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ABSTRACT

The molecular structure-reactivity relationships for 
supported niobium oxide catalysts were achieved by 
combining Raman spectroscopy structural studies with 
chemical probes that measured the acidity and reactivity of 
the surface niobium oxide sites. Supported niobium oxide 
catalysts form a two-dimensional overlayer on oxide 
supports, and the monolayer coverage of these systems is 
reached at ~19% Nb^/Al^O^ ~7% Nb205/Ti02, ~5% Nb205/Zr02, 
and ~2% Nb2O5/SiO2, but not for the Nb205/Mg0 system due to 
the incorporation of Nb^ into the MgO support. Molecular 
structures of the surface niobium oxide species under 
ambient conditions are controlled by the surface pH of the 
system. Upon dehydration process, only one dehydrated 
surface niobium oxide species corresponding to the highly 
distorted Nb06 octahedral structure at ~980 cm-1 is present 
on silica. The highly distorted NbOg octahedra responsible 
for Raman bands at ~985 and ~935 cm-1 are also observed on 
titania and zirconia at monolayer coverage. Below half 
monolayer coverage on alumina, two dehydrated surface 
niobium oxide species possessing highly and moderately 
distorted Nb06 octahedra with Nb=0 Raman bands at ~980 and 
~883 cm-1, respectively, are present. Upon approaching 
monolayer coverage on alumina, additional Raman bands at 
~935 and ~647 cm-1 characteristic of highly and slightly 
distorted NbOg octahedra are present and are suggestive of 
a layered niobium oxide structure. Multiple niobium oxide 
species are present in the Nb205/Mg0 system due to the 
strong acid-base interactions of Nb205 with the Mg2+ and 
the Ca2+ surface cations. The highly distorted NbOg 
octahedra possess Nb=O bonds and are associated with Lewis 
acid sites. The surface layered niobium oxide species are 
associated with Br^nsted acid sites. The Lewis acid sites 
are present on all the supported niobium oxide systems, but 
the Br^nsted acid sites are limited to the Nb205/Al203 and 
Nb20s/Si02 systems. The surface niobium oxide Lewis acid 
sites are significantly more active when coordinated to the 
Al203 and Si02 surfaces than to the Ti02, Zr02, and MgO 
surfaces. Furthermore, the surface niobium oxide sites on 
silica behaves as redox sites and the surface niobium oxide 
on alumina are acid sites during partial oxidation 
reactions.

1



CHAPTER 1

A REVIEW OF NIOBIUM OXIDE CATALYSTS

2



1.1. INTRODUCTION

In the past two decades, niobium-based materials have 

been found to be effective catalysts for many catalytic 

reactions : pollution abatement, selective oxidation, 

hydrocarbon conversion, hydrotreating, hydrogenation/ 

dehydrogenation, carbon monoxide hydrogenation for 

synthetic fuels and chemicals, polymerization, 

hydration/dehydration and photochemistry/electrochemistry 

[1]. In the 1970’s, niobium-based catalysts were primarily 

investigated for their performance in the area of selective 

oxidation reactions (partial oxidation, ammoxidation, and 

oxidative dehydrogenation). In the 1980’s, the use of 

niobium-based catalysts became more versatile, and their 

catalytic applications received more attention in the areas 

of hydrocarbon conversion reactions (cracking, alkylation, 

metathesis, isomerization, and reforming) and carbon 

monoxide hydrogenation to synthetic fuels and chemicals. 

In the latter part of 1980’s, niobium—based catalysts were 

further developed and utilized for the catalytic reactions 

of dehydration/hydration, esterification, and 

photocatalysis. The previous studies have pointed out that 

the development of new niobium oxide materials is essential 

to advancing the catalytic applications of niobium oxides.

One of the most interesting developments in niobium- 
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based catalytic materials is that niobium oxide can form 

bulk layered structures [2-4] as well as two-dimensional 

surface niobium oxide phases on high surface area oxide 

supports such as Al203, Ti02, and Si02 [5-12] . The layered 

niobium oxide materials doped with 0.1 wt% Pt or Ni exhibit 

an unusually high and stable activity for photocatalysis of 

H20 into H2 and 02 [2,3] . The two-dimensional surface 

niobium oxide phases have a pronounced effect on the 

physical and chemical properties of the oxide supports. 

The thermal stability of the Al203 and Ti02 supports is 

increased by the presence of the surface niobium oxide 

overlayers [12] . Furthermore, the surface niobium oxide 

phase on the Al203 support was also found to possess strong 

Br^nsted acidity which results in a high hydrocarbon 

cracking activity at elevated temperatures [5].

The Nb203/Ti02 catalysts were reported to possess 

considerable activity for the reduction of NO with NH3 from 

stationary emissions [13]. Silica supported niobium oxide 

catalysts were found to be active and selective for ethanol 

dehydrogenation [9] , propene metathesis [6] , and propene 

photocatalysis [14]. In addition, the synthesis of methyl 

methacrylate from methyl propionate and formaldehyde was 

also catalyzed by the Nb205/Si02 system [15-16] . Thus, 

bulk layered structures and two-dimensional niobium oxide 

phases, on different oxide supports, have shown extensive

4



catalytic applications.

The present review is limited to niobium oxide 

materials because most of the recent studies have 

concentrated on the catalytic properties of niobium oxide, 

and is classified into 1) bulk layered niobium oxides, 2) 

surface niobium oxide phases, 3) hydrated niobium oxide, 4) 

niobium oxide support, and 5) niobium mixed oxides.

1.2. BULK LAYERED NIOBIUM OXIDES

Layered niobium oxides, M [Ca2Nbn03n+1] (M= K, Rb, and 

Cs; n= 3 or 4) , can undergo an alkali exchange reactions 

with the protons present in aqueous acidic solutions due to 

their high ionic conductivity. The ion-exchanged layered 

niobium oxides, H [Ca2Nbn03n+1] (n= 3 and 4) , were found to 

exhibit an unusually high activity for the photocatalysis 

of aqueous methanol solutions to H2 and 02 [2,3]. The H2 

evolution rates over the layered niobium oxides in aqueous 

methanol solutions (with or without ion-exchange) are shown 

in Table 1.1, and the H"*"-exchanged KCa2Nb3010 doped with 0.1 

wt% Pt possesses the highest H2 evolution rate. The H2 

evolution rates in the aqueous solutions was also found to 

decrease with increasing size of the alcohol molecule due 

to the limited intercalation space as shown in Table 1.2.

5



Thus, the layered niobium oxides possess interesting 

catalytic properties.

1.3. SURFACE NIOBIUM OXIDE PHASES

In the past few years, supported niobium oxide 

catalysts, on oxide supports such as Al203, Ti02, Si02, and 

PVG (Porous Vycor Glass), have received much attention as 

the potential new niobium-based catalytic materials [5­

12,17,18]. Deposition of niobium oxide on high surface 

area oxide supports yields high surface area niobium oxide 

catalysts that possess important physical and chemical 

properties. The molecular states of the dispersed surface 

niobium oxide phases contrast sharply to bulk Nb2Og, and 

are reflected in the unique molecular structures and 

catalytic properties of the surface niobium oxide phases.

The catalytic properties for ethanol dehydrogenation 

over the supported niobium oxide on A12O3 and SiO2, as well 

as bulk Nb205, are shown in Table 1.3 [7] . The surface 

niobium oxide phases exhibit very high activity and 

selectivity for ethanol dehydrogenation compared to bulk 

Nb205, and the specific oxide support has a pronounced 

effect on the catalytic properties of the supported niobium 

oxide catalysts. The surface niobium oxide phases also 

6



impart thermal stability to oxide supports, Al203 and TiO2, 

at elevated temperatures by retarding the loss of surface 

area and phase transformations as shown in Table 1.4. This 

stabilizing effect extends the useful temperature range of 

catalytic materials and decreases catalyst deactivation. 

The surface niobium oxide phase also forms strong Br^nsted 

acid sites on these oxide supports as shown in Table 1.5 

[19-22]. The Br^nsted acidity is necessary for many 

catalytic reactions such as hydrocarbon conversion and 

pollution abatement. Thus, the thermal stability, Br^nsted 

acidity and high surface area of the surface niobium oxide 

phases have led to many catalytic applications for these 

novel catalytic materials.

A new application of supported niobium oxide catalysts 

is the redox properties found for Nb205/Si02 and Nb205/PVG 

catalysts during photocatalytic oxidative dehydrogenation 

of alcohols (2-propanol) and olefins (ethylene and 

propylene) [14,17]. The surface niobium oxide phases on 

silica and PVG are catalytically active only when the 

surface niobium oxide phases are irradiated with 

ultraviolet light in the presence of alcohols and olefins. 

The UV-VIS absorption measurements showed that the surface 

niobium oxide phases were reduced by the alcohols and 

olefins during irradiation to form Nb+4, and were 

reoxidized by gaseous oxygen. Thus, the surface niobium 
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oxide phases on silica and PVG possess redox properties for 

photocatalysis.

Another significant new application of supported 

niobium oxide catalysts is the promotional effect of 

niobium oxide upon V205/Ti02 catalysts for selective 

reduction of N0x with NH3 [23] . The addition of niobium 

oxide to V205/Ti02 catalysts significantly increases the 

catalytic activity and allows the reaction to be performed 

at lower temperatures. The low reaction temperatures are 

important for emission control of stationary sources which 

usually operate at temperatures less than 300°C. The 

surface niobium oxide phases also suppress the oxidation of 

S02 to SO3, a highly undesirable side reaction, over the 

^20s/Ti02 catalysts. In addition, the surface niobium 

oxide phases on titania stabilize these catalysts during 

high temperature treatments to reactivate the catalyst. 

The catalytic applications of supported niobium oxide 

catalysts are summarized in Table 1.6-8.

1.4. HYDRATED NIOBIUM OXIDE

Hydrated niobium oxide, Nb205.nH20, is a new type of 

strong solid acid exhibiting high catalytic activity and 

selectivity for hydration of olefins, dehydration of 

8



alcohols, esterification of carboxylic acids with alcohols, 

and condensation of bultylaldehyde [24-29]. Hydrated 

niobium oxide catalyzes the hydration of ethylene to 

ethanol with 97% selectivity, high activity and long 

catalyst life. The esterification of ethyl alcohol with 

acetic acid occurs over hydrated niobium oxide with 100% 

selectivity. The dehydration of butylaldehyde to 2- 

ethylhexenal over hydrated niobium oxide is achieved with 

92.5% conversion and 95.5% selectivity without the catalyst 

contaminating the product and effluent, as usually occurs.

Acidity measurements have shown that considerable 

strong Brÿnsted acid sites are present on hydrated niobium 

oxide when it is treated at 120-300°C. The acidity and 

catalytic activity decreases dramatically at high 

temperature treatments (>400°C) due to loss in surface 

area, removal of water, and crystallization of the hydrated 

niobium oxide structure. However, the addition of 

phosphoric acid to the hydrated niobium oxide surface 

retards the loss in surface area during high temperature 

treatments (400-600°C) and enhances the surface acidity. 

