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Abstract

This review article is devoted to the materials containing niobium, which have been discovered or developed in the past
few years and exhibit the potential application in heterogeneous catalysis. Niobium oxides and mixed oxides as well as
sulfides, nitrides (oxynitrides), carbides (oxycarbides), and phosphates are considered. Among the catalytic processes in
which Nb-containing materials were tested, liquid and gas phase oxidation is described in details, and the role of niobium in
the prevention of the catalyst from SO2 poisoning is mentioned.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The past decade has brought an increasing interest
in niobium-containing materials, which can be applied
within many fields[1]. The heterogeneous catalysis
is one of them and it is so wide area of the possi-
ble application in this field that the growing focus on
niobium catalysts has been recently noted in many re-
search groups.

The development of studies within synthesis, char-
acterization and application of Nb-containing cata-
lysts was possible thanks to the great progress of the
spectroscopic as well as the other physical techniques
which allow the analysis of Nb state in the solids.

Niobium compounds exhibit special properties not
shown by the compounds of neighboring elements of
niobium in the periodic table. Some of them, like sta-
bility or strong metal support interaction (SMSI) are
very important for a good quality catalyst.

The unfavorable feature of niobium oxides, the
biggest group of Nb compounds applied in hetero-
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geneous catalysis, is a low mobility and reducibility
of niobium species. The melting point of Nb2O5
is very high (1785 K). However, for catalysis and
catalysts a very important is the Tamman temper-
ature in which the surface atoms began to diffuse.
For Nb2O5 it is 893 K, i.e. higher than the temper-
ature of typical catalytic reactions (473–873 K)[2].
If one compare the Tamman temperature of Nb2O5
with that of V2O5 (482 K), it is understandable that
vanadium oxides have found a wider applications
than that of niobium equivalents. The low Tamman
temperature causes that the surface V(+5) species
become very mobile and readily spread out over other
oxide surfaces. This is, of course, favorable feature
of catalysts and catalysis. However, in some cases,
if the catalysts are applied in liquid phase reactions
or have to work at very high temperatures during the
reaction or regeneration, vanadium can be too easy
released from the catalyst surface. For such kinds of
processes, the niobium-containing oxides seems to be
more attractive catalysts. The semiconductor prop-
erties of Nb2O5 are lower than that of V2O5 which
also determine the application of Nb compounds in
catalysis.
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The last decade has brought an interest in niobium
oxides exhibiting mesoporous structure, prepared as
single or mixed oxides, as well as other niobium cata-
lysts such as sulfides, nitrides and oxynitrides, carbides
or phosphates. The review of new materials contain-
ing niobium, their characterization and application in
various catalytic processes is drawn in this paper. The
main focus is concentrated on the materials discov-
ered or developed in the last few years and processes
studied at that time.

2. Catalysts

Taking into account the chemical nature of the ma-
terials, niobium-containing catalysts can be classified
as shown in the diagram (Fig. 1). There is no doubt
that the biggest group of the catalysts bases on Nb ox-
ides species. In this group the wide variation of Nb–O
connection, structure, combination with the other ox-
ides is widely described in the literature. As a result
of these different structures and properties, niobium
compounds exhibit unique activity, selectivity and sta-
bility for many different catalytic reactions[1]. The
new insight to each group of niobium catalysts will be
given below.

2.1. Niobium oxides

The development of catalysis on Nb-containing ma-
terials in the last few years underwent in the direc-
tion of synthesis of bulk niobium oxides exhibiting

Fig. 1. Chemical nature and niobium species in the heterogeneous catalysis.

the higher surface areas than that of the oxides pre-
pared using the traditional methods. Moreover, it fo-
cused on the production of mixed oxides in which the
reducibility of niobium species, one of the behaviors
determining the catalytic properties, changes if Nb is
bounded to the other element via oxygen.

The examples of papers published in the last 5 years
and describing the new Nb oxide-containing materi-
als, their characterization and catalytic application are
shown inTable 1.

2.1.1. Bulk niobium oxides—active phase and a
support

It has been described earlier that bulk Nb(V) ox-
ides consists mainly of NbO6 units which may be
present as distorted as well as undistorted species
[43]. Moreover, NbO7 and NbO8 units appear occa-
sionally. Wachs et al.[2] describing the molecular
structure and reactivity of the group V metal ox-
ides compared the physicochemical properties of
bulk Nb2O5 (T-phase) and V2O5. The reducibility of
Nb2O5 is more difficult than that of vanadium oxide.
The reduction of Nb2O5 with hydrogen is initiated at
∼1073 K. However, for the reduction of bulk Nb2O5
to bulk Nb2O4 the temperature of∼1573 K is needed.
The surface area of bulk niobium oxide used by the
authors was very low (1.9 m2 g−1), lower than that of
V2O5 (3.5 m2 g−1). Even so, bulk Nb2O5 possessed
about five times greater the number of specific sur-
face active sites than bulk V2O5 due to the different
surface morphologies of both oxides. The number of
active sites was estimated on the basis of methanol
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Table 1
New niobium oxide-containing catalysts studied in the last 5 years (1997–2001; those published to 1999 are widely described in[1])

Material Preparation References

Porous niobium oxide Preparation by the exfoliation of H+/K4Nb6O17 with TBA+OH−,
precipitating the exfoliated two-dimensional niobate sheets and MgO
followed by removal of MgO

[3]

Thin film of mesoporous niobium oxide
of Nb-TMS-1 type

PLD technique [4,5]

Macro-mesoporous niobium(V) oxide Synthesis by a ligand-assisted vesicle templating strategy [6]
Reduced mesoporous niobium oxide

(reduced Nb-TMS-1)
Reduction with one-dimensional potassium fulleride wires in the channels[7,8]

Reduction with low-dimensional bis(benzene) vanadium [9]
Reduction with Na-naphtalene [10]

Niobosiliceous mesoporous molecular
sieve of MCM-41 type

Synthesis by use a template—cetyltrimethylammonium chloride, niobium
oxalate (or ammonium–oxalate complex or chloride) and sodium silicate

[11–22]

Synthesis by the use a template—alkyltrimethyl surfactant,
tetramethylammonium silicate, and niobium ethoxide

[23,24]

Niobium oxide microporous molecular
sieve Nb-TMS6

Prepared by the use of bifunctional templating molecules [25]

Niobium silicate microporous molecular
sieves of the MFI structure, denoted
NbS-1 or NbZSM-5

Hydrothermally synthesis using tetrapropylammonium hydroxide as the
organic template, tetraethyl orthosilicate and niobium ethoxide

[26,27]

Microporous niobium silicate denoted
AM-11

Prepared from niobium oxalate and tetraethyl orthosilicate by
autoclaving a mixture of these materials at 473 K

[28,29]

Microporous titanoniobosilicate denoted
ETNbS-10

Prepared from sodium silicate, Na, K, Ti chlorides and niobium oxalate
autoclaved at 503 K

[30]

Modified perovskite structural oxide,
HLaNb2O7 (HLa)

HLa intercalated withn-amines of different carbon chain length using in
pillaring ZrO2 or TiO2

[31]

Nb(V) oxide One-step non-hydrolytic condensation reactions starting from VO(O
i-Pr)3 and NbCl5

[32]

TiO2 supported vanadium-niobium oxide Wet impregnation of TiO2 (anatase) [33]
(Mo + V + Nb)/TiO2 Wet impregnation of TiO2 [34]
MoO3/Nb2O5 Wet impregnation of Nb2O5 with ammonium heptamolybdate [35]
Mo–V–Sb–Nb–O Mixed metal oxides prepared from ammonium metavanadate, antimony

trioxide, ammonium heptamolybdate, and oxalic acid
[36]

V2O5/Nb2O5 Supporting procedure [37,38]
Co/Nb2O5 (cobalt niobiate: Co2Nb5O14

and CoNb2O6)
Wet impregnation with cobalt nitrate [39]

Nickel niobiate/SiO2 Wet impregnation of niobia—silica system with nickel naphtanoate [40,41]
Nb2O5/SiO2 or Al2O3 or ZrO2 or TiO2 Wet impregnation with niobium oxalate/oxalic acid [42]

chemisorption and the formation of methoxy species.
It was stated that bulk niobia exhibits 100% acidic
character in contrast to bulk vanadia characterized by
90% of redox properties.

