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Hexagonally-packed mesoporous Nb-doped silica molecular sieves were hydrother-
mally synthesized with various siliceous sources and dopant concentration levels. The
microstructure of mesoporous materials was characterized by a variety of physico-chem-
ical methods. The pore packing order of the Nb-doped material depended strongly on
the synthesis conditions such as aging temperature, pH of reaction mixture, surfactant-
to-Si ratio, and dopant concentration. Different silica precursors gave rise to different
reactivity with the Nb dopants and interactions with the surfactants. The pore size and
surface area of the materials can be systematically varied. The chemical environment of
the Nb dopants in the silica framework was studied by XPS, EPR, PA-FTIR, UV-Vis,
and *’Si MAS NMR. The results indicated that the Nb°* ions were well dispersed in
the framework of the mesoporous silica. The diffuse-reflectance UV-Vis spectrum of the
mesoporous Nb-doped silica is red-shifted with respect to pure mesoporous silica. The
*Si MAS NMR spectrum contained a broad component at about — 105 ppm, which
may have been attributed to the presence of Nb-O-Si bonding in the mesostructure.

Introduction

Mesoporous materials with a well-defined pore structure
have recently attracted a great deal of research attention due
to their potential in separations and catalytic applications.
Compared with microporous molecular sieves which have
pore sizes less than 2 nm, mesoporous materials have large
pore dimensions (2-10 nm) that allow for free diffusion of
bulky organic molecules. A great deal of recent research in-
terests have been focused on the well-defined mesoporous
molecular sieves belonging to the M41S family (Kresge et al.,
1992; Beck et al., 1992; Chen et al., 1993; Tanev and Pin-
navaia, 1995, 1996; Antonelli and Ying, 1996a; Brinker, 1996;
Huo et al., 1996; Sayari, 1996; Stucky et al., 1996; Zhao et al.,
1996). Significant benefits can be obtained by increasing the
compositional flexibility of the silicate-based system through
the derivation of multicomponent mesoporous oxides.

The ability to tailor pore structures and control chemical
composition in novel materials represents an important fron-
tier in catalysis research. Isomorphous substitution of silica
with a transition metal is an excellent strategy in creating cat-
alytically active sites and anchoring sites for catalytically ac-
tive molecules in the design of new heterogeneous catalyst.
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Several successful examples of doped mesoporous silicates
have been demonstrated with metals such as aluminum, tita-
nium, manganese, iron, boron, and vanadium (Reddy et al.,
1994; Luan et al., 1995; Tanev et al., 1994; Zhao et al., 1995;
Yuan et al., 1995; Sayari et al., 1995). Doping molecular sieves
with metals can significantly affect the catalytic behavior and
lead to new catalysts with improved properties. For example,
Ti-doped MCM-41 has been shown to be highly selective for
the hydroxylation of aromatics (Corma et al., 1994; Tanev et
al.,, 1994; Zhang et al., 1996). In addition, the high surface
area mesoporous materials can be used as a support for cat-
alytically active molecules. An interaction between the sup-
port and the catalytic species can normally be established
based on either ion-exchange or ligand coordination on the
internal surface of the mesoporous material. For example,
aluminosilicate MCM-41 has been used to host iron (ID)
phenanthroline for the hydroxylation of phenol (Liu et al.,
1996). This supported catalyst prepared by an impregnation
method showed a higher catalytic activity than its homoge-
neous counterpart.

To strengthen the catalyst-support interaction, the creation
of covalent bonds between the catalyst and the support would
be highly desirable. This could be achieved through the ma-
nipulation of the surface coordination chemistry. For exam-
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ple, the introduction of suitable transition metal dopants into
the framework of MCM-41 would allow for ligation with spe-
cific functionalities of catalytic complexes. Recently, the suc-
cessful synthesis of Nb-TMSI1 (the niobium oxide analogue of
MCM-41) via a ligand-assisted templating mechanism (LAT)
demonstrated a strong interaction between the amine surfac-
tant molecules and the transition metal precursor for struc-
ture-directing purposes during surfactant self-assembly
(Antonelli et al., 1996; Antonelli and Ying, 1996a,b). Using a
similar concept that involves Nb-N covalent bonding, we have
established a unique design rationale for fixating a metalio-
porphyrin containing amine groups {iron(IIl) meso-(tetra-
aminophenyl)porphyrin bromide] in an Nb-doped MCM-41
(Zhang et al., 1997). The resulting heterogeneous catalyst is
shown to overcome the common leaching problem found with
supported metalloporphyrin catalysts. To optimize the cat-
alytic performance of this heterogeneous catalyst and study
the structure-property relationship, it is important to control
the microstructure of the Nb-doped mesoporous materials
and to examine the nature of the Nb dopant in the meso-
porous silicate framework.