The H3P04-treated niobium oxide catalysts exhibit high 

activity for the alkylation of benzene with methanol as 

shown in Table 1.9 [30]. The catalytic activity depends on 

the H3PO4 concentration, and 1 mol/dm3 H3PO4 on the hydrated 

niobium oxide surface possesses the highest activity for
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alkylation of C6H6 to C6HsCH3.

Recently, hydrated niobium oxide, NbgOg. nHgO, was also 

found to be an effective catalyst for the hydrolysis, 

isomerization, and solvolysis of phenyloxirane in liquid 

solutions [31]. The hydrolysis of phenyloxirane in liquid 

solutions over some solid acid catalysts is presented in 

Table 1.10, and NbgOg » nHgO exhibits a higher activity and 

selectivity towards 1-phenyl-l,2-ethanediol than the other 

solid acid catalysts due to its high surface hydrophilicity 

[31] .

1.5. NIOBIUM OXIDE SUPPORT

Recent catalytic studies have revealed that niobium 

oxide is a highly effective oxide support material for 

supported metallic catalysts used in carbon monoxide 

hydrogenation to synthetic fuels and chemicals [32] . 

Niobium oxide has been recently used as support for metals 

such as Ru, Rh, and Ni [32-34] and exhibit higher olefin 

selectivity during carbon monoxide hydrogenation compared 

to conventional oxide supports such as alumina and silica. 

The influence of the oxide support upon supported ruthenium 

catalysts during the hydrogenation of carbon monoxide to 

synthetic fuels is presented in Table 1.11 [33].

10



Supporting ruthenium on niobia decreases the formation of 

methane and by-products, and increases the yield of 

olefins. The influence of the oxide support on the 

supported rhodium catalysts during the hydrogenation of 

carbon monoxide to synthetic fuels is also presented in 

Table 1.12 [32]. The niobia supported rhodium catalysts 

exhibit very high activity and selectivity towards olefin 

production compared to the analogous alumina supported 

systems.

Metal oxides can also be supported on niobium oxide. 

The niobium oxide support promotes the catalytic properties 

of the supported vanadium and molybdenum oxide catalysts 

during the dehydration of isopropanol to propene (see Table 

1.13 and 1.14). The niobia supported molybdenum oxide 

catalysts exhibit higher isopropanol dehydration activity 

and propene selectivity than bulk Mo03 [35] . Similarly, 

the niobia supported vanadium oxide catalysts exhibit a 60­

230 increase in activity relative to bulk V2O5 for the 

dehydration of isopropanol to propene [36].

1.6. NIOBIUM MIXED OXIDES

Niobium oxide reacts with most metal oxides to form 

new niobium mixed oxide phases. The molecular structures 

of these niobium mixed oxide phases depend on the relative

11



composition of the mixed oxides and the calcination 

temperature. Niobium mixed oxides have a pronounced impact 

on the resulting niobium oxide catalytic properties 

especially in the area of selective oxidation reactions. 

The presence of niobium oxide as a catalyst component 

usually shows an improvement in both the catalytic activity 

and selectivity. Some of the most widely used niobium 

mixed oxide catalysts are found in selective oxidation and 

pollution abatement reactions and are presented as follows :

• Nb20s-Mo03 mixed oxides with a niobium to molybdenum 

atomic ratio between 0.5 and 2 exhibit high 

selectivities to acrylic and methacrylic acids for 

acrolein oxidation [37]. The selective oxidation of 

isobutylene to methacrolein over the mixed oxides 

Mo12Bi90x, Mo12Nb30x » and Mo12Bi9Nb30x are shown in 

Table 1.15 [38]. Catalysis studies indicate that the 

bismuth molybdate-niobate systems results in much 

higher isobutylene conversion (96%) and methacrolein 

selectivity (74%). Similar improvements for these 

niobium mixed oxide catalysts were also found for the 

selective oxidation of propylene to acrolein, 

propylene ammoxidation to acrylonitrile, and butene 

oxidative dehydrogenation to 1,3-butadiene.

12



• The oxidative dehydrogenation of ethane to ethylene is 

also improved by adding niobium oxide to mixed 

molybdenum and vanadium oxide materials as shown in 

Table 1.16 [39]. The addition of niobium oxide to the 

M0O3-V2O5 mixed oxides enhances the selectivity for the 

oxidation of ethane to ethylene to 100% and 

significantly lowers the reaction temperature (286°C) 

required to achieve 10% conversion.

• Niobium oxide was also found to promote vanadium 

pentoxide catalysts for the oxidation of o-xylene to 

phthalic anhydride as shown in Table 1.17 [40], and 

the catalytic activity was found to depend on the Nb205 

concentration. A 3:2 ratio of the Nb205/V205 mixed 

oxide catalyst exhibits the highest activity for the 

oxidation of o-xylene to phthalic anhydride.

• Niobium oxide has recently been found to be an 

effective promoter for the reduction of N0x with NH3 to 

N2 and H2O over iron oxide catalysts [41]. The 

presence of niobium oxide in the FeOx catalyst

13



remarkably enhanced the catalytic activity for N0x 

reduction form 40% conversion to 90% conversion at 

reaction temperatures between 300 and 400°C as shown in 

Table 1.18. The catalytic activity for the reduction 

of N0x with NH3 to Ng and HgO over a TiOg catalyst is 

also considerably enhanced by adding Nb205 [20] .

1.7. CONCLUSIONS

The literature review of niobium oxide catalysts 

reveals that niobium-based materials are effective 

catalysts for many catalytic reactions: pollution 

abatement, selective oxidation, hydrocarbon conversion, 

dehydrogenation, carbon monoxide hydrogenation for 

synthetic fuels and chemicals, hyd rat i on/dehyd rat i on, and 

photochemistry. The niobium oxide catalytic materials are 

present as bulk layered niobium oxides, surface niobium 

oxide phases, hydrated niobium oxide, oxide support, or 

mixed oxide. Recent research activities are focusing on 

the development of new niobium-based catalysts such as 

surface niobium oxide phases and layered niobium oxide 

compounds. The surface niobium oxide phase has a 

pronounced effect on the physical and chemical properties 

of oxide supports (i.e., acidity and thermal stability), 

14



and these important characteristics are being utilized in 

many catalytic applications. However, the molecular states 

of the surface niobium oxide phases on oxide supports as 

well as the relationships between the molecular structures 

of the surface niobium oxide phases and the corresponding 

catalytic properties are not presently understood and are 

essential for the molecular design of improved niobium- 

based catalysts.
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THE SCOPE OF THE RESEARCH STUDY

• The Structural Chemistry and Raman Spectra of Niobium 

Oxides

Raman spectroscopy is a very powerful technique for 

investigating the structure of metal oxide materials 

since it is extremely sensitive to the metal-oxygen bond 

lengths and metal oxide structures. A series of 

reference niobium oxide compounds with known structures 

will be systematically studied by Raman spectroscopy. 

The niobium oxide structures-Raman spectra relationships 

will be established from these studies.

• Niobium Oxide Solution Chemistry

Aqueous niobium oxide species which exist in both 

basic and acidic oxalic acid solutions will be 

investigated by Raman spectroscopy. The molecular 

structures of the aqueous niobium oxide ionic species 

will be determined as a function of the solution pH.

16



• Supported Niobium Oxide Catalysts

Supported niobium oxide catalysts (on oxide supports 

such as MgO, Al203, Ti02, ZrO2, and Si02) will be

synthesized using niobium oxalate and niobium ethoxide 

precursors. The nature of the surface niobium oxide 

phases, under ambient and in situ conditions, on the 

different oxide supports will be determined by comparing 

the Raman spectra of the supported niobium oxide 

catalysts with those of the niobium oxide reference 

compounds. In addition, the samples will be further 

characterized by X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), and Fourier-transform 

infrared spectroscopy (FTIR) of pyridine adsorption in 

order to determine the monolayer content and surface 

acidity of these supported niobium oxide catalysts.

• Catalysis Studies

The reactivity of the supported niobium oxide 

catalysts will be probed by the sensitive methanol 

oxidation reaction. The methanol oxidation reaction has 

two different pathways which depend on the nature of the 

active sites present on the catalyst surface. Surface 

redox sites produce HCHO and HCOOCH3, and surface acid 

sites produce only CH3OCH3. Comparison of the reactivity 

17



data with the corresponding molecular characterization 

information should allow the establishment of molecular 

structure-reactivity relationships for supported niobium 

oxide catalysts. Knowledge of the molecular structure­

reactivity relationships should assist in the molecular 

design of supported niobium oxide catalysts for specific 

appli cat i ons.
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Table 1.2: The molecular size of alcohols effects on the H2 
evolution rate over layered niobium oxides
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Table 1.4: Surface  niobium  oxide  phase  stab ilizes  oxide  
supports  at elevated tem peratures

8% Nb2O5/T iO 2* 
(Degussa P-25)
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O xideC )

97 m2/g

O
)

CM E

T iO /  
(Degussa P-25)

56 m2/g  
____ (Anatase /  Rutile)

31 m2/g  
(Anatase/Rutile)

12m2/g  
(Rutile)

AI2O3̂  
(Degussa y -Aluminum  

Oxide C)

O
)

C
MEC
D

 
C

D

C
D

CM E

Treatment

500°C-2 hrs. 
in Air

700°C-2 hrs. 
in Air

850°C-2 hrs. 
in Air

Treatment

500°C-16 hrs. 
in Air

c/5 O
 

5
5

 

O
O

 

S
S

 
C

J. M. Jehng, F. D. Hardcastle, and I. E. Wachs, Solid
State Ionics 32, 33, 904, 1989
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Table 1.5: Surface niobium oxide phase froms strong 
Bronsted acid sites on oxide supports

Oxide Materials
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Table 1.10: Hydrolysis of phenyloxiran over Nb2O5 nH2O 
in liquid solutions
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Table 1.14: Dehydration of isopropanol to propene over
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Table 1.18: NOX reduction with NH3 to N2 over niobium mixed 
oxide catalysts
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CHAPTER 2 

STRUCTURAL CHEMISTRY AND RAMAN SPECTRA OF 

NIOBIUM OXIDES
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SUMMARY

A series of niobium oxide reference compounds were 

investigated by Raman spectroscopy in order to determine 

the relationship between niobium oxide structures and their 

corresponding Raman spectra. The assignments of the Raman 

bands were based on the known niobium oxide structures. The 

Raman studies indicate that the Raman frequencies strongly 

depend on the symmetry of the niobium oxide structures. 