2.1.1.1. Oxides exhibiting high surface areas.The
increase of the surface area in niobium oxides is a
very important task for the improvement of the cat-
alytic activity of the materials. Montes and co-workers
[44] obtained solid Nb2O5 with large surface area os-
cillated between 27 and 132 m2 g−1 depending on the

preparation conditions. They have used NbCl5 as the
starting material and did not apply special thermal
treatments. Several preparation variables such as pH,
H2O to Nb hydrolysis ratio and calcination tempera-
ture have been studied. The pH of the hydrolysis step
did not influence the obtained materials, whereas a
hydrolysis ratio of 80 moles of H2O per mole of Nb
gave rise to the highest surface area. All materials ex-
hibited the Nb=O bond in highly distorted octahedral
NbO6 (the IR band near 850 cm−1). After calcination
at 673 K, acid centers were mostly Brønsted sites, but
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at increasing temperatures the relative importance of
the Lewis centers increased. The described niobia was
active in the aldol condensation of acetone. The acidic
reaction routes producing mesytilene and acetic acid
are controlled by the Brønsted acid centers.

Porous niobium oxide was prepared from a lay-
ered compound K4Nb6O17, by using a soft chemical
method[3]. K4Nb6O17 consists of octahedral units
of NbO6 which form a two-dimensional layered
structure via bridging oxygen atoms. The layers are
negatively charged, and K+ ions existing between the
layers compensate their negative charge. The exfoli-
ated niobate sheets could be precipitated by addition
cations such as H+ [45]. It allows the authors[3] to
create the new types of porous niobium oxides from
two-dimensional niobate sheets, obtained from exfoli-
ation of H+/K4Nb6O17 with TBA+OH−, precipitated
by MgO fine particles. The composite was acidic or
thermal and acidic treated, and depending on the treat-
ing route various materials were obtained as shown on
the scheme drown inFig. 2. If the acidic treatment fol-
lows on the evacuation at 573 K the more open struc-
ture than that without evacuation is formed. The high-
est surface area (145 m2 g−1) was found for the mate-
rial evacuated at 573 K and acidic treated. This mate-
rial showed the pore size distribution between 4 and
10 nm. This range corresponds to the space ensured by
the MgO particles, whereas the range between 2 and
4 nm registered for the other porous niobium oxides
corresponds to the space ensured by TBA+. Porous
niobium oxides exhibit high photocatalytic activity for
H2 evolution from various alcohol aqueous solutions.

Search for new niobium oxide catalysts character-
ized by higher surface areas resulted in the synthesis
of mesoporous niobium(V) oxides denoted in the

Fig. 2. Scheme of the porous niobium oxide prepared by exfoliation of H+/K4Nb6O17 with TBA+OH− and mixing with MgO: (A) by
acid treatment, (B) by acid treatment followed on evacuation at 573 K[3].

literature [46–48] as Nb-TMS. Antonelli and Ying
[46–48] proposed the synthesis of niobium oxide
mesoporous material in such a way that the surfactant
head group is directly ligated to the metal alkoxide
prior to hydrolysis and condensation. This permits
the required interaction between the organic and inor-
ganic phases before the introduction of water. Another
key feature of this ligand-assisted templating (LAT)
approach is that the metal was directly connected to
the inorganic precursor without a charge-matching
or hydrogen bonding-interaction. Depending on the
surfactant chain length as well as the surfactant: Nb
source ratios one can obtain hexagonal, cubic or
layered material[1]. Using octadecyl amine as a tem-
plate and Nb(OEt)5 as a niobium source with 0.75:1
ratio the authors[47] obtained hexagonal arranged
mesostructured niobium oxide denoted Nb-TMS-1.
By changing the octadecyl to Nb(OEt)5 ratio to
1.0:1 and 1.25:1, the new structures were produced:
Nb-TMS-3 (cubic) and Nb-TMS-4 (layered), respec-
tively. The highest surface area of Nb-TMS-1 was
434 m2 g−1 [46]. Recently, Antonelli and co-workers
[7,8] reported the possibility of the reduction of nio-
bium oxidation state in mesoporous niobium(V) oxide
(Nb-TMS-1) by the encapsulation of one-dimensional
potassium fulleride wires in the oxide mesopores; or
by the use of low-dimensional bis(benzene) vana-
dium [9]; or reduction with Na-naphtalene[10]. The
reduction of niobium on the walls to 4.4+ exhibits a
great importance for the potential application of these
materials in the catalytic processes.

Mesoporous niobia can be prepared also using am-
phiphilic triblock copolymers as the structure-directing
block species[49]. Using Pluronic F127 [EO106PO70-
EO106- poly(ethyleneoxide) - b-poly(propyleneoxide)-
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b-poly(ethyleneoxide) with a general formula of
EOnPOmEOn] a cubic mesophase was built, whereas
a hexagonal mesophase was obtained when Pluronic
P123 (EO20PO70EO20) was used.

The combination of an LAT with avesicle templat-
ing strategy, i.e. adding the appropriate amount of a
salt to niobium ethoxide/amine gel, allows the forma-
tion of a continuous macroporous structure of niobium
oxide with mesopores aligned perpendicularly to the
macropore axis[6]. The BET surface area of this ma-
terial was 713 m2 g−1 and the Horvath-Kawazoe pore
size was 2.3 nm.

The interesting pulsed laser deposition (PLD)
method has been also applied for the preparation of
mesoporous Nb-TMS-1[4,5]. This techniques leads
to the production of thin films which generally exhibit
low crystallinity. The crystallinity can be improved
through reorganization induced by a brief hydrother-
mal treatment.

The high surface area is characteristic not only for
niobia mesoporous molecular sieves but also for mi-
croporous materials. A synthesis of the microporous
niobium oxide molecular sieve, Nb-TMS-6, through
the use of bifunctional templating molecules was per-
formed by Sun and Ying[25]. Unlike Nb-TMS-1 and
Nb-TMS-3, which displayed long-range packing of
mesopores in hexagonal and cubic arrangements, re-
spectively, the packing of micropores in Nb-TMS-6
appeared to be rather disordered with no clearly de-
fined crystal phases[1].

2.1.1.2. Active species.In all niobium oxides pre-
sented above, does not matter how they are prepared,
niobium species (oxide or hydroxide) plays a role of
active phase in catalysis. Mostly the acidic proper-
ties of niobium oxides are referred. The acidic char-
acter of hydrated niobium oxide (Nb2O5·nH2O), nio-
bic acid, is well known (Ho ≤ −5.6) [50] and has
been recently summarized by Ushikubo[51]. Jehng
and Wachs[52] studied the acidity of bulk and sup-
ported Nb2O5 by Raman and IR of adsorbed pyri-
dine and concluded that the highly distorted surface
NbO6 octahedral sites corresponds to the Lewis acid
sites (the Raman band between 850 and 1000 cm−1).
Furthermore, the slightly distorted surface NbO6 sites,
as well as NbO7 and NbO8 sites are associated with
Brønsted acid centers (Raman bands in 500–700 cm−1

region).