In this article, a series of Nb-doped mesoporous materials
was synthesized under systematically varied conditions. Char-
acterization of the nature of the Nb dopant in the meso-
porous silica was accomplished through various spectroscopic
techniques. The results indicated that the Nb>* species were
highly dispersed in the framework of the mesoporous silica.
The surface-exposed Nb atoms were easily accessible for co-
ordination with guest molecules, making this material an ex-
cellent catalyst support.

Experimental Studies
Synthesis

The Nb-doped mesoporous silica was synthesized under
both basic and acidic conditions, based on the interaction be-
tween an inorganic siliceous precursor and a cationic
alkyltrimethylammonium surfactant [C,H,,, (CH;);NBr].
The siliceous sources used in the synthesis were a 10-wt. %
aqueous tetramethylammonium silicate (TMAS) solution
(Sachem), a 27-wt. % sodium silicate solution (Aldrich), and
tetraethoxysilane (TEOS) (Alfa Aesar). In the first case, 1.82
g of cetyltrimethylammonium bromide (CTMABr) (Alfa) dis-
solved in 21.6 g of water was mixed with 22.4 g of TMAS
solution at room temperature and stirred for 30 min. In the
second case, 3.65 g of CTMABr was completely dissolved in
166 g of water. To this solution, 22.2 g of sodium silicate
solution diluted in 50 g of water was slowly added at room
temperature with vigorous stirring for 30 min. In both cases,
a gel-like precipitate was obtained. A desired amount of the
Nb-dopant precursor, niobium ethoxide [Nb(OFEt)s] (Aldrich),
was gradually introduced into the loosely-bonded silica gel.
The pH of the mixture was adjusted to 11.5 by the addition
of dilute H,SO,. The resulting gel mixture was stirred con-
tinuously for 3 hours at ambient conditions before subjected
to a hydrothermal treatment within a temperature range of
75—150°C for a desired period of time.

The third route of doped MCM-41 preparation involves a
low-pH synthesis. Acidic conditions were applied when TEOS
was used as a siliceous source to promote the formation of
monosilicic acid by rapid hydrolysis of TEOS (Brinker and
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Scherer, 1990; Ying et al., 1993). The cationic silicate species
could interact with cationic surfactants via a charge tri-layer
(8*X7I") with a halide X~ as a mediating ion, forming
SBA-3 (Huo et al., 1994a,b; Firouzi et al., 1995). For this
synthesis route, 37.3 g of 48-wt. % HBr was diluted in 32.5 g
of water, and 1.391 g of CTMABr was dissolved in this acidic
media with vigorous stirring. Then, 5 g of TEOS was slowly
introduced with stirring to form a yellowish sol. The amount
of niobium ethoxide required to obtain the desired Si/Nb
ratio was then added to the silica sol and stirred at room
temperature for 24 hours. In all three cases, the molar com-
position of the gel was represented as 1 SiO,: xCTMABTr:
120 H,0O: yNb,O; (where x =0.1-2 and y =0-0.15). The
crystallized solid was washed with ethanol and water, fil-
tered, and then calcined at 540°C in air for 6 hours to remove
the organic surfactants. In some cases, mesitylene was used
as a swelling agent to enlarge the pores of Nb-doped silica.
The Nb-doped mesoporous silicate samples obtained from the
TMAS, sodium silicate and TEOS precursors described above
are designated as NbSil-R, and NbSi2-R and NbSi3-R, re-
spectively, where R is given by the precursor atomic ratio of
Si and Nb. Except where otherwise specified, the NbSil-R,
NbSi2-R and NbSi3-R samples were synthesized with a sur-
factant-to-Si ratio of 0.5, 0.1 and 0.24, respectively. A series
of samples were prepared by systematically varying the syn-
thesis temperature, solution pH, dopant concentration, and
surfactant-to-silica molar ratio.