For the slightly distorted octahedral Nb06 structures 

(KNbOg » NaNbOg, and LiNbOg) , the major Raman frequencies 

appear in the 500-700 cnrl region. For the highly 

distorted octahedral Nb06 structures (K8Nb6019, AlNbO4, and 

Nb(HC204)5) » the major Raman frequencies shift from the 

500—700 to the 850-1000 cm-1 region. The distortions in 

the niobium oxide compounds are caused by the tilting of 

two adjacent NbOg octahedra and the off-center displacement 

of the Nb atom. Both slightly distorted and highly 

distorted octahedral NbOe sites coexist in H-Nb205 and the 

KCa^Na^NbnOgn-n, n=3 to 5, layered compounds. Most of the 

niobium oxide compounds possess an octahedrally-coordinated 

Nb06 structure with different extents of distortion, and 

only a few rare earth ANbO4 (A= Y, Yb, Sm, and La) 

compounds possess a tetrahedrally-coordinated Nb04 

structure. For the tetrahedral Nb04 structure of YbNbO4 

the major Raman frequency appears at ~813 cnrl. In situ 

Raman studies assisted in the discrimination between bulk 

and surface functionalities in the niobium oxide reference 

compounds possessing high surface areas (Nb205.nH20 and 

HCa2NbgOio) .
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2.1. INTRODUCTION

Niobium oxide, Nb2Og, has been reported to exist in 

different polymorphic forms [42-45], and the phase 

transformations of niobium oxide strongly depend on the 

heat treatment. Upon heat treatments between 300-1000°C, 

amorphous niobium oxide increases in degree of 

crystal Unity and forms more stable Nb205 phases. 

Amorphous niobium oxide, Nb205.nH20, possesses distorted

Nb06 octahedra, NbO7 pentahedra, and Nb08 hexahedra as 

structural units [46]. The TT-Nb205 phase, 300-500°C,

possesses a pseudohexagonal unit cell, with a 

constitutional defect of an oxygen atom per unit cell, and 

forms tetragonal and pentagonal bipyramids [42] with 6 or 7 

oxygen atoms coordinated to the Nb atom. The T-Nb205 

phase, 700-800°C, possesses an orthorhombic unit cell, and 

forms distorted tetragonal or pentagonal bipyramids with 6 

or 7 oxygen atoms coordinated to the Nb atom. One out of 

seventeen Nb atoms occupies the interstitial sites between 

two unit cells and is surrounded by 8 oxygen atoms [47] . 

These polyhedra are joined by corner or edge-sharing in the 

ab-plane and by corner-sharing along the c-axis. The H- 

Nb205 phase, above 1000°C, is the most thermodynamically 

stable form of the Nb205 polymorphs. The structure of H- 

Nb205 contains two different sizes of Re03-type blocks :
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3x4 and 3x5 blocks composed of corner or edge-shared Nb06 

octahedra. Only 1/28 Nb sites are tetrahedra [48]. Thus, 

the coordination number of the Nb atom decreases form 8 

oxygen atoms to 6 oxygen atoms during the heat treatments.

The niobium oxide structure can be modified by cation 

substitution into the crystalline lattice to form different 

kinds of niobium oxide compounds : perovskite structure [49­

51] , layered structure [52-54] , and Nb6019"8 clusters [55­

57] . These modifications enhance the physical and chemical 

properties of niobium oxide. The perovskite niobium oxide 

compounds are used in various fields of materials science 

such as glasses [58,59] and ceramics [60,61] , and the 

layered niobium oxide compounds undergo intercalation 

reactions with organic amines [4] . Nb205 also reacts with 

oxalic acid to form niobium oxalate complexes which can 

exist in aqueous solution [62] . The above niobium oxide 

compounds possess an octahedrally-coordinated Nb06 

structure with different extents of distortion. The 

tetrahedrally-coordinated Nb04 structure is not a typical 

structure for niobium oxide because the Nb5+ atom is too 

large to fit into an oxygen-anion tetrahedron. Only a few 

rare earth ANbO4 (A= Y, Yb, Sm, and La) compounds have been 

found to possess tetrahedral coordination [14,63,64].

Raman spectroscopy is very sensitive to the structure 

40



and bond order of metal oxides, especially in the region of 

metal-oxygen stretching modes, because many of the Raman 

frequencies depend on the bond order in the structure [44]. 

A higher metal—oxygen bond order, corresponding to a 

shorter bond distance, shifts the Raman band to higher 

wavenumbers. In this study, various niobium oxide 

reference compounds are characterized by Raman spectroscopy 

and divided into two main categories: the octahedrally- 

coordinated and the tetrahedrally-coordinated niobium oxide 

compounds. The octahedrally-coordinated niobium oxide 

compounds consist of slightly distorted niobium oxides, 

highly distorted niobium oxide structures, layered 

structures, and pure niobium oxide. Tetrahedrally- 

coordinated ANbÛ4 (A= Y, Yb, Sm, and La) compounds have 

been reported by Blasse [63] , Rooksby et al . [64] , and 

Yoshida et al. [14] to possess a slightly distorted 

scheelite structure with Nb04 units, and only YNbO4 has 

previously been characterized by Raman spectroscopy. In 

the present study YbNbO4 was used as the niobium oxide 

reference compound containing a tetrahedrally-coordinated 

Nb04 structure. The niobium oxide structure-Raman 

spectroscopy relationships developed for the reference 

compounds will subsequently be used to assign the molecular 

structures of the surface niobium oxide phases 111 supported 

niobium oxide catalysts.
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2.2. EXPERIMENTAL

2.2.1. Materials

Hydrated niobium pentoxide, Nb2O5.nH2O, was provided 

by Niobium Products Company (Pittsburgh, PA) with a minimum 

purity of 99.0%. The major impurities after calcining at 

800°C are 0.02% Ta and 0.01% Cl . Niobium oxalate was also 

provided by Niobium Products Company with the chemical 

analysis of 20.5% Nb205, 790 ppm Fe, 680 ppm Si , and 0.1% 

insoluble solid.

The BNbOg (B=Li, Na, and K) compounds were obtained 

from Johnson Matthey Chemicals Company with a purity 

greater than 99.99%. Potassium niobate, KgNbgOig, was 

obtained from Pfaltz and Bauer, Inc. . The RCa^Na^Nb^O^.^ 

(n=3, 4, and 5) compounds were provided by A. Jacobson of 

Exxon Research and Engineering Company, and the detailed 

synthesis procedures of these layered oxides were described 

by Jacobson et al . [54] . The hydrated HCa2Nb3Olo layered

oxide was also provided by A. Jacobson. The dehydrated 

HCa2Nb3Olo layered oxide was prepared by drying the hydrated 

HCa^NbsOto layered oxide at 120°C for 16 hours.

2.2.2. BET Surface Area Measurement

The BET surface areas of bulk niobium oxide samples 

were obtained with a Quantsorb surface area analyzer
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(Quantachrome corporation, Model OS-9) using a 3:7 ratio of 

N2/He mixture as a probe gas. Typically, 0.200-0.300 gram 

of sample was used for the measurement and the sample was 

outgassed at 250°C prior to Ng adsorption.

2.2.3. Raman Spectroscopy

Raman spectra were obtained with a Spex triplemate 

spectrometer (Model 1877) couple to an EG&G intensified 

photodiode array detector which were cooled 

thermoelectrically to -35°C, and interfaced with an EG&G 

DMA III Optical Multichannel Analyzer (Model 1463). The 

samples were excited by the 514.5 nm line of the Ar+ laser 

with a 10 mw power. The laser beam was focused on the 

sample illuminator, where the sample typically spins at 

about 2000 rpm to avoid local heating, and was reflected 

into the spectrometer by a 90° angle with the incident 

light. The scattered Raman light was collected by the 

spectrometer at room temperature, and analyzed with an DMA 

III software package. The overall spectral resolution of 

the spectra was determined to be about 2 cm-1. The 

detailed schematic diagram of the Raman spectrometer is 

described elsewhere [65].

An in situ quartz cell was designed in order to 

investigate the Raman changes upon dehydration of the
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niobium oxide samples above room temperature. The sample 

holder was made from a quartz glass, and the sample disc 

was held by a stationary slot in the sample holder. The 

sample was heated by a cylindrical heating coil surrounding 

the quartz cell, and the temperature was measured with an 

internal thermocouple. The cell was capable of operating 

up to 600°C. Reaction-gas mixtures were introduced into 

the cell from a manifold at a rate of 50 to 500 cm3/min 

with a delivery pressure of 150-200 torr.

2.3. RESULTS

2.3.1. Octahedrally-Coordinated Niobium Oxide Compounds 

Slightly distorted niobium oxides

The Raman spectra of the BNbO3 (B=Li , Na, and K) 

reference compounds are shown in Fig. 2.1. The major Raman 

band of these reference compounds appears in the 620-630 

cm-1 region and a shoulder appears in the 520-580 cur1 

region. The LiNbO3 compound possesses additional Raman 

bands at ~870, ~430, ~375, and ~325 cm-1. However, the 

intensity of these Raman bands is significantly decreased 

for the NaNb03 compound and are essentially absent for the 

KNbO3 compound. For the KNbO3 compound, an additional 

Raman band is observed at ~840 cur1. Multiple and strong
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Raman bands in the low wavenumber region, between 100-300 

cm-1, are also observed for these reference compounds.

Highly distorted niobium oxides

The Raman spectra of the K8Nb6019, AlNbO4, and 

Nb(HC204)5 reference compounds are shown in Fig. 2.2. In 

the high wavenumber region (800-1000 cm-1) , K8Nb6019

possesses Raman bands at ~900, ~880, and ~840 cm-1, AlNbO4 

possesses a Raman band at ~930 cm-1, and Nb(HC204)5

possesses a Raman band at ~960 cm-1. In the intermediate 

wave number region (400-800 cm-1) , the major Raman band of 

these niobium oxide compounds appears at ~540 cm-1 

(K8Nb6019) , ~420 cm-1 (AlNbO4) , and ~570 cm-1 (Nb(HC204)5) . 

Additional Raman bands at ~580, ~730, and ~780 cm-1 are 

observed for AlNbO4. In the low wavenumber region (100-300 

cm-1) , K8NbgOj9 and Nb(HC204)g have Raman bands at ~230 and 

~290 cm*l and AlNbO4 has Raman bands at ~275, ~240, ~210, 

and ~180 cm-1.

Lave red oxides

The Raman spectra of the KCa2Nan_3Nbn03n+1 (n=3, 4, and 

5) layered oxide reference compounds are presented in Fig. 

2.3. The major Raman band of these layered oxides appears 

at ~930 cm-1. Additional Raman bands at ~760, ~575, and
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300-500 cm-1 are also present for the KCa2Nb3Olo compound. A 

shift of the Raman band from ~760 cm-1 to ~825 cm-1 is 

observed upon increasing the number of layers from 3 to 4, 

and this band further shifts to ~840 cm-1 as the number of 

layers is increased to 5. The Raman bands at ~450 and 

~375 cm-1 disappear for the compounds possessing 3 and 4 

layers.