Hydrated niobium(V) oxide can be prepared in
several ways. The starting material used for the oxide
synthesis as well as impurities and the preparation
method influence not only the textural properties but
also the structure (crystalline phase) and hence the
acidic properties of Nb2O5 [53]. The strength of the
acidic sites depends on the preparation methods lead-
ing to the formation of various structures. The surface
characteristics of metal oxides prepared by the mi-
crowave cold plasma heating procedure are different
from those prepared by the electric furnace heating
method [54–56]. Studying various metal oxides of
such elements as Ca, Mg, La, Zn, Al, Nb, Ti, B, Si,
Ta, W, Mo, Sugiyama et al.[56] stated that the most
effective catalyst for the vapor-phase Beckmann rear-
rangement of cyclohexanone oxime was niobium ox-
ide prepared by plasma-heat treatment. It was thought
that a complex oxide such as Nb2O5–NbO2–NbO
was formed on the surface of the sample prepared by
plasma treatment and that the acid characteristic was
varied by this structure. Since the acid strength was
weakened, oxime and lactam were easily desorbed
from acid sites. As a result, the lactam selectivity of
the plasma treated sample was improved. This is a
well illustration of the improvement of the catalytic
efficiency by the decrease of the acidic strength.

The different binding energy of niobium in various
niobium oxides determines its properties (among oth-
ers the oxidation state and its stability). The stabiliza-
tion of niobium influences the catalytic properties of
Nb oxides. To achieve the material active in the re-
dox catalysis, too high stability of Nb is unfavorable
because it decreases the reducibility of niobium. The
discovered possibility of Nb reduction in mesoporous
niobium oxide, Nb-TMS-1, by various agents[7–10]
opens the new area in the catalytic application of these
materials. On the other hand, if one wants to apply
Nb oxides for the reaction carried out in the liquid
phase, the higher stability of niobium species protects
the catalysts from leaching of the active phase. More-
over, the level of Nb stability determines the strength
of active centers.

2.1.1.3. Niobia as a support.The preparation of nio-
bium oxides exhibiting the high surface areas opened
new possibilities in their application as supports for
various active phases. Niobia is a typical SMSI ox-
ide. It has been already used as an oxide support for
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a lot of metals. The list of papers devoted to the ap-
plication of niobium oxide as a support still increases.
The following metals supported on niobia has been al-
ready described in the literature: Ru[57], Rh [58,59],
Pt [60–63], Pt–Sn[64], Re[57], Ni [40,41,65–67], Cr
[57,68], W [57], Co [39,69,70], V [38,57,71,72], P
[71], Ge[71], Mo [34,35,57,71], Sb[71], Pb[71], Bi
[71], Ce[73], and Fe[74]. The properties of the niobia
are improved by the addition of these elements, while
its high selectivity is still maintained. These kinds of
niobia which exhibit high surface areas gives rise a
higher dispersion of metals which enhances the cat-
alytic activity of the materials.

The example is niobia supported vanadia catalyst.
A metal oxide (i.e. V2O5) species can be deposited
over a large surface area of a niobia support by the
reaction of the surface hydroxyls of niobia with, e.g.
vanadium triisopropoxide. A comparison of the reac-
tivities of surface vanadia species loaded on various
oxide supports in the methanol oxidation reaction re-
veals that niobia supported vanadia species are among
the most active catalytic systems for this reaction[75].
This high reactivity is associated with the facile re-
duction of the bridging V–O–Nb bond and reflects the
favorable redox potential of the niobia support com-
pared to less reducible supports such as silica and alu-
mina. The redox potential of the niobia support also
enhances the redox properties of other reducible sur-
face metal oxide species (V, Cr, Mo, and Re)[76].

The strong interaction between niobia surface and
supported metal not always is favorable for the cat-
alytic process. For some reactions, like oxidation of
ethene, niobia supported vanadia catalysts do not ex-
hibit the sufficient activity (when one compare with
the other supports applied—alumina, zirconia, titania)
due to solid-state reaction between the surface vana-
dia species and the niobium oxide support[38]. That
reaction affects the nature of the active sites, which
are associated with the V–O support bond.

2.1.2. Mixed oxides and niobia supported on
various oxides

The main approach to use mixed oxides containing
niobium and niobia supported on various oxides is the
catalytic application of their redox properties as well
as Lewis acidity of niobium species.

Niobium oxide has been already supported on var-
ious oxides: silica[18,40,77–83], alumina [84–87],

magnesia [84,87], titania [84,85,88,89], zirconia
[84,85]; and zeolites: Y-type[90–92] and ZSM-5
[90,93]. Recently, mesoporous molecular sieves of
MCM-41 and MCM-48 type containing silica or alu-
minosilica lattices have been also applied as effective
supports for niobium oxide species[1,18,21,22]. It
is known [94] that if the support surface exhibits
basic properties, a highly distorted NbO6 groups are
formed, whereas acidic surfaces lead to the formation
of slightly distorted NbO6, NbO7, and NbO8 groups.
The surface niobia species depends not only on the
nature of the support but also on the surface coverage.
It has been stated by Jehng and Wachs[52,76] that
fourfold coordinated surface NbO4 species appear
at very low surface coverages(θNb � 1), fivefold
coordinated surface NbO5 species are present at in-
termediate surface coverages (θNb < 1), and sixfold
coordinated surface NbO6 exist at high surface cover-
ages (0.5 < θNb < 1). The formation and location of
the surface niobium oxide species are controlled by
the substrate’s surface hydroxyl chemistry. Therefore,
on silica, only NbO4 is present because high surface
coverages cannot be achieved on this support due to
the low number and reactivity of the silica surface
hydroxyls[52].

Most frequently silica and alumina are used as sup-
ports for Nb oxides. The addition of niobia to alumina
increases the surface acidity of the alumina[94]. Lewis
acidity was found in all of the supported niobium oxide
systems, while Brønsted acid sites (BAS) were only
detected in niobia supported on alumina and silica.

There is no doubt that the catalytic properties of
niobia supported on metal oxides depend on the nature
of the support. The identity of the support strongly
affects the reactivity of the surface niobium oxide
species and determines whether its sites are active
for redox or acid catalysis. Wachs and co-workers
[42] applying Raman spectroscopy analyses of nio-
bia supported on magnesia, titania and zirconia pro-
vided the evidence that the NbOx surface species con-
sists of Nb=O form (the band at 980 cm−1) as well
as Nb–O–Nb species characterized by the bands at
880 and 935 cm−1. Moreover, the infrared spectra in
the hydroxyl region indicated the creation of new OH
groups (non-acidic or weakly acidic) in niobia sup-
ported on zirconia and titania (Nb–OH, Nb–OH–Zr,
Nb–OH–Ti). Similar bridged OH groups were also
found in niobosilica mesoporous Nb/MCM-41 molec-
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ular sieves prepared by sol–gel method[12,15,17]and
will be discussed later.

The surface niobium oxide overlayer is quite sta-
ble even at high calcination temperatures due to the
strength of the surface niobium oxide–support inter-
action (SOSI)[94]. However, if this interaction is too
strong, as in the case of basic oxide supports such as
magnesia or bismuth oxide, after the acidic Nb5+ in-
troduction the chemical reaction occurs between both
oxides[76]. In such a case mixed oxides are formed.
If the interaction of niobium with the support is not
too strong, it can lead to grafting or anchoring of Nb
on the oxide surface. Both, grafting or anchoring are
kinds of solid-state interaction. Therefore, sometimes
there is not too big difference between the catalytic
properties of mixed oxides and those obtained by nio-
bia supported on metal oxides. In the latter case, it is
easier to adjust the number of active niobia species
located on the surface available for reagents taking
part in the catalytic processes. On the other hand, the
stability of grafted species usually is lower than that
formed on the surface of mixed oxides prepared, e.g.
by sol–gel method.