Characterization

The regularity of pore structure of the Nb-doped meso-
porous silica was characterized by powder X-ray diffraction
(XRD) (Siemens D5000 6-0 diffractometer), operated at 45
kV and 40 mA using Ni-filtered CuK, radiation. The chemi-
cal composition of the Nb-doped mesoporous silica was de-
termined by direct current plasma emission spectroscopy
(Luvak Inc.). The mesoporous structure was examined with
transmission electron microscopy (TEM) using a lanthanum
hexaboride (LaB,) filament (JOEL 200CX, 200 kV). The N,
adsorption analysis was performed on an ASAP 2010 gas
sorption instrument (Micromeritics). The BET (Brunauer-
Emmett-Teller) (Gregg and Sing, 1982), and BJH (Barrett-
Joyner-Halenda) (Barrett et al., 1951) methods were used to
calculate the samples’ surface area and pore size distribution,
respectively. Thermal evolution of the materials was investi-
gated by thermal gravimetric analysis (TGA) (Perkin Elmer
TGA7). Chemical bonding in the mesoporous materials was
studied by photoacoustic Fourier-transform infrared (PA-
FTIR) spectroscopy. Spectra were collected in a 2.5-kHz rapid
scan mode at 2-cm ™! resolution using an MTEC Model 200
photoacoustic cell in a Bio-Rad FTS-60A /896 spectrometer.

To evaluate the acidity of the mesoporous materials, the
adsorption of pyridine was studied in sifu using a Harrick
HVC-DRA2 diffuse-reflectance infrared Fourier-transform
(DRIFT) cell on the Bio-Rad FTS-60A /896 spectrometer.
The mesoporous material was purged under He at 500°C for
3 hours followed by exposure to pyridine vapor for 1 hour at
150°C. The spectra of sample were then collected after 30
min of purging with He in a temperature range of 150 —300°C.
Diffuse-reflectance UV-Vis spectra were obtained on a Cary
5E spectrometer operating using polytetrafluoroethylene
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plate as a reference. The sample was ground into a fine pow-
der and compressed into a 1/2-in.-dia. (12.7-mm-dia.) pellet
using a hydraulic press at 15,000 Ib (6.8 Mg). Solid state *°Si
magic angle spinning nuclear magnetic resonance (MAS
NMR) spectra were acquired on a 270-MHz spectrometer
(*’Si resonance 53.762 MHz) with tetramethylsilane as the
reference (Spectral Data Service). Ambient electron spin res-
onance (ESR) spectra were recorded at X-band (frequency
9.34 GHz) on a Bruker ESP 300 spectrometer. X-ray photo-
electron (XPS) spectra were collected on a SSX-100 XPS
spectrometer (Surface Science Laboratory) with an AIK, X-
ray source. The powder sample was lightly dusted onto a
sample holder with a polymer film-based double-sided adhe-
sive tape. A small metallic mesh was applied onto the sample
to minimize disturbance of the powder surface during the
evacuation of the analysis chamber.

Results and Discussion
Microstructure of the Nb-doped mesoporous silica

Comparison of Different Synthesis Routes. The Nb-doped
mesoporous material prepared by different methods showed
different textural and structural characteristics. The calcined
NbSi1-20 and NbSi2-20 samples which have been aged at
100°C for 4 days gave well-defined hexagonal XRD patterns
(Figures la and 1b) associated with highly-ordered pore
packing. The NbSi3-20 sample showed only a broad (100)
diffraction (Figure 1c). The absence of diffraction peaks at
higher 26 values may be due to a poorly-defined pore pack-
ing in this material. The TEM micrographs, shown in Figure
2, clearly display a hexagonally- packed porous array with ap-
proximate average diameters of 27 A and 26 A for the NbSi1-
20 and NbSi2-20 samples, respectively. The surface areas and
average pore sizes obtained from N, adsorption are summa-
rized in Table 1. The N, adsorption-desorption analysis for
NbSi1-20 and NbSi2-20 showed Type IV isotherms with little
hysteresis (Figure 3) typical of mesoporous MCM-41 and nar-
row pore size distributions (Figure 4) centered at 28 A and 23
A, respectively. We note that the surface areas of the meso-
porous materials differ greatly depending on their synthesis
routes.