The hydrated and dehydrated states of the HCa^NbsO^ 

layered oxide were investigated by Raman spectroscopy, and 

the results are shown in Fig. 2.4. The ~930 cm-1 Raman 

band for the KCa2Nb3010 compound, Fig. 2.3, shifts to 

~965cm-l for the hydrated HCa2Nb3Olo compound. The Raman 

spectrum of the hydrated HCa2Nb3Olo layered oxide is very 

similar to the spectrum of the dehydrated ROa^Nb30^ layered 

oxide. However, the strong Raman band at ~965 cm-1 

significantly broadens, the weak Raman band at ~840 cm-1 

disappears, and the Raman band at ~320 cm-1 forms doublets 

upon dehydration of the HCa2Nb3Olo layered oxide. The 

dehydrated state of the HCa2Nb3Olo layered oxide was further 

investigated by in situ Raman spectroscopy under flowing 

dry air, see Fig. 2.5, and reveals that the broad Raman 

band at ~965 cm-1 is actually composed of two bands at ~980 

and ~960 cm-1 upon complete dehydration.
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Bulk niobium oxide (Nb20g)

The surface area of bulk niobium oxide after different 

thermal treatments is presented in Fig. 2.6. The results 

show that the niobium oxide surface area dramatically 

decreases with increasing calcination temperature due to 

the formation of larger Nb20g crystallites. The Raman 

spectra of bulk niobium oxide after thermal treatments from 

120°C to 1000°C are shown in Fig. 2.7. For Nb205.nH20 dried 

at 120°C for 16 hours, a broad and weak Raman band is 

observed at ~900 cm-1 as well as a broad and strong Raman 

band at ~650 cm-1. Upon heating the niobium oxide sample 

for 2 hours at 500°C in air, the broad Raman band at ~900 

cm*1 becomes even weaker and the strong Raman band at ~650 

cm*1 shifts to ~690 cm*1. The Nb2Og (500°C) Raman bands in 

the low wavenumber region (200-300 cm*1) become more

intense and better resolved than those of Nb20g. nH20 (120°C) 

in this region. The Raman features of the Nb205 sample 

treated at 800°C for 2 hours are similar to those of the 

Nb205 (500°C) sample. However, additional weak Raman bands 

in the 400-500 cm*1 region are observed in the Nb205 (800°C) 

sample. For the Nb20g sample treated at 1000°C for 2 

hours, the Raman results indicate that a phase 

transformation of the Nb20g sample has occurred and 

additional Raman bands are observed in the spectrum
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(particularly in the high wavenumber region between 900­

1000 cm-1) .

In situ Raman studies of the high surface area 

Nb^O^. nR^O (120°C) sample were also undertaken in order to 

discriminate between bulk and surface functionalities [65], 

and the spectra in the 700-1100 cm*1 region are presented 

in Fig. 2.8. For the untreated NbgOg. nHgO (120°C) , a broad 

Raman band is observed in the 800-900 cm-1 region. For the 

NbgOs. nHgO (120°C) treated at 200°C for 1 hour, the Raman 

features remain broad and are somewhat similar to the 

untreated Nb^O^. nR^O (120°C) . Two new Raman bands, however, 

are observed at ~930 and ~980 cm-1 after thermal treatment 

at 400°C for 1 hour. These two Raman bands are still 

present after cooling to 50°C. However, these two Raman 

bands disappear after the sample is rehydrated by exposure 

to ambient water vapor overnight. The major niobium oxide 

Raman band remained at ~650 cm*1 during this thermal 

treatment and indicates that the Nb^O^. nR^0 sample did not 

undergo phase transformations. In situ Raman studies of 

NbgOg (500°C) are also presented in Fig. 2.9, but no 

significant changes in the Raman features are observed 

during the thermal treatment.
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2.3.2. Tetrahedrally-Coordinated Niobium Oxide Compound

The Raman spectrum of YbNbO4 is shown in Fig. 2.10. 

Raman studies reveal that YbNbO4 possessing Raman bands at 

~813, ~331, ~717, and ~435 cm-1. Raman bands at ~992, 

~678, ~630, and ^237 cm-1 indicate that YbNbO4 also 

possesses a structure similar to H-Nb205 (see Fig. 2.7). 

The Raman bands below 200 cm-1 are due to lattice 

vibrations.

2.4. DISCUSSIONS

Raman spectroscopy has been found to be very useful 

for studying the structure of different niobium oxide 

compounds because the Raman band is sensitive to the 

niobium oxide symmetry and bond order [44]. A higher 

niobium-oxygen bond order, corresponding to a shorter bond 

distance, shifts the Raman band to higher wavenumbers. 

Every niobium oxide compound in this study has a unique 

Raman spectrum which is related to the symmetry and bond 

order of its structure. The Raman band assignments are 

based on the corresponding Nb-0 bond order and known 

structure. The tetrahedral NbO^3 species does not exist 

in aqueous solutions because of the high electronegativity 

and small radius of the oxygen atom [66]. In addition, the 
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tetrahedral Nb04 structure is rarely found in niobium oxide 

compounds because the Nb^ atom is usually too large to fit 

into an oxygen-anion tetrahedron [63] . The niobium oxide 

compounds containing the exceptional Nb04 tetrahedra 

possess a slightly distorted scheelite structure [63]. It 

appears that the Nb®+ atom is too small to form a regular 

octahedral Nb06 structure [67] and the oxygens in a regular 

octahedral NbO@ structure do not obey Pauling’s 

electrostatic valence rule [68]. Consequently, the niobium 

oxide compounds predominantly contain Nb06 octahedra with 

different extents of distortion due to corner or edge- 

shared NbOs polyhedra.

The BNbO3 (B= Na and K) compounds belong to the 

perovskite structure family. The Nb atom lies at each 

corner of a cubic cell and the oxygen atom lies at the 

center of each cubic edge. Each Nb atom is surrounded by 

six oxygen atoms to form a Nb06 octahedra and two adjacent 

NbOg octahedra are connected by a shared corner. The 

cation (Na or K) lies in the center of the cubic cell. In 

an ideal perovskite structure all Nb06 octahedra would be 

perfectly regular with six equal Nb-0 bond distances, 

parallel or antiparallel to one another. However, such an 

ideal perovskite structure does not exist in the BNbO3 (B= 

Na and K) compounds because of the tilting of the NbOg

50



octahedra as well as the displacements of the Nb atoms from 

the center which is induced by the cation (Na or K) and the 

unbalanced interatomic forces present in the perovskite 

structures [49].

The perovskite BNbO3 (B= Na and K) compounds possess a 

major Raman band at 620-630 cm-1 and a shoulder in the 520­

580 cm-1 region (Fig. 2.1). These bands correspond to 

slightly different Nb-0 bond distances and are assigned to 

the symmetric stretching mode of the Nb06 octahedra of 

these perovskite compounds. The LiNbO3 compound contains a 

hexagonal close packing structure in which the regular Nb06 

octahedra connected by shared corners with a 30° tilting 

angle between two adjacent Nb06 octahedra and a 0.26A off- 

center displacement of the Nb atom [49]. The LiNbO3 

compound possesses similar Raman features as the perovskite 

BNbO3 (B= Na and K) compounds in the 500-700 cm-1 region. 

For the LiNbO3 (hexagonal close packing) Raman spectrum, 

the additional Raman band at ~870 cm-1 is assigned to the 

symmetric stretching mode of the Nb-O-Nb linkage, and the 

associated bending modes of the Nb-O-Nb linkage appear at 

~430 and ~375 cm-1. For the NaNbO3 (perovskite) compound, 

however, the intensity of the Raman bands at ~870, ~430, 

and ~375 cm-1 significantly decrease. This is probably due 

to the lower tilt angle, 18°, between the adjacent NbOg

51



octahedra [50]. Furthermore, the disappearance of these 

Raman bands in the KNbO3 (perovskite) Raman spectrum 

suggests that no tilting occurs between the adjacent Nb06 

octahedra in this structure and is consistent with Katz et

al. ’s results [51] . A new Raman band is observed at

~840 cm~l for KNbOj which is characteristic of the 

symmetric stretching mode of the Nb-O-Nb co-linear bond 

present in the structure. The distortions of the BNbO3 

(B=Li, Na, and K) compounds depend on the size of the A 

cations. For the larger size cation such as K the cation 

is coordinated to 12 oxygens, and free space is unavailable 

for the NbOg octahedra to tilt relative to one another. 

Consequently, the NbOg octahedra maintain the parallel 

orientation. However, the smaller size Li cation only has 

6-coordinated oxygens and forms an octahedral Li06 

structure. The orientations of the Nb06 and Li06 octahedra 

induce the tilts between the two adjacent NbOg octahedra 

[49] .

It is known that niobium oxide can exist as Nb6019'8 

clusters in alkaline aqueous solutions and Nb complexes in 

acidic aqueous solutions as well as precipitates from such 

solutions. The NbgOig'8 unit is a well-characterized 

structure which consists of three different types of Nb-0 

bonds at each niobium center (see Fig. 2.2): a short Nb=0 
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terminal double bond, a longer Nb-O-Nb bridging bond, and a 

very long and weak Nb-- 0 bond connected to the center of 

the cage-like octahedral structure [55-57]. From the known 

structure of K8Nb6019, the main frequencies of the K8Nb6019 

Raman spectrum in Fig. 2.2 can be assigned : Nb=0 terminal 

stretching mode (~900, ~880, and ~840 cm-1), edge-shared 

octahedral Nb06 stretching mode (~730, ~540, and ~460

cm-1) , Nb-- 0 stretching mode (~290 cm-1) , and Nb-O-Nb 

bending mode (~230 cm-1) , The multiple terminal stretching 

modes present in the high wavenumber region are due to 

unequal Nb=O bond lengths that are present in the K8Nb6O19 

structure.

The niobium oxalate structure consists of a 

[NbO(OH) (C204)2H20] or [NbO(C204)3] unit and water molecules 

connected by hydrogen bonds [69-72]. The presence of 

different niobium oxalate units is dependent on the 

preparation methods. The [NbO(OH) (C204)2H20] unit has a 

pentagonal bipyramidal structure with a short Nb=O terminal 

double bond and a long Nb-OH2 bond nearly perpendicular to 

the pentagonal equatorial plane which consists of two 

bidentate oxalato ligands and a hydroxyl group. The 

[Nb0(C204)3] unit also has a pentagonal bipyramidal 

structure with a short Nb=0 terminal double bond and three 

bidentate oxalato ligands coordinated to the pentagonal 
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equatorial plane. The sharp and strong Raman band at ~960 

cm-1 in the niobium oxalate Raman spectrum is assigned to 

the Nb=O terminal double bond, and the Raman band at ~290 

cm-1 is assigned to the long and weak Nb-0H2 bond. The 

Raman band at ~570 cm-1 arises from the bi dentate oxalato 

ligands coordinated to the niobium atom which is 

characteristic of the breathing mode of the Nb-02~C2 

bridging bond.

The structure of AlNbChi consists of highly distorted 

octahedral Nb06 and AlOg, two Nb06 units and two AlOg units, 

sharing edges together to form a unit cell and linked to 

the adjacent unit cell by sharing two corners [73] . The 

Nb-0 bond which links to the adjacent unit cell by sharing 

two corners possesses the shortest bond length, and Raman 

band at ~930 cm-1 is characteristic of the symmetric 

stretching mode of this shortest Nb=O terminal double bond. 