The formation of anchored Nb dimers on silica was
mentioned by Ichikuni and Iwasawa[83]. However,
most authors (e.g. Wachs et al.) indicated and agree
that only isolated Nb species can be formed on silica
due to the low number of OH groups on its surface.

The reaction schemes of Nb(V) oxide grafted on
silica are shown in[95] and are as follows:

NbCl5 + 5C2H5OH
CCl4→ Nb(OC2H5)5 + 5HCl (1)

n ≡ SiOH+ Nb(OC2H5)5
CCl4→ (≡SiO)nNb(OC2H5)5−n + nC2H5OH (2)

(≡SiO)nNb(OC2H5)5−n

+ (5 − n)H2O → (≡SiO)nNb(OH)5−n

+ (5 − n)C2H5OH (3)

The described grafting can lead to the creation of the
active species or can produce an useful support for the
immobilization of organometallic active phase[95].

Niobium, in mixed oxides and niobia supported on
various oxides, usually exist in the oxidation state+5,
and it is well known that its reducibility is difficult

and depends, among others, on the surrounding of Nb
species. Some catalytic reactions, as isomerization and
oligomerization of olefins, require the reduced forms
of niobium species. Wada and Morikawa[96] ob-
served the activity in these reactions of Nb4+ species
formed on the pure niobium oxide or the mixed ox-
ides with silicon by the reduction with hydrogen or
photoreduction. The reduction of Nb5+ to Nb4+ with
hydrogen requires very high temperatures as men-
tioned earlier[2], and it depends on Nb coordination
and surroundings. The hydrogen reduction of niobium
located in the framework of mesoporous molecular
sieves, Nb/MCM-41, occurs at temperatures higher
than 1100 K, whereas niobium species introduced via
impregnation of siliceous MCM-41 is reduced at lower
temperature (920–950 K) [T]. Prakash andKevan[26]
effectively reduced Nb located in the framework of
MFI zeolite structure by� irradiation.

The last years has brought the increasing interest
in niobium-containing mesoporous molecular sieves.
Mesoporous molecular sieves of MCM-41 type (a
member of M41S family) discovered in 1992[97]
initiated the production of various metal substituted
metallosilicates of MCM-41 structure, which are in
fact mixed oxides. Niobosilicate mesoporous molecu-
lar sieve, denoted Nb/MCM-41 was the first time syn-
thesized in 1997[11,12,23]. Niobium species in this
material can play various functions in heterogeneous
catalysis: active phase, support or promoter. Meso-
porous molecular sieves (M41S) prepared through
supramolecular templating have a highly defined
mesopore structure and extremely large surface areas.
The member of M41S family, MCM-41 material,
possesses a hexagonal array of uniform mesopores.
The local structure and bonding of MCM-41 mate-
rials are amorphous in nature, similar to amorphous
silica [98]. The other representing of M41S family,
MCM-48, exhibits three-dimensional arrangement of
mesopores forming the cubic structures.

Hydrogen forms of Nb/MCM-41 indicate the pres-
ence of bridged Nb–OH–Si groups presenting the
acidic character[12]. The number of BAS calcu-
lated from the FTIR studies after adsorption and
desorption of pyridine is about four times lower
on H-Nb/MCM-41 than on H-Al/MCM-41 mate-
rial. Moreover, the strength of BAS is lower on
H-Nb/MCM-41 than on H-Al/MCM-41, which was
concluded on the basis of the pyridine chemisorp-
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Fig. 3. Dehydroxylation of H-Nb/MCM-41 mesoporous molecular
sieve[17,21,22].

tion strength and the activity in the test reactions.
H-Nb/MCM-41 materials were inactive in the cumene
cracking which requires the presence of strong BAS,
whereas the H-Al/MCM-41 catalyst was active in this
reaction.

Moderate strength Lewis acid sites are gener-
ated during the dehydroxylation of hydrogen forms
of Nb-containing mesoporous molecular sieves
(H-Nb/MCM-41 materials)[12]. The formation of
the active species is proposed to occur according to
the scheme presented inFig. 3 [17,21,22]. In fact,
the electron is not located on one oxygen but on the
whole number of oxygens in the surrounding of Nb,
as well as positive charge is used for the indicating of
a hole center which works as an electron trap.

Such materials can be useful catalysts for processes
requiring the presence of Lewis acid sites where a high
acid strength induces the undesirable side reactions
and/or coke formation. Thus, they have been proposed

Table 2
The results of spectroscopic investigations of Nb/MCM-41 prepared according to the procedure described in[11,12] (niobium oxalate used
as Nb source, Si/Nb = 32) and activated under vacuum

Technique Comments References

Electron spin resonance (ESR) Activation at 723 K, spectra recorded at 77 K. A sharp signal
with g = 2.0025 due to a hole localized on an oxygen atom
existing near niobium atom, i.e. NbO− species

[15,21]

Infrared spectroscopy (FTIR) followed by
pyridine (Py) and lutidine (Lu)
adsorption and desorption

Activation at 673 K. Number of BASa and LASa calculated per
1 g of the catalyst on the basis of IR bands observed after
desorption of Py at 423 K and extinction coefficient of Py.
BAS = 7; LAS = 522

[12]

Infrared spectroscopy (FTIR) followed by
NO adsorption

Activation at 723 K. NO adsorbed at room temperature. Bands at
1629 cm−1 due to Nb–O−NO and 1808 cm−1 from Nb+NO

[21]

a BAS (LAS)—Brønsted (Lewis) acid sites.

as catalysts for the synthesis of thiols and organic sul-
fides from alcohols and hydrogen sulfide[1,13,15,17].

The same material exhibits a very high activity in
the oxidation of organic compounds with hydrogen
peroxide[1,13,15,17,18,21,22,99,100]. The oxidizing
properties of the Nb/MCM-41 materials are proposed
to be due to the presence of an active lattice oxygen,
which is formed during the dehydroxylation of the
molecular sieves (seeFig. 3) and was identified by
ESR measurements[21]. The generation of this active
oxygen is accompanied by the formation of Lewis
acid sites as established by FTIR studies following
pyridine and lutidine adsorption[12]. The infrared
spectra scanned after adsorption of NO provide us
with additional evidence for the existence of Nb+
and NbO− species on the surface of dehydroxylated
Nb/MCM-41 [15,21]. The experimental data, which
allowed drawing the scheme presented inFig. 3 are
summarized inTable 2.