In the self-assembly mechanism of MCM-41 (Beck et al,,
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Figure 1. XRD patterns of (a) NbSi1-20, (b) NbSi2-20,
and (c) NbSi3-20.
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Table 1. Microstructure of the Mesoporous Nb-Doped

Silicates
Surface Pore Avg. Unit Wall
Area Vol. Pore Cell (a,) Thickness
Sample (m%*g)* (em’g)* Dia. (AY (AP (A)
NbSi1-20 1,122 1.1 28 46.2 18.2
NbSi2-20 822 0.7 23 41.6 18.6
NbSi3-20 694 0.5 <17 49.9 —

Ceramics Processing 1997 Vol. 43, No. 11A

*From N, adsorption analysis.
**From XRD analysis.

1992; Huo et al., 1994), the inorganic molecules are involved
in a charge matching interaction with the surfactant templat-
ing molecules and their counterions. At the surfactant-to-Si
ratios ( < 1) used for high pH routes, the hexagonal MCM-41
phase was formed, consistent with Beck et al.’s observation
(1994). The differences in the microstructure of these materi-
als can be attributed to the nature of the silica source that
plays an important role in the mesostructure formation. At a
given sol pH, different siliceous species in the reaction
medium have a different relative reactivity with the dopant
precursors and a different effect on the ordering of the sur-
factant molecules to the desired mesostructure. In zeolite
synthesis, different crystalline structures could be obtained
by varying silica sources due to the size and structure of the
silicate species in the reaction media. The chemistry of the
organic-based silicate, TMAS, differs from that of the sodium
silicate solution in that the former contains more colloidal
silica in solution stabilized by an adsorbed monolayer of
(CH;,),N* (Beard, 1973). This monolayer interferes with the
condensation of the silica and slows down the precipitation/
gelation and particle growth (Iler, 1979). The (CH,),N *-sur-
rounded silica species further interacts with long-chain
cationic surfactants as the CTMA™ can ion-exchange with
the surface (CH;),N* cations, facilitating the organic-in-
organic interaction. We could consider the geometry of the
surfactant adjacent to (CH;),N* to be similar to a divalent
ammoniurn surfactant with a C,¢,_; molecular shape (Huo et
al,, 1996). The effective head group area of the surfactant
would be doubled with the (CH;),N™* cations incorporated,
increasing the total micellar volume. As a result, the pore
diameter of the mesoporous NbSil1-R materials is larger than
the other samples (see Table 1). In the sodium silicate case,
Na™ cations are too small to affect the micellar volume dur-
ing the mesostructure formation.

Acidic synthesis route involving low surfactant concentra-
tion and low aging temperature has been developed for pro-
ducing mesoporous silica and supported silica thin film
(Schacht et al., 1996; Yang et al., 1996). It provides a conve-

(b)

Figure 2. TEM images of (a) NbSi1-20 and (b) NbSi2-20.
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Figure 3. N, adsorption-desorption isotherms of (a)
NbSi1-20 and (b) NbSi2-20.

nient process to derive high-quality mesoporous materials.
When TEOS is used as the siliceous source, its neutral pH
and immiscibility in aqueous solution would only give rise to
a weak interaction with the cationic surfactants. This silicate
precursor tends to form a bulk amorphous gel without
mesostructure formation at a pH of 10-12. In contrast, a
strongly acidic condition leads to rapid hydrolysis of the TEOS
to silicic acid and relatively slow condensation, which is fa-
vorable toward mesostructure development. When Nb(OEt),
is introduced, its alkoxy groups undergo rapid hydrolysis in
the presence of water. A freshly-precipitated niobium oxyhy-
droxide gel then results from partial condensation via an ola-
tion /oxolation betvx_leen Nb species (Faiberother, 1967;
Alquier et al., 1986). In the binary system, it is not favorable
to have one alkoxide reacting much faster than another
alkoxide precursor when molecular homogeneity is desired.
The rapid precipitation of niobium oxyhydroxide, which in-
terferes with self-assembly of inorganic species under the
acidic conditions examined, did not allow well-defined
mesostructure to be developed. It is also expected that the
bridging Si-O-Nb bonds are not likely to be derived in this
case for a uniformly doped sample.