Raman bands in the 400-800 cm-1 wavenumber region are 

assigned to the symmetric and antisymmetric stretching mode 

of the Nb-O-Nb linkage, and the associated bending modes 

appear in the low wavenumber region (200-300 cm-1) . Thus, 

the KgNbgO^g, AlNbO4, and Nb(HC204)5 compounds possess a 

highly distorted octahedral Nb06 structure with Raman bands 

appearing in the high wavenumber region, 850-1000 cm-1, 

which are characteristic of the symmetric stretching mode
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of the Nb=O terminal double bond.

The structure of the K [Ca2Nan_3Nbn03n+1] (n=3,4,5) 

layered oxides contains corner-shared Nb06 octahedra with a 

large cation occupying 12-coordinated sites in the center 

of each cube as found in the perovskite structure [53] . 

The thickness of each perovskite layer is determined by the 

number of corner-shared NbOy octahedra connected along the 

direction perpendicular to the layers (n=3,4,5). The

KCa2Nb3O1o structure has been determined by Dion et al. [51] 

to possess two types of NbOg sites connected to the 

cations (K and Ca) : one is the capping sites between two 

adjacent layers and the other is the internal sites in the 

Iayer.

Raman studies also detect the two types of Nb06 sites 

present in the layered oxide compounds: a highly distorted 

octahedral structure, Raman band at ~930 cm-1, and a

slightly distorted octahedral structure, Raman band at 

~580 cm~l. The relative concentrations of the two NbO@ 

octahedra in the layered oxide compounds can be determined 

by taking the ratio of these Raman bands (the integrated 

Raman intensity of the bands at ~930 and ~580 cm-1) . The 

Raman I(~930 cm-1)/I(~580 cm-1) ratios for the different 

layered compounds are shown in Fig. 2.11 and decrease with 

increasing number of niobium oxide layers. For example, 
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the Raman measurements of the layered oxide KCa2Nb3Olo, n=3, 

has a I (~930 cm-1)/I (~580 cm*l)=2 which reflects the ratio 

of the highly distorted octahedral sites to the slightly 

distorted octahedral sites. This is consistent with the 

layered oxide structure described by Dion at al. [52] .

Upon increasing the number of the niobium oxide layers, the 

! (~930 cm-1)/I (~580 cm-1) ratio further decreases to 1 for 

K(Ca^Na)Nb4013, n=4 , and 0.8 for K(CagNag)NbgOig, n=5, as 

expected from the known structures [53]. The quantitative 

agreement between the Raman ratios and the actual ratios in 

these layered structures reveals that the Raman cross 

sections of the slightly distorted and highly distorted 

Nb06 octahedra are essentially the same. The Raman !(~800 

cm*1)/! (~580 cm-1) ratios in Fig. 2.11, however, do not 

change with increasing number of niobium oxide layers. 

This indicates that the Raman band at ~800 cm-1 js 

associated with the slightly distorted Nb06 site band at 

~580 cm-1, and corresponds to different Nb-0 bond lengths. 

Increasing the number of niobium oxide layers also shifts 

the band from ~760 to ~840 cm-1 and eliminates the Raman 

bands at ~450 and ~375 cm-1. These Raman features reflect 

the different extents of distortions that exist in the 

layered oxide compounds, and are probably due to the 

different sizes between the Ca and Na cations.
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Many of these layered oxide compounds can also undergo 

an alkali ion exchange reaction with the protons present in 

aqueous acidic solutions due to their high ionic 

conductivity. The potassium cation in the layered oxide 

KCa^bsOio exchanges with the hydrogen proton in an aqueous 

acidic solution to form the layered oxide HCa2Nb3Olo. The 

layered oxide HCa2Nb3O1o possesses a tetragonal unit cell 

with an interlayer separation 14.38A, which is contracted 

relative to the values of 14.73A observed for the layered 

oxide KCagNbgOio [54] . When hydrogen replaces potassium, 

the interlayer hydrogen stabilizes the terminal oxygen 

atoms by forming a terminal -OH group interacting with a 

terminal oxygen in the adjacent layer. The stoichiometry 

corresponds to one proton for every pair of terminal 

oxygens from the adjacent layers. The hydrated HCa2Nb3Olo 

compound has a composition HCa2Nb3010.1.5H20 with an 

interlayer separation 16.23A. The interlayer hydrogen 

bonding between the two adjacent terminal oxygens creates 

some free volume in the HCa^NbsOjQ structure to accommodate 

1.5 water molecules [54].

The Raman spectra of the hydrated and dehydrated 

states of the layered oxide HOa^Nb30^ indicate that the 

Nb=0 terminal double bond is affected by the absorbed water 

since the Raman band at ~965 cm-1 significantly broadens 
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upon dehydration, and the Nb=O bending mode at ~320 cm-1 

splits into two bands at ~325 and 310 cm-1 (see Fig. 2.4) . 

The Raman band at ~840 cm-1 is assigned to the Nb=0 

antisymmetric stretching mode which is better resolved in 

the hydrated state. The in situ Raman studies of the 

layered oxide HCa2Nb3Olo further indicate that the Nb=0 

terminal double bond at ~965 cm-1 broadens and splits into 

two bands at ~960 and ~980 cm-1 upon dehydration (see Fig. 

2.5). Thus, the in situ Raman studies demonstrate that the 

water molecules in the layered oxide RC^a^b30^ structure 

associate with all the interlayer terminal oxygens to form 

Nb=0 H bonds. The results are in agreement with the 

structural studies of Jacobson et al . [54]. The in situ 

Raman studies of the layered oxide HCa2Nb3010 also reveal 

that hydrogen bonding via water molecule addition results 

in a decrease in the Nb=0 bond order and its corresponding 

vibrational frequency.

Bulk Nb20g undergoes the following phase 

transformations during heat treatments [74-76]:

Amorphous TT-Nb205 T-Nb205 H-Nb205

Nb205.nH20 (300-500°C) (700-800°C) (>1000°C)

The amorphous Nb20g.nH20 contains slightly distorted NbOg, 

Nb07, and Nb08 polyhedra [42]. The strong and broad Raman
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band at ~650 cm-1 is assigned to the symmetric stretching 

mode of the niobia polyhedra. The broad Raman feature 

reflects the distribution of the Nb06, NbO7, and Nb08 sites 

in the structure of the amorphous Nb205.nH20. The weak and 

broad Raman band at ~900 cm-1 is assigned to the symmetric 

stretching mode of the Nb=0 surface sites because of the 

response of this band to surface dehydration during the in 

situ Raman studies (see following paragraph). Heat 

treatment at 500*0 for 2 hours leads to crystallization 

into the TT-Nb20g phase. The corresponding shift of the 

Raman band from ~650 cm-1 to ~690 cm-1 is due to the 

increasing bond order of the niobia polyhedra, and the 

sharpening of Raman band at ~690 cm-1 is due to the more 

ordered structure present in the TT-Nb205 phase. The TT- 

Nb205 phase contains octahedral and pentagonal bipyramid 

structures, and the weak Raman band at ~900 cm-1 fs due to 

the small concentration of Nb=O surface sites after the 

thermal treatment. Additional Raman bands in the low 

wavenumber region, 200-300 cm-1, are also observed in the 

TT-Nb205 spectrum which are characteristic of the bending 

modes of the Nb-O-Nb linkages. Raman features of the T- 

Nb20s (800°C) phase are similar to those of the TT-Nb205 

(500°) phase (see Fig. 2.7). This indicates that the T- 

Nb205 (800*0) phase possesses a structure similar to the 

TT-Nb205 (500*0) phase, and is consistent with Weissman et 
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al.’s conclusions that the TT-Nb205 and T-Nb2O5 phases 

possess nearly identical structures [45].

The H-Nb20s phase contains 3x4 and 3x5 blocks of 

corner or edge-shared octahedral Nb06 as well as one 

tetrahedral site per 28 Nb sites. Bhide et al. [77] have 

assigned the Raman band in the high wavenumber region , 

900-1200 cm-1, to the Nb=0 terminal bond. Therefore, Raman 

bands at ~997 and ~900 cm-1 for the H-Nb20g phase in Fig. 

2.7 are characteristic of the symmetric and antisymmetric 

stretching modes of the Nb=0 terminal bond. The corner- 

shared octahedral Nb06 in the H-Nb205 phase also form a Nb- 

O-Nb co-linear bond with a corresponding Raman band 

appearing at ~840 cm-1. Raman bands in the 500-800 cm-1 

region are characteristic of the stretching modes of the 

slightly distorted octahedral NbOg structures. At the low 

temperature treatments (<800°C) , the structure of niobium 

oxide possesses the slightly distorted octahedral niobia 

polyhedra. The structure of the niobium oxide treated at 

high temperatures, greater than 1000°C, possesses a highly 

distorted octahedral NbO6 structure in addition to the 

slightly distorted octahedral Nb06 structure. Thus, the 

phase transformations of niobium oxide are strongly 

dependent on the heat treatments and this is reflected in 

the Raman spectra.
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In situ Raman studies of amorphous Nb20g«nH2O provide 

additional discrimination between bulk and surface 

functionalities in this high surface area oxide because 

moisture can only coordinate to surface functionalities 

[78] . During in situ Raman experiment the samples are 

heated to desorb the adsorbed moisture, and those Raman 

features that respond to the dehydration treatment are 

identified as surface functionalities. This process is 

reversed by reabsorbing water vapor on the surface 

functionalities. The in situ Raman studies of Nb^O^.nR^O 

(see Fig. 2.8) demonstrate that the broad and weak Raman 

bands in the 800-900 cm*1 region shift to higher 

frequencies due to thermal desorption of the adsorbed 

moisture. After dehydration of Nb20g. nH20 at 400°C in air 

for 1 hour, two new Raman bands are observed at ~930 and 

~980 cm*1 which are characteristic of two different Nb=0 

surface sites. No phase transformations occurred during 

this thermal treatment since the Raman features of bulk 

niobium oxide remained the same. Bulk Nb205 (500°C) was 

also investigated by in situ Raman spectroscopy (see Fig. 

2.9). The results indicate that the concentration of the 

Nb=0 terminal sites of Nb205 (500°C) is too small to be 

observed due to the much lower surface area. Thus, the 

amorphous Nb205. nH20 material possesses terminal Nb=0 sites 

on the surface, and the number of terminal Nb=O sites can
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be eliminated by high temperature calcinations which 

dramatically decreased the surface area. The in situ Raman 

studies confirm the presence of the terminal Nb=0 surface 

sites on amorphous NbgOg. nHgO and the assignment of the 

Raman band at ~900 cm-1 to the terminal Nb=O surface sites.

The rare earth ANbO4 (A= Y, Sm, and La) compounds have 

been investigated by Blasse [63] and Rooksby et al . [64] , 

and they determined that these compounds possess Nb04 

tetrahedra that appear to be isomorphous with the scheelite 

CaW04 structure. Blasse [63] studied the YNbO4 compound by 

Raman spectroscopy, and predicted the vibrational modes of 

a regular Nb04 tetrahedra with no interactions and 

distortions to occur at 816 curl (i^) , 650 cm-l(iz3) , 420 

cm-l(i/4) , and 340 cm-1 (v2) . Yoshida et al . [14]

investigated the YbNbO4 compound by XANES and EXAFS 

techniques, and determined that the YbNbO4 compound 

possesses a Nb04 tetrahedra. The ANbO4 (A= Y, Yb, Sm, and 

La) compounds were further studied by Kinzhibalo et al . 