The nature of active species formed on the sur-
face of Nb/MCM-41 materials depends on both, Nb
source[21,24,101]and Si/Nb ratio[21]. The Nb–O−
paramagnetic center is well detected by ESR spec-
tra (a sharp ESR signal atg = 2.0025) on both
Nb/MCM-41 (Si/Nb = 32) prepared from niobium
oxalate and from niobium chloride[21] although
their oxidation properties differ, which will be dis-
cussed in the next section. The concentration of
Nb species strongly influences the oxygen species
formed on the surface. If one applies Si/Nb ratio of
16 in Nb/MCM-41 prepared from niobium oxalate,
the ESR spectra varies from those registered for
Si/Nb = 32 samples[21]. The ESR signals observed
for Nb/MCM-41 (Si/Nb = 16) with g = 2.0010,



M. Ziolek / Catalysis Today 78 (2003) 47–64 55

2.0049, and 2.039 became attributed to O2
− radi-

cal, and another one withg = 1.987 assigned in the
literature to the lattice defects[102] formed by the
desorption or dissociation of oxygen (in[103] due to
photo-irradiation under vacuum). The signal intensity
decreased with O2 introduction and heating at 723 K.
It was caused by the readsorption of oxygen on the
surface of the sample. The described behavior can
be explained by the high concentration of Nb–O−
species in Nb/MCM-41 (Si/Nb = 16, prepared from
Nb-oxalate) which results in the easier release of
oxygen than that from the sample with Si/Nb = 32.
Thegzz = 2.039 of O2

− radicals well correlates with
that calculated by Che and Giamello[103] for O2

−
interacting with M4+ cations. Therefore, one can
suppose that with a high Nb content (Si/Nb = 16)
the partial reduction of Nb5+ to Nb4+ occurs under
evacuation leading to the interaction with O2

−. It has
been also considered that the higher content of Nb
in Nb/MCM-41 materials causes partially location of
Nb oxide species in the extra framework position.

Recently, Wachs and co-workers[24] examined
Nb/MCM-41 molecular sieves synthesized from
Nb-etoxide and supported Nb2O5/SiO2 systems.
They used in situ Raman and UV-Vis-NIR diffuse
reflectance spectroscopies for the structural char-
acterization and demonstrated that similar surface
Nb oxide species are present in both Nb/MCM-41
and Nb2O5/SiO2 catalysts and they are sensitive to
the environmental conditions (ambient or dehydra-
tion). Under dehydrated conditions, the Nb cations in
Nb/MCM-41 and 1% Nb2O5/SiO2 are predominantly
composed of isolated NbO4 units, while polymerized
surface niobia species and/or bulk Nb2O5 are formed
at high Nb loadings on SiO2. Both types of materials
present Nb–O–Si bonds in their structures.

Although, the niobium surface species in supported
forms and incorporated into the framework during the
synthesis can posses a similar structures, their stabil-
ity and reducibility properties can be different. In fact,
it was documented[21] that the reduction with hydro-
gen is easier when the supported Nb/MCM-41 sample
is investigated (it occurs at 920, 943 K depending on
Nb source), while that of Nb in the framework occurs
very difficult (the reduction peaks in H2-TPR pro-
files appear above 1000 K). The stability of niobium
incorporated into the framework of Nb/MCM-41 ma-
terial is higher than that observed for Nb impregnated

siliceous MCM-41. In the latter case niobium is easier
leached under liquid phase reaction conditions[18].
The distinguish between Nb located in the framework
and extra framework positions in Nb/MCM-41 mate-
rials can base on H2-TPR and FTIR measurements in
the skeletal range. The Si–O–Si vibrations observed
in the 1020–1100 cm−1 range are perturbed in the var-
ious manner depending on the location of the niobium
cations (framework or extra framework) and their in-
teraction with Si–O–Si vibrational mode[20]. The ap-
pearance of two IR bands in the transmission window
(850–1000 cm−1) on the Nb(from oxalate)MCM-41
(Si/Nb = 16) sample evacuated at 723 K indicates
the presence of two various Nb species interacting
with T–O–T vibration. It was proposed that they are
NbO− and Nb+ in the framework which shift a band
(1020–1100 cm−1) of a skeletal vibration of Si–O
with various�ν depending on the strength of the in-
teraction, determined by the ion charge. The discussed
Nb species origin from the framework, because the
chemisorbed molecules (NO) raise the intensity of the
perturbed vibrational bands. It can occur only when
niobium is localized in the framework (Si–O–Nb),
because its interaction with NO molecule lengthens
Nb–O bond and shortens Si–O bond causing the in-
crease of the perturbation effect. This effect runs in an
opposite way if Nb is localized outside the framework
(as in the impregnated samples). This is because of
the strong interaction of Nb-extra framework species
with the adsorbate (NO) weakness its interaction with
the skeletal T–O–T vibrations reducing the intensity
of the perturbed IR bands.

The existence of various types of framework and
extra framework Nb species was confirmed by the
results of the H2-TPR studies. The samples prepared
from Si and Nb sources exhibit both extra framework
and framework positions, both occupied by various
Nb species, which present various possibility of the
reduction. Framework Nb species are reduced at a
higher temperature than that of the reduction of the
extra framework niobium cations. The reduction tem-
perature depends on a kind of Nb salts used for the
synthesis of Nb/MCM-41 materials. It is lower for the
framework Nb if the sample is prepared from niobium
oxalate than when NbCl5 is used for the synthesis of
mesoporous sieves. The role of the anion nature in
the Nb source on the properties of the final material
is proved by the H2-TPR experiments.
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Niobium-containing mixed oxides and niobium
supported on various oxides are used not only in
catalysis where niobium species plays a role of the
active phase, but also in such processes in which Nb
species acts as a support of promoter.

Niobium-containing mesoporous molecular sieves
(Nb/MCM-41) have been already used as supports
for metals such as Cu[16,17,19,20], Ni [17,104,105],
and Fe[106]. The metal–support interaction causes
the changes in the reducibility of both niobium and
supported metal species. That, of course, determines
the catalytic activity. Moreover, the modification of
niobium-containing MCM-41 material with nickel
leads to the higher dispersion of metal (after re-
duction with H2) than that noted for pure siliceous
or alumino-silica samples used as a support for
Ni [105].

2.1.3. Niobium oxide species as additive
Small amount of niobium oxide species added to

the catalyst (usually mixed oxides) can play a role
of a promoter. It can be a structural promoter, as in
Pd/Al2O3 system[107], where niobia favors the ideal
Pd0/Pd2+ surface ratio thanks to the existence of NbOx

polymeric structures near the monolayer.
The redox potential of niobia enhances the redox

properties of some metal oxides (V, Cr, Mo, etc.) if
they are supported on niobia. In such a case Nb2O5
plays a double role, a support and a promoter. How-
ever, if niobia is applied as a support for vanadia
the solid-state reaction between vanadia layer and the
underlying support inhibits the activity of the cata-
lyst [38]. To obtain a promoting effect usually a low
quantity of niobium oxide species should be added.
Nb–V–Si [32] and Mo–V–Sb–Nb[36] oxide systems
can be examples of materials in which niobium species
acts as a promoter. In the latter material, the authors
identified SbVO4 and Mo0.61–0.77V0.31–019Nb0.08–0.04
phases.

The addition of surface niobia species to vana-
dia/titania catalysts does not change the molecular
structure or redox properties of the surface vanadia
species. However, the surface niobia species may or
may not influence the catalysts’ activities. Specifi-
cally, (i) reactions requiring only one surface vanadia
redox site are not influenced by the surface niobia
species (e.g. methanol oxidation) and (ii) reactions
requiring adjacent surface redox and acid sites are en-

hanced by the surface niobia species (e.g. the selective
catalytic reduction (SCR) of NO with ammonia).

2.2. Niobium phosphates

Niobium phosphates, which exhibits a higher acidic
strength (Ho ≤ −8.2) than niobic acid, have been
widely studied in the past[1]. Hydrated niobium
phosphate, NbOPO4·nH2O, consists of layers of com-
position NbO(H2O)PO4 in which NbO6 distorted
octahedra are connected in their equatorial planes by
PO4 tetrahedra via sharing corners.