Effect of Dopant Concentration. In the synthesis of Nb-
doped mesoporous silica, the microstructure of the materials
was greatly affected by the dopant concentration. At a given
aging temperature, the unit cell parameter calculated by a,
=2d,4,/V3 (Oster and Riley, 1952) is larger for Nb-doped
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Figure 4. BJH pore size distributions of (a) NbSi1-20
and (b) NbSi2-20 obtained from the adsorp-
tion branch of their nitrogen isotherms.
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Figure 5. XRD patterns of NbSi1-R samples at different
dopant concentrations: (a) R =10, (b) R = 20,
{c) R =100, and (d) R == (pure mesoporous
silica).

silica (R = 20) (Figures 5b and 5c) than for the mesoporous
pure SiO, (Figure 5d) and increases with an increase in the
Nb dopant concentration due to the larger ionic radius of
Nb>* (0.64 A) and longer Nb-O bond length (1.69 A). How-
ever, a decrease in the d(100) spacing was observed at high
Nb-dopant concentrations (R < 20) (Figure 5a). This may in-
dicate a strong interaction of the Nb precursor with the inner
silica walls, providing a high surface Nb concentration. Simi-
lar results have been reported for V-MCM-48 and Ti-mod-
ified MCM-41 systems (Morey et al., 1996; Schwarz et al,,
1996).

This suggests that the mechanism of Nb incorporation in-
volves two stages. In the initial stage, the condensation of
silicate species is slow at low temperatures (Brack and Flani-
gen, 1968). Previous studies showed that mesoporous silica
obtained at this early stage has the characteristics of a salt
which could redissolve in the aqueous solution (Huo et al.,
1994a). Therefore, the framework of such loosely-bonded sil-
ica gel has the flexibility of incorporating heteroatoms. The
partially-reacted Nb precursor at room temperature can be
incorporated into the silica framework at this stage. That the
sample obtained after aging for 3 hours showed a hexago-
nally-packed XRD pattern with broader peaks and a smaller
d(100) spacing than that aged for 4 days confirms the gradual
evolution of the mesostructure. During the second stage of
synthesis, the Nb polyanions become fully condensed into the
lattice of the strengthened silica framework under the high-
temperature hydrothermal conditions.

Elemental analysis of the samples (Table 2) showed that
more of the Nb precursor was incorporated in the framework
when sodium silicate was used as the siliceous source instead
of TMAS. This can be explained by the faster hydrolysis and
condensation rates of sodium silicate when compared to that
of TMAS. Since the reactivity of Nb(OEt); is higher than
that of the silica precursors, a better match of the reaction
rates is helpful toward Nb incorporation into the silica frame-
work. The long-range order and regularity of the pore pack-
ing were found to decrease with increasing dopant concentra-
tion. To maintain the well-defined long-range ordering of the
mesostructure during the polymerization of the inorganic

Vol. 43, No. 11A AIChE Journal



Table 2. Elemental Analysis Vof the Mesoporous Nb-Doped

Silicates
R =Si/Nb . .
(Precucsor NbSil-R NbSi2-R
Atomic Nb Si Nb Si
Ratio) (wt. %) (wt. %) Si/Nb* (wt. %) (wt.%) Si/Nb*
100 1.44 43.2 100 207 433 69
20 2.28 424 62 321 43.6 45.
10 3.85 415 36 9.36 38.9 14

*Atomic ratio from elemental analysis.

species, the heteroatoms must be able to organize on the same
kinetic time scale as the siliceous species. This was facilitated
by introducing the Nb(OEt); to a prehydrolyzed, loosely-
bonded silica gel, and then further stirring and aging the mix-
ture at room temperature to maximize the homogeneity of
the mixture. We further note that the specific surface area
decreased with increased Nb concentration, which could be
attributed to the larger Nb atomic weight and the reduced
regularity of the pore packing.

Effects of Sol pH and Surfactant Concentration. Self-as-
sembly of the inorganic and organic species in the gel solu-
tion into a well-ordered mesostructure only occurs by proper
charge matching, which:can be tuned by the pH of the reac-
tion medium. Using TMAS as a siliceous source, the
mesostructure can be obtained at a pH range of 7-12 (Figure
6); however, the intensity of XRD pattern decreased with pH
decrease. At around neutral pH, the charges on the
oligomeric silica species were substantially lowered, weaken-
ing the driving force for seif-assembly: pH < 5 led to-amor-
phous oxide gels due to rapid reaction of Nb(OEt); and sili-
cate precursors. :