[79] and Trunov et al . [80] , who determined that these

compounds possess a fergusonite structure at room 

temperature. In the fergusonite structure, the

coordination number of the Nb atom contains four oxygen 

atoms with distances of 1 .83-1.93A and two further oxygen 

atoms with distances of 2.40-2.52A as a result of the 
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connection between two adjacent tetrahedra. The transition 

from the octahedral fergusonite to the tetrahedral 

scheelite depends on temperature. An increase in 

temperature results in bonds breaking between the niobium 

atom and the two further oxygen atoms, and the Nb atom 

coordination becomes tetrahedral.

For the ANbO4 (A= Y, Yb, Sm, and La) compounds, the 

transition temperature from the octahedral fergusonite to 

the tetrahedral scheelite depends on the ionic radius of 

the rare earth metal. The rare earth metal possessing a 

small ionic radius has a high phase transition temperature 

because of the relatively short bond distances between the 

niobium atom and the two further oxygen atoms. Thus, the 

rare earth ANbO4 (A= Y, Yb, Sm, and La) compounds possess 

Nb06 octahedra at room temperature, and transition from a 

NbO6 octahedra to a NbO4 tetrahedra occurs at high 

temperature. For example, the phase transitions of the 

YNbO4 and the YbNbO4 compounds occur above 825°C [80] .

Blasse [63] did not address the YNbO4 structures as a 

function of temperature. The multiple Raman bands 

appearing in the 400-800 cm~l region for the YNbO4 compound 

reported by Blasse [63] are probably due to the 

simultaneous presence of NbO4 tetrahedra and Nb06 octahedra 

in the structure.
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Raman studies of the annealed YbNbO4 compound reveal 

bands at ~813J ~717, ~435, and ~331 cm'h The Raman bands 

appearing at ~813 and ~331 cm-1 are due to the Nb-0 

symmetric modes of the Nb04 tetrahedral structure and Raman 

bands appearing at ~717 and ~435 cm-1 are due to the Nb-0 

antisymmetric modes of the Nb04 tetrahedral structure. 

This is consistent with Blasse’s results that the 

vibrational modes of a regular Nb04 tetrahedra, with no 

interactions and distortions, should occur at 816 cm-l(i/1) , 

650 cm-l(v3) , 420 cm-l(v4) , and 340 cm-l(p2) [63] . Additional 

weak Raman bands appearing at ~992, ~678, ~630, and ~237 

cm-1 indicate that the YbNbO4 compound also contains an 

impurity of H-Nb20g due to a small excess of niobium oxide 

in the sample. Thus, tetrahedrally-coordinated niobium 

oxide reference compounds possess their major Raman bands 

in the 790-830 cm-1 region.

In summary, most of the niobium oxide compounds contain 

an octahedral Nb06 structure with different extents of 

distortions present in the structures. Niobium oxide 

compounds containing a tetrahedral Nb04 structure are 

extremely rare. The major Raman frequencies of the niobium 

oxide compounds with the corresponding structure symmetry 

are classified in Table 1.
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2.5. CONCLUSIONS

The relationships between niobium oxide structures and 

their corresponding Raman spectra were systematically 

studied for various types of niobium oxide compounds. The 

Raman frequencies strongly depend on the bond order of the 

niobium oxide structure. A higher niobium-oxygen bond 

order, corresponding to a shorter bond distance, shifts the 

Raman frequency to higher wavenumbers. Most of the niobium 

oxide compounds possess an octahedrally-coordinated NbO@ 

structure, slightly or highly distorted. Only a few 

niobium oxide compounds (such as YNbO4, YbNbO4, LaNbO4, and 

SmNbO4) can possess a tetrahedrally-coordinated Nb04 

structure which is similar to the scheelite-like structure. 

For the tetrahedral Nb04 structure, the major Raman 

frequency appears in the 790-830 cm-1 region. For the 

slightly distorted octahedral NbO6 structure, the major 

Raman frequencies appear in the 500-700 cm-1 wavenumber 

region. For the highly distorted octahedral NbOg 

structure, the Raman frequency shifts from the 500-700 to 

850-1000 cm-l region. Both slightly distorted and highly 

distorted octahedral NbO6 sites coexist in H-Nb205 and the 

KCa2Nan_3NbnO3n.pl, n=3 to 5, layered compounds. The 

distortions in the niobium oxide compounds are caused by 

the corner or edge-shared NbO6 polyhedra.
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CHAPTER 3

NIOBIUM OXIDE SOLUTION CHEMISTRY
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SUMMARY

The solution chemistry of niobium oxide, in both 

alkaline and acidic oxalate solutions, was investigated by 

Raman spectroscopy in order to determine the molecular 

structures of the various aqueous niobium oxide species. 

The aqueous potassium n iobate species were studied as a 

function of pH from 14.5 to 0.55. Different types of 

niobium oxide ionic species such as H^Nb^Oig(x=0-3) , 

NbjjOgç 12, and bU^Os-n^O exist in aqueous solutions, and the 

solution pH as well as niobium oxide concentration 

determine the different niobium oxide ionic species. The 

aqueous niobium oxide ionic species are unstable at a pH 

below 6.5, and hydrolyze and polymerize to form NbgOg. nHgO 

precipitate. In acidic solutions containing oxalic acid 

two niobium oxalate ionic species are present, 

[NbO(CgO*)g(HgO)g] and [Nb0(C204)3J » and the equilibrium 

between these two niobium oxalate ionic species is 

dependent on the solution pH, oxalic acid concentration, Nb 

concentration, and H+ concentration. The niobium oxalate 

ionic species are stable in the pH range from 0.5 to 3.0, 

and also form the Nb20g. n^O precipitate at a pH above 3.0. 

The present study demonstrated the ability of Raman 

spectroscopy to directly determine the solution chemistry 

and molecular structures of niobium oxide species in 

aqueous solutions.
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3.1. INTRODUCTION

The aqueous solution chemistry of the oxides of 

vanadium, molybdenum, and tungsten has been studied by 

modern x-ray crystallographic and nuclear magnetic 

resonance spectroscopic techniques in order to determine 

the relationships between structure, bonding, and 

reactivity [81,82]. The molecular structures of these 

metal oxides in aqueous solutions depend on the solution pH 

and metal oxide concentration [82,83]. In general, the 

small ionic species VO* 3, MoO* , and WO* % are present in 

aqueous solutions at the most basic environment and dilute 

concentrations. The small metal ionic species start to 

hydrolyze and polymerize to form larger ionic species 

(VioO28 6 » M07O2* 6, and W^O^^ at moderate acidities and 

metal oxide concentrations [83]. The nature of the niobium 

oxide species in aqueous solutions has not received as much 

attention as the corresponding oxides of vanadium, 

molybdenum, and tungsten because of the difficulty in 

preparing pure, stable niobium ionic species in aqueous 

solutions and the inability to obtain good 93Nb NMR data. 

No magnetic resonances have yet been observed for 93Nb in 

the solid state as well as solutions due to the excessive 

linewidths which result from the large quadrupole coupling 

constant [81].
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The Nb5-*" complexes can exist in both alkaline and 

acidic solutions due to the amphoteric character of niobium 

oxide. These complexes also exhibit an unusually pronounced 

tendency to hydrolyze due to their low stability in aqueous 

solutions and high affinity for oxygen ligands. 

Consequently, niobium oxide aqueous solutions tend to 

polymerize into a colloidal state. The alkali-metal 

niobates in aqueous solutions contain the hexaniobate ionic 

species, [HyNb^O^g] (X=O-3) , at a solution pH greater 

than 7. Raman spectroscopy [57,58] and 170 nuclear 

magnetic resonance [84] studies suggest that the 

hexaniobate ionic species consists of three types of Nb-0 

bonds : 6 Nb=0 terminal bonds, 12 Nb-O-Nb bridging bonds, 

and 1 NbgO sixfold bridging bond. The hexaniobate ionic 

species, Nb60ig“8, starts to degrade into tetrameric, 

Nb^Oie 12, and monomeric, NbOg(OH)^8, species in very basic 

solutions (pH ~14) [85,86]. The alkali—metal niobates in 

aqueous solutions form a hydrated NbgOg precipitate at a 

solution pH below 7.9 [87]. Thus, the presence of various 

niobate ionic species in aqueous solutions primarily 

depends on the solution pH and the coordination number of 

the Nb atom appears to be 6 for the soluble niobium oxide 

ionic species. The tetrahedral Nb04'3 species does not 

exist in aqueous solutions due to the high 

electronegativity of niobium and the relatively small size
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of the oxygen ligands [88].

Acidic solutions of niobium oxide are prepared by 

reacting the hydrated niobium oxide with an oxalic acid 

aqueous solution. The presence of oxalic acid stabilizes 

the niobium oxide in aqueous solutions by forming niobium 

oxalate ionic species such as NbO (C2O4) 3"3, 

Nb0(C204)2(H20)2"1, and Nb0(C204) (0H)2(H20)2-1 [87,89] . For 

the niobium oxalate species in aqueous solutions, 

Nb0(C204)3'3 and Nb0(C204)2(H20)2”1, the coordination number 

of the Nb atom appears to be 7 [88] . The hydrolysis and 

polymerization mechanisms of the niobium oxide ionic 

species in aqueous solutions have been proposed in the 

literatures [87,90-92]. However, no studies have been 

performed to determine the chemistry and structure of the 

niobium oxalate ionic species in acidic aqueous solutions.

Raman spectroscopy is a very powerful technique for 

determining the molecular structures of metal oxides not 

only in the solid state, but also in aqueous solutions 

because of the weak Raman scattering of water. It can 

discriminate between different types of metal-oxygen bonds 

such as Nb=0 (850-1000 cm-1) , Nb-0 (500-700 cm-1) , and Nb-0- 

Nb (200-300 cm-1) . In the present study, aqueous potassium 

niobate solutions were investigated by Raman spectroscopy 

to determine the molecular structures of the niobium oxide
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ionic species in alkaline solutions, particularly in the pH 

range from 0.55 to 6.50 where very little data is 

available. The chemistry and structure of niobium oxalate 

in acidic solutions were also studied by Raman spectroscopy 

as a function of the solution pH, the oxalic acid 

concentration, the niobium concentration, and the H~^ 

concentration. The aqueous solution chemistry of niobium 

oxide needs to be better understood in order to determine 

the molecular structures of the surface niobium oxide 

phases on oxide supports under ambient conditions where the 

surfaces are hydrated.

3.2. Experimental

3.2.1. Materials and Preparations

Potassium n iobate, K8Nb6019. XH20, was obtained from

Pfaltz & Bauer, Inc. (Waterbury, CT) . Niobium oxalate, 

Nb(HC204)5, was provided by Niobium Products Company 

(Pittsburgh, PA) with the chemical analysis of 20.5% Nb20g, 

790 ppm Fe, 680 ppm Si , and 0.1% insoluble solid. Oxalic 

acid, potassium chloride, potassium hydroxide, nitric acid, 

and hydrochloric acid were obtained from Fisher Scientific 

Company (Fair Lawn, NJ) with a minimum purity of 99.9%. 