Recently, the deep spectroscopically (FTIR,
UV-Vis) studies of the active centers on the niobium
phosphate catalysts were carried out by Carlini and
co-workers[108]. In both, niobic acid and niobium
phosphate, Nb is octahedral, but impregnation of nio-
bia with phosphoric acid converts Nb into a higher
coordination species. The basic structural units of
amorphous niobium phosphate studied by the au-
thors, are NbO6 distorted octahedra and tetrahedral
orthophosphate species, similar to those present in the
bulk of crystalline NbPO5. All phosphate-containing
samples, bulk and impregnated, indicate the presence
of both terminal POH and NbOH groups. The POH
groups of bulk amorphous niobium phosphate are
characterized by a slightly stronger Brønsted acid-
ity than those of the impregnated material, whereas
NbOH sites appearing to be weaker as Brønsted acids
than POH groups. The Lewis acid strength is similar
for both kinds of niobium phosphate samples and are
assigned to coordinatively unsaturated Nb5+ sites. All
of these materials exhibit a high activity in the dehy-
dration of fructose to 5-hydroxymethyl-2-furaldehyde
(HMF), but bulk niobium phosphate inhibits the
polymerization of HMF making this catalyst more
promising from the practical point of view[108,109].

A new family of mixed vanadium phosphorus–
niobium phosphorus (VPO–NbPO) catalysts was pre-
pared and characterized[110,111]. In this kind of
catalysts exhibiting the redox properties, Nb in VPO
phases and V in NbPO particles were observed. The
interaction between vanadium and niobium species
modifies the V5+/V4+ balance in a favorable way. It
has been concluded that doping by Nb creates superfi-
cial defects, responsible for C–Hn-butane activation,
which have been observed as associated with Lewis
acid sites of low acidity. This is the reason for the



M. Ziolek / Catalysis Today 78 (2003) 47–64 57

enhancement of then-butane conversion in the oxi-
dation process. Selectivity to maleic anhydride is not
modified by Nb doping while CO2/CO is increased
due to the higher V5+/V4+ ratio [111].

2.3. Niobium nitrides, carbides, sulfides

Small atoms, such as carbon, nitrogen or oxygen,
dissolved interstitially in the lattice of early transi-
tion metals produce a class of compounds with unique
physical and chemical properties[112] such as elec-
tronic, magnetic and refractory. These materials are
referred to as metal (oxy)nitrides and (oxy)carbides.
Their catalytic activities have been compared to those
of noble metals. There are not yet too many papers
devoted to these kinds of catalysts. Niobium in ni-
trides does not reach the oxidation state+5, and the
following compounds exist: Nb2N-�-phase (hexago-
nal), Nb4N3-�-phase (tetragonal), and NbN-�-phase
(cubic)[113]. Another subnitrides, Nb5N2 and Nb3N2
clusters, can be produced in molecular beam with
laser vaporization of niobium in nitrogen atmosphere
at 300 K[114].

Nitrides are commonly prepared by the direct in-
teraction between transition metals and dinitrogen or
ammonia. They are also prepared by nitridation of a
Nb oxide precursor[1].

Taking into account the possible use of niobium
nitrides in catalysis one ought to obtain the materi-
als exhibiting high surface areas. Brayner et al.[112]
prepared extruded niobium oxynitrides with macrop-
ores and tested them in the cyclohexane dehydrogena-
tion reaction. The materials were active, but they were
less stable than molybdenum and tungsten oxynitrides
when exposed to air. The authors correlated this fea-
ture with a faster superficial oxidation process. Nio-
bium oxynitrides do not show a sufficient activity also
in hydrazine decomposition[115]. In both, laboratory
and industrial scales their activity were lower than
that of tungsten oxynitride and Shell catalyst. The au-
thors stated that modification in thruster design and/or
granulometry of niobium oxynitride can improve sys-
tem performance. The increase in the catalytic activ-
ity can be reach by the supporting of the active phase
on the appropriate material. The alumina supported
niobium oxynitrides exhibiting the surface areas of
179–190 m2 g−1 and prepared by chemical vapor de-
position (CVD) method were tested in thiophene hy-

drodesulfurization (HDS). The catalysts revealed low
activity in the initial stage of the reaction, but the activ-
ity increased after 200–300 min from the started point
to ca. three times the initial activity. The activity of
the niobium nitride catalysts decreases by sulfur ac-
cumulation on the surface and nitrogen released from
niobium nitride.

Niobium carbides can be prepared by a variety
of methods including direct union of the elements
at high temperature (e.g. in solar furnace) or by
self-propagating high-temperature reaction, carbur-
ization of oxides by carbon or methane–hydrogen
mixtures, carburization of niobium pentahalide,
spray-dried-powder technique or by mechanochem-
ical synthesis or by plasma-chemical process[116].
Five solid-phase regions exist in the niobium–carbon
system: a solid solution of carbon in niobium
(b.c.c.), Nb2C (h.c.p.), NbC (f.c.c.),ζ -Nb4C3−x , and
ζ -NbC1−x [117]. The composition range of Nb2C is
very limited at low temperatures, whereas NbC varies
from NbC0.7 to NbC0.99.

Niobium carbides, like nitrides, were tested in hy-
drotreating processes. Bimetlallic Nb–Mo carbide was
applied in hydrodenitrogenation (HDN) and HDS car-
ried out in a high pressure reactor system[118]. The
HDN activity for quinoline was high and independent
on Mo–Nb composition, whereas HDS process was
more sensitive to Mo–Nb ratio. The bimetallic com-
pounds show enhancement in the activity and stabil-
ity compared to the corresponding monometallic car-
bides.

It seems that still it is far way from the application
of niobium oxynitrides and carbides in heterogeneous
catalysis. However, the study on the use of niobium
nitrides and carbides in heterogeneous catalysis should
be developed, because the related substances based on
the other early transition metals have already indicated
their high catalytic activity.

Niobium sulfide has been found to be an in-
teresting new active phase for HDS[119–121]. It
possesses unique acidic properties useful in hy-
drotreating reactions[122]. Unsupported niobium
sulfides are usually prepared by direct combination
of the elements in evacuated silica tubes followed by
intercalation–deintercalation treatment to improve the
surface area[123]. NbSx with x = ca. 1.5 or 1.7 have
been obtained earlier from Nb2O5 and H2S at 973 K
[124].
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Unsupported niobium trisulfide exhibits a better
activity in the HDS of thiophene than molybdenum
disulfide[121]. If it is supported together with Ni on
carbon, the catalyst exhibits the high HDS activity
and the presence of Ni decreases the selectivity for
hydrogenation. The nature of the support and the sul-
furizing agent strongly influence the niobium sulfide
phase and its catalytic activity. Allali et al.[120] ap-
plied carbon and�-alumina as supports for niobium
sulfide and depending on the preparation and activa-
tion methods identified various phases: NbS3, NbS2,
and Nb1−yS. Generally niobium sulfides are sensitive
to supports effects.

Niobium sulfide was used as a dopant phase to the
traditional NiMo hydrotreating catalyst (i.e. alumina
supported) and caused the enhancement of the HDS
and HDN activity [119]. The authors indicated that
niobium is present as NbS2 layers, well dispersed on
the support and in close contact with the other active
components. NbS2 plays a role of an additional active
phase.

3. Processes

The catalytic reactions in which niobium-containing
materials have been already studied are summarized in
the review paper[1]. They are as follows: dehydration
of alcohols, dehydrogenation, oxidative dehydrogena-
tion, oxidation, ammoxidation, oxidative coupling
of methane, esterification, alkylation, isomerization,
hydrogenolysis, disproportionation of hydrocarbons
(methathesis), hydrogenation, NO decomposition and
reduction, HDS and hydrodenitrification, fine chem-
icals syntheses, photocatalysis. From 1999 (the date
of the review paper has been published), the main
focus has been done on the oxidizing properties of
Nb-containing materials. Therefore, in this section
the role of niobium species in the oxidation processes
will be discussed. Moreover, the effect of Nb in
the protection of the catalysts against sulfur dioxide
poisoning will be shown.