The surfactant chemistry: is critical ‘to the formation of
mesostructure. Previous work in silica-based M41S materials
showed that hexagonal, cubic and lamellar structures could
be formed by increasing the surfactant-to-Si ratio in the pre-
cursor sol of pH.= 10 at 150°C (Beck et al., 1992, 1994; Var-
tuli et al,, 1994). In this study, the surfactant/Si ratio was
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Figure 6. XRD patterns of NbSi1-20 samples obtained
at a pH of (a) 11.5, (b) 7, (c) 5, and (d) 1.
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Figure 7. XRD patterns of NbSi1{-20 samples synthe-
sized with a surfactant-to-Si ratio of (a) 0.5, (b)
1, and (c) 2.

varied between 0.5 and 2 in the synthesis of NbSil-20, and
the resulting XRD patterns of all calcined samples exhibited
a hexagonal structure (Figure 7). The presence of the Nb pre-
cursors in the reaction medium under these conditions ap-
pears to favor the hexagonal phase despite the significant
variation in the surfactant/Si ratio. The incorporation of Nb
dopants might have interfered with-the interaction between
inorganic and organic species. We noted a decrease. of the
d-spacing at a surfactant-to-Si ratio of 1, which may imply
+that the structural rearrangément occurs at different surfac-
tant concentrations. The detail mechanism is unclear at this
‘stage.

The TGA analysis of the Nb-doped samples showed two
stages of weight loss in air, resulting from the removal of
water at lower temperatures (T’ < 150°C) and the decomposi-
tion of the surfactants at 250-300°C. A greater weight loss
was found in the samples prepared with higher surfactant-to-
Si ratios.

Effects of Aging Temperature and Addition of a Swelling Agent.
Analysis ‘of the thermal evolution of thé mesoporous struc-
ture indicated that the mesophases could undergo a restruc-
turing process, with stability and pore characteristic being
controlled by kinetic parameters such as aging temperature.
The structural transformation was affected by entropic
changes in the organic array and also the rearrangement of
the inorganic species (Stucky et al., 1996). Under basic condi-
tions, dissolution and reprecipitation of the partial silica
framework can occur at high temperatures over an extended
reaction period. The soluble silica species are transported to
and redeposited at regions of high curvature, further expand-
ing the pore size (Khushalani et al.,. 1995). Increasing the
temperature during synthesis can accelerate the condensa-
tion of the inorganic precursor and rearrange the mesostruc-
ture. This study found that the pore packing and structure of
the Nb-doped mesoporous silicas could be controlled by vary-
ing the aging temperature (see Figure 8).- The d(100) spacing
increased with an increase in the aging temperature. The
higher order peaks became better resolved and increased in
intensity with increasing aging temperature, showing an im-
provement in the long-range pore packing of the materials.
The average BJH pore sizes of the resulting materials were
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Figure 8. XRD patterns of the NbSi2-20 samples aged
for 36 hours at (a) 25°C, (b) 100°C, and (c)
150°C.

observed to increase from 17A to 23A as the reaction tem-
perature was elevated from 25°C to 150°C.

To obtain even larger pore diameters, organic swelling
agents can be introduced during synthesis. When the hy-
drophobic molecules such as mesitylene are added, they are
incorporated in the hydrophobic micellar cores to produce
MCM-41 with pores > 40 A (Beck et al., 1992). In this study,
an as-prepared sample made with two equivalents of mesity-
lene gave a large d(100) spacing of 52.5 A, but the pore pack-
ing in the mesostructure was less defined and the pore size
distribution was broadened. It was found that the pore size
could not be increased beyond SOA with mesitylene addition
for the Nb-doped silicates.

In general, the microstructure of mesoporous Nb-doped
silicas depends strongly on the siliceous source, Nb dopant
concentration, pH of the medium, and aging temperature.
The synthesis conditions can be controlled to tailor the mi-
crostructure of the materials toward the desired application.

Nature of the Nb-dopants in the mesoporous silica

Knowledge of the location and coordination of the transi-
tion metal cations in the framework of the mesostructure is
of practical importance and could lead to a better under-
standing of the synthesis process and the mechanism of cat-
alytic reactions.