Ammonium hydroxide, NH40H, was purchases from J. T. Baker
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Chemical Company (Phil1isburg, NJ).

The alkaline solutions were prepared as follows: 0.5 

gram of potassium niobate was dissolved in a 10M KOH 

aqueous solution and the pH of solution was varied from 

14.5 to 0.5 by adding hydrochloric acid. The pH of the 

resulting solution was measured with a Beckman $ 34 pH 

meter (Model 123141) and a Beckman combination electrode 

(Model 39838). The pH of the initial aqueous potassium 

niobate solution was found to be 14.5. The acidic 

solutions were prepared as follows: three grams of niobium 

oxalate was dissolved into a 1.2M oxalic acid aqueous 

solution, and the pH of the solution was varied from 0.50 

to 5.00 by the addition of ammonium hydroxide into the 

solution.

3.2.2. Raman Spectroscopy

Raman spectroscopy measurements were obtained with a 

Spex triplemate spectrometer (model 1877) couple to an EG&G 

intensified photodiode array detector, cooled 

thermoelectrically to -35°C, and interfaced with an EG&G 

DMA III Optical Multichannel Analyzer (model 1463). The 

liquid sample was placed into a 0.8-1.10x90 mm capillary 

tube (Kimax-51) , and excited by the 514.5 nm line of the 

Ar"*" laser with 100 mw of power. The laser beam was focused 
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on the sample illuminator, where the capillary tube was 

held by a V-shape cell mount in the liquid sample holder. 

The indirect scattered laser beam and the Raman scattering 

were reflected into the spectrometer by a 90° angle with 

the incident light. The scattered Raman light was

collected by the spectrometer at room temperature, and 

analyzed with an DMA III software package. The overall 

spectral resolution of the spectra was determined to be 

better than 2 cm-1.

3.3. RESULTS

3.3.1. Niobium Oxide in Alkaline Solutions

The Raman spectra of aqueous potassium niobate 

solutions in the pH range of 14.5 to 0.55 are shown in Fig. 

3.1. At high pH (~14.5), the potassium n iobate solution 

possesses Raman bands at ~1060, ~865, ~815, ~520, ~290, 

and ~230 cm-1. Upon decreasing the pH to 11.50, by the 

addition of hydrochloric acid into the solution, the major 

Raman band at ~865 cm-1 shifts to ~880 cm-1, the Raman band 

at ~290 cm-1 decreases in intensity, and an additional 

Raman band appears at ~380 cm-1. Further decreasing the 

solution pH to 6.5 causes the Raman band at ~880 cm*l to 

shift to ~901 cm-1, the Raman bands at ~520 and ~290 cm-1
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to completely disappear, and an additional Raman band at 

~480 cm-1 to appear. At low pH (<3.65) , the Raman band at 

~630 cm-1 becomes dominant and the Raman band at ~901 cm-1 

becomes broad and weak. The aqueous potassium niobate 

solution prepared at a pH of 0.55 was further evacuated at 

120°C to remove the excess water, and the resulting 

precipitate possesses Raman bands at ~900, ~650, and ~250 

cm-1 which are similar to Nb205.nH20 [93] .

3.3.2. Niobium Oxide in Acidic Oxalate Solutions 

Niobium oxalate solubi1itv

Niobium oxalate has a low solubility in aqueous 

solutions, but its solubility can be dramatically increased 

by the addition of oxalic acid. The solubility curve of 

niobium oxalate in aqueous solutions is shown in Fig. 3.2 

as a function of the oxalic acid concentration. At high 

oxalic acid concentrations, however, the niobium oxalate 

and oxalic acid precipitate from solution.

Solution pH

A series of Raman spectra of niobium oxalate in 

aqueous oxalic acid solutions are shown in Fig. 3.3. The 

solution pH was varied from 0.50 to 5.00 by the addition of 

ammonium hydroxide to the aqueous solutions. At low pH
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(0.50), the niobium oxalate aqueous solution possesses 

Raman bands at ~940 and ~920 cm-1 in the high wavenumber 

region (900-1000 cm-1) which are characteristic of Nb=0 

terminal stretching modes [89]. After the addition of 

ammonium hydroxide to increase the solution pH to 3.00, the 

Raman bands at ~940 and ~920 cm-1 shift to ~932 and ~914 

cm l, respectively, and their relative intensity changes. 

In the intermediate wavenumber region (500-800 cm-1) , Raman 

bands are present at ~570, ~545, and ~522 cm-1. in the low 

wavenumber region (200-400 cm-1) s the relative intensity of 

the ~305 and ~275 cm-1 Raman bands also changes with 

increasing solution pH. The Raman bands at ~845 and ~460 

cm-1 are due to the vibrational modes of the free

ionic species in aqueous solutions (see Fig. 3.4). At high 

pH (>5.00), two additional Raman bands appear at ~675 and 

~230 cm-1 which are characteristic of hydrated niobium 

oxide [93] .

Oxalic acid concentrations

The Raman spectra of niobium oxalate in aqueous 

solutions possessing different oxalic acid concentrations 

are shown in Fig. 3.5. The Raman bands at ~940 and ~920 

cm-1 are characteristic of Nb=0 terminal stretching modes, 

and their relative intensity changes with increasing C204"2 
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concentration. The intensity of the CjO^2 Raman bands at 

~845 and ~460 cm-1 increases with increasing C2O4"2 

concentration as expected (see Fig. 3.4) . In the 

intermediate region (500-800 cm-1), weak Raman bands appear 

at ~795, ~569, ~545, and ~517 cm-1, and the intensity of 

~517 cm-1 Raman band increases with increasing C2O4"2 

concentration. In the low wavenumber region (200-400 

cm-1) , Raman bands are present at ~365, ~325, ~305, and 

~275 cm-1, and their relative intensity also changes with 

increasing C2O4"2 concentration .

Nb concentrations

The Raman spectra of niobium oxalate aqueous solutions 

with different Nb concentrations are shown in Fig. 3.6. At 

low Nb concentration (0.08M), Raman bands appear at ~932 

and ~918 cm-1 which are characteristic of Nb=0 terminal 

stretching modes and the Raman bands at ~845 and ~460 cm-1 

are due to the free C2O4'2 ionic species. Upon increasing 

the Nb concentration in the aqueous solution, the Raman 

band at ~932 cm-1 shifts to ~943 cm-1, and the relative 

intensity of two Nb=0 terminal bands at ~940 and ~918 cm-1 

changes. In the intermediate region (500-800 cm-1), Raman 

bands appear at ~795, ~569, ~545, and ~517 cm-1. In the 

low wave number region (200-400 cm-1) , Raman bands are
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present at ~365, ~325, ~305, and ~275 cm-1, and their 

relative intensity also changes. At high Nb concentration

(>0.7M) an additional broad and weak Raman band appears at

~870 cm-1.

H+ concentrations

The Raman spectra of niobium oxalate in aqueous 

solutions with different concentrations are shown in 

Fig. 3.7. The H* concentrations were determined by the 

addition of nitric acid into the aqueous solution. The 

Raman bands at ~1045 and ~715 cm-1 are due to the free NOg"* 

ionic species [94] , and the Raman bands at ~847 and ~460 

cm-1 are due to the free C204*2 ionic species. The relative 

intensity of the two Nb=0 terminal bands at ~941 and ~919 

cm-1 changes with increasing H+ concentration. In the 

intermediate region (500-800 cm-1) , Raman bands appear at 

~795, ~569, ~545, and ~517 cm-1, and the intensity of the 

~517 cm-1 Raman band decreases with increasing 

concentration. In the low wavenumber region (200-400 

cm-1), Raman bands are present at ~365, ~325, ~305, and 

~275 cm-1, and their relative intensity also changes with 

increasing h+ concentration.
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3.4. DISCUSSIONS

Raman studies of the aqueous potassium niobate 

solution at a pH of 14.5 (see Fig. 3.1) and the 

corresponding KgNb6019 crystalline solid [57] suggest that 

the Nb6019"8 ionic species in the liquid state and the solid 

state possess a similar structure. The presence of NbgO19‘8 

ionic species in the aqueous potassium niobate solution was 

also concluded from light-scattering [95] , 

ultracentrifugation [96,97], and potentiometric 

measurements [98]. In the high wavenumber region (800-1200 

cm-1) , a strong and sharp Raman band at ~865 cm-1 for the 

aqueous Nb6019-8 ionic species indicates that unequal Nb=0 

bond lengths do not exist in the aqueous Nbg0i9"8 structure. 

The Raman band appearing at ~1060 cm*1 is due to the 

vibrational mode of KOH [94] . In the intermediate 

wavenumber region (400-800 cm-1) , the Raman band appearing 

at ~810 cm-1 is characteristic of the Nb=0 antisymmetric 

stretching mode and the Raman bands at ~735 and ~520 cm-1 

are characteristic of the Nb-O-Nb antisymmetric and 

symmetric stretching modes, respectively. In the low 

wavenumber region (200-400 cm-1) , Raman bands appearing at 

~290 and ~240 cm-1 are due to the Nb-- 0 (central oxygen) 

stretching mode and the Nb-O-Nb bending mode, respectively. 

The existence of the Raman band at ~290 cm-1 indicates that 
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the Nb6019~8 structure is still retained at a solution pH of 

14.5.

Upon decreasing the solution pH to 11.5, the 

equilibria between Nb6O19"8, hexaniobate ionic species, and 

HxNbgOig"^8"^ (x=l-3) , protonated hexaniobate ionic species, 

exist in aqueous solutions [99] . The Raman band at ~865 

cm'1 shifts to ~880 cm*1 due to an increase of the Nb=O bond 

order resulting from protonation of the Nb6019'8 species 

with decreasing solution pH. This is consistent with 

Griffith et al.’s results that the V=O Raman band of the 

aqueous VioC^g 8 species increases by about 15 cm*1 due to 

the increased distortion of the VloO28-6 structure with 

decreasing solution pH [100].

Further decreasing the solution pH to 6.5 causes the 

major Raman band to shift to ~901 cm*1 due to the formation 

of a polymeric Nb^Osg species in the aqueous solution 

[99] . The Raman band at ~290 cm*1 disappears for the 

aqueous potassium niobate solution at a pH of 6.5 

indicating that the aqueous HxNb6019'(8'x> (x=O-3) species are 

not present at a solution pH of 6.5 and below. An 

additional Raman band appears at ~480 cm*1 which is 

assigned to the symmetric stretching of Nb-O-Nb bridging 

bonds in the polymeric Nb12036'12 species. The Raman band at 

~630 cm*1 becomes dominant at a solution pH of 3.65 and 
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below due to the formation of a hydrated Nb205 precipitate 

which is similar to Nb205.nH20 [93] . The Raman band at 

~901 cm-1 also becomes broad and weak upon further 

decreasing the solution pH below 6.5 and indicates that 

hydrolysis and polymerization of the Nb=O bonds extensively 

occurs below a pH of 6.5. After evacuating the aqueous 

potassium niobate solution (pH 0.55) at 120°C, the hydrated 

Nb205 precipitate possesses broad Raman bands at ~900 (vw) , 

~650 (s) , and ~250 cm-1 (m) characteristic of Nb205.nH20.