3.1. Oxidizing activity

In the last few years, niobium-containing cata-
lysts have been studied in the liquid phase oxidation
of organic sulfides[15,17,18,21,22,99], cyclohexene

[22,100], �-pinene[101], as well as in the gas phase
selective oxidation of ethane[38], propane [36],
n-butane [110,111], oxidative dehydrogenation of
propane[32–34], oxidation of alcohols[24,125,126],
and ammoxidation of 3-picoline[35].

The behavior of most oxidation catalysts can be
interpreted within the framework of a redox mecha-
nism (reduction–oxidation). That is a general agree-
ment that partial oxidation of organic compounds al-
most exclusively involves redox cycles during which
lattice oxygen oxidizes the organic molecule leav-
ing a reducing center that is oxidized by O2, i.e. the
so-called Mars–van Krevelen mechanism. It can be il-
lustrated as follows:

Cat-O+ R → RO+ Cat (4)

2Cat+ O2 → 2Cat-O (5)

Contrary, there is no agreement on the role of
“electrophilic” adsorbed oxygen (O2, O2

−, or O−)
and also the details of the activation mode of C–H
hydrocarbon bonds are under discussion. Peroxometal
and oxometal pathways are proposed for the transfer
of oxygen to the reactant[127]. Peroxometal pathways
usually involve early transition elements with d0 con-
figuration. The existence of oxometal or peroxometal
pathways depends also on the nature of the substrate.

There are the following factors, which should be
considered in the discussion of the oxidizing activity
of niobium-containing catalysts:

(1) reducibility of niobium,
(2) isolation of niobium species,
(3) leaching of niobium,
(4) presence and mobility of active oxygen,
(5) acidity of the catalyst,
(6) Nb source used in the catalyst preparation,
(7) Nb–O–T angle.

3.1.1. Reducibility of niobium
The oxidizing activity of metal oxides is deter-

mined by the reverse oxidation–reduction availability
of metal. It is known that vanadium is easier re-
duced than niobium and it is one of the reasons of its
wider application in the oxidizing catalytic reactions.
The increase of niobium reducibility is reached by
changing of Nb surrounding, i.e. moving from bulky
niobium oxides to supported or mixed oxides. The
well example is Nb/MCM-41 mesoporous molecu-
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lar sieve exhibiting a very high activity in the liquid
phase oxidation of organic sulfides and cyclohexene
[22,100,128]. The interaction of niobium with the
other elements can lead to the increase of the re-
ducibility of niobium species. If this effect is reached
by location of metals (Cu, Ni) in the extra frame-
work positions in Nb/MCM-41 material[20,105] the
reducibility of niobium is enhanced but not the ox-
idizing properties of the material because the active
centers are covered by metal cations.

3.1.2. Isolation of niobium species
The concentration of niobium on the support or in

the mixed oxides determines the distance between two
niobium active species, which influences the oxidiz-
ing activity. In the liquid phase reactions with hydro-
gen peroxide as an oxidizing agent, the presence of
niobium dimers or oligomers on the support can be
responsible for the decomposition of peroxide. There-
fore, the isolated Nb are required for the high ac-
tivity in these processes. The interesting effect was
reached by Kapoor and Raj[101] by the grafting of
MCM-41 and MCM-48 with niobium salts. The au-
thors compared the activity of grafted materials and
synthesized Nb/MCM-41 and Nb/MCM-48 and they
found the much higher activity of the grafted samples
in the oxidation of�-pinene. They correlated this fea-
ture with the isolation of niobium sites and their exis-
tence in tetrahedral structure. It is worthy of note that
the authors synthesized Nb/MCM-41 sieves contain-
ing 2.0 wt.% of niobium. However, if the concentration
of Nb in the skeletal of synthesized Nb/MCM-41 was
not too high (for instance Si/Al = 32 or 64) a very
high sulfoxidation[15,17,18,21,22,99]and epoxida-
tion [22] activity were observed. Suo and co-workers
[100] applying Nb/MCM-41 containing 1.43 wt.% of
Nb also detected the high activity in the oxidation of
cyclohexene with hydrogen peroxide.

The activity of Nb-containing catalysts in the gas
phase oxidation does not depend on the location of
niobium in the siliceous matrix. Wachs and co-workers
[24] did not observe the significant difference in the
reactivity of Nb/MCM-41 and Nb2O5/SiO2 in the
oxidation of methanol. The spectroscopic studies per-
formed by the authors revealed that under dehydrated
conditions, the Nb cations in Nb/MCM-41 and 1%
Nb2O5/SiO2 are predominantly composed of isolated
NbO4 units, while the Nb cations in the supported

Nb2O5/SiO2 catalysts possess polymerized NbOx

species and/or bulk Nb2O5 with the increasing Nb
loading.

It is worthy of notice that only the surface niobia
species on silica give rise to methanol oxidation prod-
ucts (primarily formaldehyde and methylformate),
while the surface niobia species on alumina, titania
and zirconia primarily lead to the formation of acidic
products (dimethyl ether). Thus, the nature of the
oxide support controls the redox properties of the
surface niobia species[75,76].

The isolation of niobium species on the catalyst sur-
face is an important factor only in that case when Nb
species plays a role of an active phase. In the reactions
such as oxidative dehydrogenation of propane or se-
lective oxidation of hydrocarbons in a gas phase, nio-
bium is a promoter, which enhanced the activity of,
for instance, vanadium in the catalyst. Isolation of Nb
in this case is not considered, but the amount of pro-
moter is usually negligible and therefore, dimers are
not formed.

3.1.3. Leaching of niobium
In the reactions performed in the liquid phase, the

leaching of the active phase is possible. To reduce
this problem, the well immobilization of redox-active
elements in a solid (inorganic) matrix is necessary.
Arends and Sheldon[127] stressed that it can be
achieved by isomorphous substitution of metal ions
in framework positions of molecular sieves, which
is equivalent to the sol–gel production of mixed
oxides, but performed with using of the organic
template. Amorphous mixed oxides are also formed
as a result of impregnation (gafting). Alternatively,
metal complexes can be tethered to the surface of
solid, e.g. silica, via a spacer ligand. It was indicated
that niobium isomorphously substituted to siliceous
MCM-41 mesoporous molecular sieve is more stable
(resisted from leaching) than Nb grafted on MCM-41
by impregnation if the materials were used in the
sulfoxidation with hydrogen peroxide[18].

3.1.4. Presence and mobility of active oxygen
Bulk niobium(V) oxide exhibits the redox activity

if niobium oxide anions (up to Nb6O15
−) are gener-

ated by laser ablation[125,126]. Metal–oxygen dou-
ble bond is responsible for its activity in the gas phase
oxidation of methanol[126]. In the first step alco-
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hol condenses at a cluster metal–oxygen double bond
to yield Nb(OH)(OCH3). Nb oxidation state does not
change in this step. The so-formed niobium–hydroxyl
bond is the new reactive site in the cluster, and un-
dergoes ligand switching in a follow-up collision to
yield a bis-methoxy cluster and neutral water. These
results confirmed the earlier hypothesis that higher or-
der Nb–O bonds are the catalytic active centers on Nb
oxide surface.

