groups present on the surface. Nb in NbMCM-
41 is coordinated to 4 oxygens in the skeleton and one on the
surface [16]. The latter is mobile and easily interacts with CO
chemisorbed on platinum species. This process leads to the
formation of CO, and four coordinated Nb®* species. Water is
chemisorbed on the latter species and finally hydrogen is formed
when the Nb-O group is reconstituted.

The above observations indicate that the WGS phenomenon
occurs on the Pt/NbMCM-41(IMP) catalyst. Interestingly, platinum
catalysts based on silica MCM-41 without niobium species are not
active in the reaction considered. There is no doubt that niobium
promotes the WGS process.

Contrary, all gold-catalysts studied in this work (modified by
impregnation: Au/MCM-41, Au/NbMCM-41 and co-precipitation:
AuMCM-41) show low activity in the CO transformation to CO,
under the CO and O, flow (400 ppm CO +20vol.% O, + Ar (gas
vector) =20 cm®/min) [59] (Fig. 4). However, when the gold-
catalysts were activated in the flow of CO (1vol% of
CO + Ar = 25 cm®/min) at 573 K, FTIR spectra show CO, formation
during the activation. Similarly to Pt/NbMCM-41(IMP), this
behavior is likely due to CO interaction with silanol OH groups,
which are present on the surface of the MCM-41 matrix [16]. This
process leads to the formation of CO, and H,O:

CO + 2=SiOH — CO, + H,0 + 2=Si (1)

Moreover, MS analysis showed hydrogen formation (Fig. 4B) as
a result of the reaction between CO and H,0:

CO + H,0 — CO, +H, (2)

It indicates, that Au-containing MCM-41(COP) because of its
highly basicity does not need niobium species for the activity in the
CO + H,0 reaction. It is worthy of notice, that when AuMCM-
41(COP) were tested in an operando system under the CO + H,0
flow at 573 K, it showed much higher H, production than Au/Al,03
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Fig. 4. FTIR spectra of gas phase (A) and MS profiles for masses 44 (CO-), 2 (H»), and
18 (H20) (B) on AuMCM-41(COP) sample under CO flow at 573 K.
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Fig. 5. MS profiles for masses 2 (H,), 18 (H,0) and 44 (CO;) under CO and H,0
stream on AuMCM-41(COP) sample (A) and industrial Au/Al,05 catalyst (B).

commercial catalyst with a very low concentration of hydroxyl
groups on the surface (Fig. 5). The results obtained suggest that the
proper support may provide centres for the WGS process and
clearly indicate the important role of the siliceous MCM-41 matrix
and OH groups.

In contrast to AuMCM-41 system, platinum-containing MCM-

41 materials are active in the WGS reaction only when the
NbMCM-41 support, containing active Nb-O, species, is applied.

5. Conclusions

1

. Platinum introduced by impregnation of MCM-41 samples is

partly reduced during calcination, whereas gold is totally
reduced under the same treatment.

. [Nb-0O4] species in NbMCM-41 support contain mobile oxygen

transferred to Pt loaded. Oxygen surrounded platinum species is
significantly released after the reduction with hydrogen.

. Gold species supported on NbMCM-41 are not surrounded by

oxygen atoms.

. The presence of chlorine in the platinum or gold modified MCM-

41 has been evidenced and discussed. Chlorine atoms localized
near Au in one-pot synthesized AuMCM-41 are responsible for
the high basicity of the catalysts. The presence of niobium in
NbMCM-41 support reduces the above-mentioned basicity
because of a competition between Au-[NbO,] and Au-Cl
interactions.

. The Pt-[NbO,] interaction seems to be stronger than Au-[NbO,]

one because the former favors high platinum dispersion,
whereas metallic gold dispersion is not influenced by the
presence of niobium species in the NbMCM-41 matrix.

6. Gold dispersion is significantly determined by the method of Au
introduction. The one-pot synthesis with Au-source leads to
much better Au dispersion than the impregnation method
irrespectively of the chemical composition of the mesoporous
support.

7. The presence of [NbOX]S* species in NbMCM-41 enhances the
oxidation of NO to NO, in both Pt and Au loaded samples.
Moreover, it weakens the chemisorption of the intermediates in
HC-SCR-NO (because of Pt- and Au-NbO, interaction) and
enhances their interaction with nitrogen oxide species. How-
ever, as Pt-NbO, interaction is stronger than Au-NbO, one the
nitrite species are more stabilized on the Au/NbMCM-41 than
Pt/NbMCM-41 and less active in the interaction with partly
oxidized propene. Therefore, Pt/NbMCM-41 system exhibits
better storage properties in HC-SCR-NO than Au/NbMCM-41
one.

8. The gold-containing catalysts studied in this work exhibit much
higher selectivity towards partial oxidation of methanol than
the Pt-modified samples. The latter activate the total combus-
tion of methanol to CO,. Various strength of Au-NbO,
interaction depending on the preparation procedure (impreg-
nation vs. co-precipitation) determines the product selectivity
making formaldehyde production much higher when Au-NbO,
interaction is stronger.

9. Surface hydroxyls are involved in the WGS reaction on both,
platinum and gold modified MCM-41 materials. However, Pt-
containing materials are active in this reaction only when
niobium species are located in the support.
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