XPS and EPR Studies. XPS provides a compositional
analysis of the surface of materials. The XPS spectra of the
calcined Nb-doped mesoporous silica primarily showed the
energy absorption from Si, Nb and O elements (Figure 9a).
Some O Auger electrons were noted at higher binding en-
ergy. The binding energy of Nb(3d) was obtained from the
deconvolution of the Nb(3d,,) and Nb(3ds,) photoelectron
peaks (Figure 9b). The results (Table 3) agreed with previ-
ously reported binding energy data for Nb,O5 (McGuire et
al., 1973; Simon et al., 1976; Fontaine et al., 1977) and SiO,-
supported Nb,O; catalyst (Weissman et al., 1987). The dif-
ference between the binding energy of Nb(3d,,) and
Nb(3ds,,) was about 2.6 eV, comparable with that of Nb,O;
(Wagner et al., 1992). These results indicated the presence of
Nb3* sites in the mesoporous Nb-doped silica materials. The
asymmetry of the O(1s) photoelectron peak suggested the
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Figure 9. XPS spectrum of NbSi1-10: (a) the full spec-
trum and (b) the section of the spectrum
showing the Nb(3d) peaks which are fitted
with a Gaussian distribution.

presence of Nb-O-Si linkage. The Nb oxidation state was also
confirmed by the EPR study. The absence of an EPR signal
related to Nb>* species could be explained by the diamag-
netic property of Nb>* sites (Mabbs et al., 1992).

FTIR and UV-Vis Studies. ~PA-FTIR spectroscopy pro-
vides information on molecular bonding of the material. The
spectra of the mesoporous materials (Figure 10) illustrate the
characteristic asymmetric Si-O-Si backbone phonon vibration
bands at 960— 1,280 cm ™! and symmetric stretchings at 760
~—880 cm ™! of the SiO, matrix (Ying et al., 1993). Compared
to a pure mesoporous silica, the slight shift of both the sym-
metric and asymmetric bands might be an indication of Nb
incorporation into the silica framework. The Si-OH feature
at 978 cm~! was broadened and increased in intensity with
increasing Nb dopant concentration. This may be related to
the vibrational bands of the dopant component, since the
PA-FTIR spectrum of pure Nb,Oy shows a broad absorption
band starting at 960 cm ~’. Similar results were also reported
for the Ti-MCM-41 and V-MCM-41 systems (Bellussi et al.,
1994; Hari Prasad Rao et al,, 1993). Although the origin and
assignment of the band are still in debate, the peak broaden-
ing can be attributed to the distorted local Nb characteristics
in the Si-O-Nb bond.

Pyridine bonds with Lewis acid sites, giving IR characteris-
tic bands at ~ 1,610 cm~! and 1,450 cm™'. Brgnsted acid
sites are represented by the band near 1,550 cm™! and two
weak bands at 1,620 — 1,640 cm ™. In-situ DRIFT studies with
pyridine adsorption on NbSil-20 sample indicated the pres-
ence of weak Lewis acid sites and negligible Brénsted acid
sites (Figure 11). By 300 °C, desorption of pyridine was com-
plete, iliustrating the weakness of the acid sites in these ma-
terials. The Lewis acidity is attributed to the surface-exposed
coordinatively-unsaturated Nb>* sites or extra framework Nb

Table 3. Binding Energy of the Nb Atom in Nb-Doped
Mesoporous Silicate

Nb(3d,,) Nb(3d,) Energy Diff.
Bmdmg Binding V)
Energy (eV)  Energy (eV)  Nb(3d,,)—Nb(3ds,)
NbSi1-10 207.8 210.4 2.6
NbSi2-10 207.9 210.6 2.7
NbSi3-10 207.5 210.1 2.6
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Figure 10. PA-FTIR spectra of (a) NbSi1-10, (b)
NbSi1-20 and (c) NbSi1-100, and (d) pure
mesoporous silica.

species. It was reported that the introduction of a high Nb
dopant concentration improved the Brgnsted acidity of the
H*-form of Nb-MCM-41 materials (Ziolek et al., 1997). Such
weak acidity may be useful in catalytic applications, such as
synthesis of methanethiol from CH;OH and H,S (Ziolek et
al., 1997).