Wachs and co-workers[24] studying the oxida-
tion of methanol on silica supported niobia and
Nb/MCM-41 molecular sieves evidenced that the
presence of Nb–O–Si bonds in the structure of both
kinds of materials determine their oxidation activity.
Such bonds influence not only the reducibility of
niobium but also the activity of oxygen, which can
be trapped on Nb. There is not doubt that niobium
incorporated to the molecular sieve framework has an
oxidation state+5 [15,21,26]. The results obtained in
my group[15,21]strongly support our earlier hypoth-
esis about the formation of an active oxygen radical
on niobium incorporated into the framework of meso-
porous molecular sieve of MCM-41 type. It is formed
according to the scheme presented inFig. 3. This
oxygen oxidizes, for instance, NO after its adsorption
at room temperature to nitrate/nitrite species[21].
It exhibits also the high activity in the sulfoxidation
and epoxidation reactions. The formation of NbO−
species is accompanied by the generation of week
Lewis acid sites[12,21], which also are involved in
the catalytic oxidation.

3.1.5. Acidity
The role of the acidic centers in the oxidation pro-

cesses has been pointed out earlier[129]. Acid–base
properties depend on the covalent/ionic character of
metal–oxygen bonds and are involved in some steps
of the oxidation reactions such as the activation of
the C–H hydrocarbon bonds, the step associated with
the evolution of alkoxide species and the desorp-
tion/overoxidation of the partial oxidation products.
Thus, they participate with the cation redox proper-
ties in determining the selective/unselective catalyst
behavior.

A key factor for performing selective oxidation
catalysis is to allow the desired product to desorb
without further transformation and overoxidation. So,
the catalyst should not react too strong with these

compounds. This can be well illustrated by the epox-
idation of cyclohexene on Nb/MCM-41 molecular
sieves. If the material exhibiting a week acidity was
applied, the high yield of epoxide was registered
[12,22], whereas the similar material, but produced
from niobium chloride, showing the higher acidity,
indicated the high production of glycols[100]. It is
known that the epoxide ring is opened on the enough
strong acidic center. Therefore, the strength of the
acidic sites (if present) cannot be too high for the
selective oxidation to epoxy product.

3.1.6. Niobium source
As mentioned above, the synthesis of Nb/MCM-41

from niobium(V) chloride[100] led to the other cat-
alytic selectivity in the oxidation of cyclohexene than
that of the material produced from niobium oxalate
[22,128]. The latter exhibits the higher epoxidation
activity. This behavior depends also on the nature of
reactant. Kapoor and Raj[101], who studied the epox-
idation of �-pinene on niobium grafted silica, com-
pared the activity and selectivity of materials grafted
with niobium oxalate and niobium ethoxide. The sam-
ples grafted with niobium ethoxide showed a reason-
able increase in catalytic activity and H2O2 efficiency
if compared with that observed on Nb-oxalate grafted
material.

A nature of Nb source influences also the oxidiz-
ing properties of Nb/MCM-41 sieves in relation to the
adsorbed molecules, e.g. NO[21]. The formation of
nitrato/nitrito species upon nitrogen(II) oxide adsorp-
tion on Nb/MCM-41 at room temperature (IR bands
below 1600 cm−1) depends on Nb source and changes
in the following sequence:

Nb(oxalate)MCM-41

> Nb(ammonium–oxalate complex)Nb/MCM-41

> Nb(chloride)MCM-41.

This order is in agreement with the activity in the
n-dibutyl sulfide oxidation in a liquid phase, and also
with the physical parameters of the materials; namely,
a pore size and a pore volume. Pore size in mesoporous
materials determines the T–O–T angle[130].

3.1.7. Nb–O–Si angle
V–O–Si bond angle in V/MCM-41 mesoporous

molecular sieves has been considered in relation to
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the redox activity of the samples in the liquid phase
oxidation of cyclohexene[129]. The bond strength is
closely related to the electron density of the active
metal sites. The latter is “tuned” by the pore size
through variation of V–O–Si bond angles. The higher
T–O–T bonds angle the higher pore size in MCM-41
materials can be registered. The electron density de-
pending on the T–O–T angle affects the effective
redox potential on metal sites. The maximum activity
is achieved for the metal for which reactants pre-
sumably have an intermediate strength of adsorption.
Therefore, the authors[130] observed the volcano
curve for the dependance of the activity on the pore
size of V/MCM-41 mesoporous sieves.

The same seems to be true for Nb/MCM-41 as indi-
cated and discussed in[128]. This behavior is closely
connected with the influence of Nb source on the re-
dox activity, because the niobium source determines
the texture and structure of the MCM-41 mesoporous
molecular sieves[131].

3.2. Effect of niobium in the catalysts on the SO2
poisoning in the removal of nitrogen(II) oxide

Ushikubo[51] mentioned about the role of niobia
additive in the prevention of the catalyst poisoning
with sulfur dioxide. It was related to the environmen-
tal catalysis, namely the reduction of NOx with NH3
in the presence of SO2. The efficiency of ammonia
as a reducing agent on the removal of NOx decreases
because NH3 reacts with SO3 that is formed by the
oxidation of SO2. Hence, it is preferable that the oxi-
dation of SO2 is prevented. (VO)2(SO4)/SiO2 catalyst
promoted by Nb2O5 is effective for the suppression
of oxidation of SO2 under the conditions of NOx re-
moval. During the removal of hydrocarbons of diesel
exhaust, the effective for the suppression of SO2 oxi-
dation is Pd supported on Nb2O5 or Pd/Ta2O5.

The effect of sulfur dioxide on nitric oxide adsorp-
tion and decomposition on Cu-containing micro- and
mesoporous molecular sieves has been recently stud-
ied[20]. Cu-ZSM-5 zeolite as well as Cu-Al/MCM-41
mesoporous molecular sieves are poisoned by SO2 in
the decomposition of NO, whereas Cu-Nb/MCM-41
catalysts are active in NO decomposition after SO2 ad-
sorption. The reason of the poisoning effect is the for-
mation of sulfate species. Two kinds of these species
were identified:

The species (I) was formed on Cu-ZSM-5 and
Cu-Al/MCM-41 but not on Cu-Nb/MCM-41. On the
latter only species (II) was registered. This species
does not poison the catalytic activity. Niobium located
in the extra framework position (in Nb impregnated
siliceous MCM-41) does not prevent the material
from the poisoning effect by the adsorption of SO2.

4. Perspectives

A visible progress has been made in the last decade
in the study of Nb-containing catalysts. New materi-
als basing on new structures have been synthesized.
Thanks to the development of the spectroscopic and
other physics techniques, the processes, which occur
on the solid surfaces are better investigated. There-
fore, a wider application of Nb-containing solids in
sorption and catalytic processes is likely to come.

Greater studies of multimetallic compounds, their
synthesis, characterization, and application are re-
quired. The revision of earlier studied catalysts, espe-
cially those containing niobium species as an additive,
should be made applying the new and developed char-
acterization techniques. It allows the understanding
of the reaction mechanisms on the molecular level.

The future of niobium-containing catalysts seems
to be dominated by their application in the redox
processes. Especially interested is the application of
mesoporous molecular sieves containing niobium in
the liquid phase oxidation (hydroxylation, epoxida-
tion). The stability of niobium species in these pro-
cesses should be detailed studied. It gives hope for
their practice use in the fine chemistry.

Nb nitrides are a new class of materials studied in
heterogeneous catalysis. However, they are not enough
stable in catalysis (for instance, nitrogen is easily re-
leased by sulfur). Therefore, the focus should be done
on the appropriate support, which will stabilize Nb ni-
trides.

The increasing interest in niobium chemistry gives
hope for further advances and it seems likely that this
area will continue to produce exciting results also in
heterogeneous catalysis for years to come.
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