Compared to the UV-Vis spectrum of mesoporous pure
silica with an absorption edge at 270 nm (Figure 12a), the
significant red shift noted with the introduction of Nb dopants
could be related to the mixed valence states of the Nb and Si
affecting the band energy of the mesoporous materials. This
shift to higher wavelength increased with increasing Nb
dopant concentration. The absorption edge of pure Nb,Oj is
near 410 nm (Figure 12e). The UV-Vis spectra have two small
absorption peaks at 210 nm and 245 nm for materials with
low Nb-dopant concentrations (Figure 12b). These peaks were

H+L
H: Hydrogen-bonded pyridine
L: Lewis acid sites
B: Bronsted acid sites

Intensity (Arb. Units)

1640 1600 1560 1520 1480 1440 1400
Wavenumber (cm!)
Figure 11. In-situ DRIFT spectra of NbSi1-20 sample at
(a) 150°C saturated with pyridine, (b) 150°C

after 30 min of purging with He, and (c) 300°C
after 30 min of purging with He.
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Figure 12. Diffuse-reflectance UV-Vis spectra of (a) pure
mesoporous silica, (b) NbSi1-100, (c)
NbSi1-10, (d) physical mixture of meso-
porous silica and Nb,O,, and (e) Nb,O,.

greatly broadened at higher dopant levels presumably due to
a ligand-to-metal charge transfer. In these materials, the Nb
cations are coordinated to four oxygen atoms, but because of
their large covalent radius, they can interact with one or two
H,O molecules, thereby creating a distorted tetrahedral en-
vironment. In a SiO,-supported Nb,Os catalyst, the charge
transfer band of tetrahedral Nb(V) =0 was observed at 235
nm (Nishimura et al., 1986). The spectra of V-MCM-41 ex-
hibited similar bands near this wavelength, which are at-
tributed to the charge transfer bands of V(V) in the tetrahe-
dral coordination (Morey et al., 1996; Carvalho et al., 1997).
The spectrum of a physical mixture of mesoporous pure silica
and pure Nb,Os (50:50 wt. ratio) showed two distinct absorp-
tion edges corresponding to silica (270 nm) and niobium ox-
ide (410 nm), respectively. In contrast, the UV-Vis spectra of
the Nb-doped mesoporous silica showed a single, smooth ab-
sorption edge, suggesting a homogeneous dispersion of Nb
doFants throughout the silica framework.

°Si MAS NMR Studies. The NMR technique is highly
sensitive to the local coordination of detectable species. There
is great difficulty in studying our materials with *>Nb NMR,
however, due to the large chemical shift and quadrupole in-
teraction of the Nb nuclei (Redder et al., 1991). We have
consequently utilized *Si MAS NMR since the possible cou-
pling of Nb to Si can be detected in the molecular structure
of silica. The spectrum of a NbSil1-1.33 sample (Figure 13b)
closely resembles that of the mesoporous pure silica sample
(Figure 13a). In addition to the Q* peak (SiO, unit) at ap-
proximately — 108 ppm and a minor Q? peak [SiO;(OH) unit]
at about —98 ppm, the spectrum of NbSi-1.33 sample also
showed a very broad component at about — 105 ppm. This
may be attributed to the effect of Si bonding with Nb and
therefore can be the evidence for Si-O-Nb bonding in the
structure. This component can be seen more clearly as the
negative peak in the difference spectrum (Figure 13c). The
spectra of NbSil-10 and NbSi1-20 both presented a weak
broad peak in the range of —103 to —105 ppm. A similar
broad peak at — 106 ppm was observed in previous studies of
mesoporous metal-doped silicate materials and was attri-
buted to framework M-O-Si bondings (Cheng et al., 1996;
Carvalho et al., 1997).
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Figure 13. >°Si MAS NMR spectra of (a) pure meso-
porous silica, (b) NbSi1-1.33, and (c) differ-
ence spectrum of (a) and (b).

Conclusions

Mesoporous Nb-doped silica materials have been success-
fully synthesized through a micellar templating route. The
microstructure of this system can be tailored by controlling
various synthesis parameters. The quality and characteristics
of the materials depend on the siliceous precursor, dopant
concentration, sol pH, and aging temperature. It was shown
that Nb species were incorporated into the framework of
hexagonally-packed mesoporous silica at concentration as
high as ~ 10 wt. %. The XPS studies indicated the presence
of Nb>* sites in the mesoporous doped silica. The **Si MAS
NMR spectrum of the material showed a new broad peak at
— 105 ppm, suggesting the formation of Nb-O-Si bonding in
the mesostructure.
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