Thus, the aqueous potassium niobate species are 

stabilized in the pH range from 6.5 to 14.5, and start to 

form a hydrated Nb2O5 precipitate at the pH ~6.5 and below. 

The relationships between the aqueous potassium niobate 

species and the corresponding Raman bands over the entire 

pH range are shown in Table 3.1. At high pH (>6.5), the 

aqueous potassium niobate species possess their major Raman 

band in the 850-1000 cm-1 region due to the presence of 

Nb=0 bonds. At low pH (<6.5), the major Raman band shifts 

from 850-1000 cm*1 to ~630 cm-1 indicating that Nb-0 bonds 

form in the structures due to hydrolysis and polymerization 

of the aqueous potassium niobate species. The solution 

chemistry of potassium n iobate above a pH of 6.5 is in 

agreement with prior Raman studies which the presence of 

different niobate ionic species in aqueous solutions 
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depends on the solution pH and the Nb02(0H)4'3 monomer only 

exists in very basic and dilute solutions [100].

Niobium oxide complexes can also dissolve in oxalic 

acid aqueous solutions and form stable niobium oxide ionic 

species containing 1, 2 or 3 oxalate groups [88,101,102]. 

The equilibria between these niobium oxide ionic species 

depend on the solution pH, the oxalic acid concentration, 

and the Nb concentration. The presence of oxalic acid in 

the aqueous solutions has a pronounced effect on the 

niobium oxalate solubility (see Fig. 3.2) because the 

oxalic acid concentration controls the formation of the 

stable aqueous niobium oxide ionic species. For oxalic 

acid concentrations smaller than 0.4M, the free oxalate 

ionic species break the Nb-O-Nb linkages and chelates to 

the Nb atom to form isolated niobium oxide ionic species 

with a 3:1 and 2:1 coordinated-oxalate/Nb ratio in the 

aqueous solutions. The chelating effect is more strong for 

the 3/1 complex than for the 2/1 complex due to the high 

electronegativity of the C2O4"2 ligands [103-105] , and 

results in the increase of the niobium oxalate solubility 

in aqueous solutions. For oxalic acid concentrations 

between 0.4M and 1.4M, the niobium oxalate solubility curve 

starts to level off and reaches its saturation point. For 

oxalic acid concentrations greater than 1.4M, the niobium
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oxalate solubility decreases to its initial low value 

because the total concentration of the CjO^2 species (free 

and chelated) reaches its solubility limit.

The crystal structure of niobium oxalate complexes was 

determined from X-ray diffraction data to consist of either 

[NbO(OH) (CgCWgHgO] or [Nb0(C20*)g] units and water 

molecules connected by hydrogen bonds [70-73]. The 

[NbO(OH) (C204)gH20] unit has a pentagonal bi pyramidal 

structure with a short Nb=O terminal double bond and a long 

Nb-0H2 bond nearly perpendicular to the pentagonal 

equatorial plane which consists of two bidentate oxalate 

ligands and a hydroxyl group. The [Nb0(C204)3] unit also 

has a pentagonal bipyramidal structure with a short Nb=0 

terminal double bond and three bidentate oxalate ligands 

coordinated to the pentagonal equatorial plane.

The Na[NbO(C204)2H2O] . 4H2O, the 2/1 complex, and 

Nas [Nb0(C204)3] .4H2O, the 3/1 complex, crystal structures 

were investigated by Muller et al. using Raman and IR 

spectroscopy [84] . The 2/1 and 3/1 complexes exhibit 

strong and sharp Raman bands at ~960 and ~940 cm-1,

respectively, as well as a weak Raman band at ~930 cm-1, 

which are characteristic of Nb=O bonds. For the 2/1 

complex, the Raman bands at ~570 and ~545 cm-1 arise from 

the two bidentate oxalate ligands coordinated to the Nb 
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atom and are characteristic of the stretching modes of the 

Nb-02-C2 bridging bonds. For the 3/1 complex, the Raman 

bands at ~575 and ~525 cur1 arise from the three bidentate 

oxalate ligands coordinated to the Nb atom and are 

characteristic of the stretching modes of the Nb-02-C2 

bridging bonds. The 2/1 complex also possesses a Raman 

band at ~290 cm-1 which is characteristic of the Nb-OH2 

stretching mode and, as expected, this Raman band is not 

observed for the 3/1 complex.

The Raman spectrum of the solid niobium oxalate 

complex, Nb(HC2O^)g [93] , employed in this study possesses 

Raman bands at ~960, ~930, ~575, ~550, and ~285 cm-1. 

This suggests that the structure of the niobium oxalate 

complex possesses the same [NbO(C204)2H20] unit as that of 

the Na[Nb0(C204)2H20] .4H20 complex because of their similar 

Raman spectra. Upon dissolving the niobium oxalate complex 

in aqueous solution, two Nb=0 terminal bonds appear in the 

aqueous Raman spectra (see Fig. 3.3) indicating that two 

niobium oxalate ionic species, [NbO(C204)2H20] (Nb=O band at 

~940 cm-1) and [Nb0(C204)3] (Nb=O band at ~920 cm-1) ,

coexist in the solution. The two aqueous niobium oxalate 

ionic species exhibit their Nb=O Raman bands about 20 cml 

lower than found in the solid state because hydrogen 

bonding in the aqueous environment decreases the Nb=0 bond
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order.

The Raman spectra also reveal that the relative 

intensity of two Nb=O bands, ~940 and ~920 cm-1, changes 

with increasing pH (see Fig. 3.3) due to the shift of 

equilibrium point between these two aqueous niobium oxalate 

ionic species upon the addition of ammonium hydroxide into 

the solution. The hydrolysis of [Nb0(C204)3] ionic species 

occurs as one of the oxalate groups is replaced by OH 

groups, and forms the [NbO(C204)2(0H)2J ionic specie. The 

change of relative intensity of two Raman bands, ~275 and 

~305 cm*1, which are assigned to the bending modes of the 

two Nb=O terminal bonds, ~940 and ~920 cm*1, respectively, 

also suggests that the [Nb0(C204)3] ionic species tend to 

hydrolyze at higher solution pH. Similarly, the 

[NbO (C204 ) 2H20] ionic species tend to hydrolyze at higher 

solution pH.

Upon increasing the solution pH to 3.00 by further 

addition of ammonium hydroxide, a very weak Raman band 

appearing at ~900 cm*1 increases its intensity and suggests 

the formation of an additional niobium ionic species in the 

aqueous solution. This is consistent with Muller et al.’s 

IR studies that a dimeric [Nb204(OH)2(C204)2] ionic species 

is present and possesses IR bands at ~890 and ~630 cm*1 due 

to Nb=0 and Nb-O-Nb bonds, respectively [89] . The 
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equilibria between these niobium oxalate ionic species are 

reached because of the absence of changes in the relative 

Raman intensity in the 900-1000 cm-1 region. The increase 

of Raman intensity at ~520 cm-1 with increasing pH is due 

to the formation of Nb—0—Nb bonds in the aqueous niobium 

oxalate species. This is also consistent with the 

conclusion that the dimeric [Nb204(0H)2(C204)2] ionic 

species is present in the aqueous solution. At a pH 

greater than 3.00, the addition of ammonium hydroxide 

causes the dimeric [Nb2O* (OH) 2 (C204) 2] ionic species to 

hydrolyze and coagulate to a hydrated Nb20$ precipitate 

possessing Raman bands at ~675 and ~230 cm-1 which is 

similar to TT-Nb205 [93] .

The aqueous solution chemistry of niobium oxalate is 

proposed as fellows:

Equilibrium

O -a

+ h 2o

oh 2

c2o/ (1)
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Hydrolysis

O ~ 3 -1 O

MW =

HO OH

Hydrolysis

oh 2 oh 2

Polymerization
, 0^0-2

II /Ov II 2OH

1 0 1 7 

oh 2 oh 2

-1 

♦ c2o;2 (2)

0^0-2 
Il Il

(3]
| ^*0^ | 

oh 2 oh 2

Nb,<\„ (4)
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Eqn. 1 is the equilibrium between the [NbO(C204)2H20] and 

[Nb0(C204)3] ionic species, Eqn. 2-3 are the hydrolysis of 

these two ionic species to form the dimeric 

[Nb204(0H)2(C204)2] ionic species upon the addition of 

ammonium hydroxide, and Eqn. 4 is the polymerization of the 

dimeric [Nb2O4(OH) 2(C204)2] ionic species to form a hydrated 

Nb2Og precipitate upon the further addition of ammonium 

hydroxide.

The equilibrium between the [NbO (C204)2H20] and 

[NbO (C204) 3] ionic species (see Eqn. 1) is determined by 

the C204"2 concentration in the aqueous niobium oxalate 

solutions. At low C204'2 concentrations (<0.1M), the 

equilibrium is driven to the right hand side of the Eqn. 1, 

and the [NbO (C204)2H20] ionic species, Raman band at ~940 

cm-1 (see Fig. 3.5), is the dominant species in the aqueous 

niobium oxalate solutions. Upon increasing the C204~2 

concentration, the equilibrium is driven in the other 

direction, and an increase in the [Nb0(C204)3] ionic 

species, Raman band at ~920 cm-1, occurs in the aqueous 

niobium oxalate solutions. The relative intensity of the 

two niobium oxalate ionic species, [NbO (C204) 2H20] and 

[Nb0(C204)3] also changes with the Nb concentration (see 

Fig. 3.6). At low Nb concentration (<0.08M), the two 

niobium oxalate ionic species possess about the same Raman
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intensity in the aqueous niobium oxalate solutions. Upon 

increasing the Nb concentration, however, the intensity of 

the [NbO(CgO^gHgO] ionic species starts to increase. The 

Nb concentration and the C2O4*2 concentration have an 

opposite effect on the equilibrium of the aqueous niobium 

oxalate ionic species.

The relative intensity of the two niobium oxalate 

ionic species, [Nb0(C204)2H20] and [Nb0(C204)3] , also

changes with the concentration in the aqueous solution 

(see Fig. 3.7). The [Nb0(C204)3] ionic species in aqueous 

niobium oxalate solutions reacts with the hydrogen proton 

to form the [NbO (C204) 2H20] ionic species as shown below 

[87] :

Protonation

30 
II 

Nb

0 
II 

Nb

0H2

HC2O/ (5)
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At high H+ concentration, the [NbO(C204)2H20] ionic species 

becomes slightly more dominant in the aqueous niobium 

oxalate solutions.

The present study demonstrates the ability of Raman 

spectroscopy to directly monitor the niobium oxide species 

present in the aqueous solutions. Consequently, Raman 

spectroscopy allows the determination of the various 

niobium oxide molecular structures present in solution as 

well as the aqueous solution chemistry. This aspect of 

Raman spectroscopy was used to study the niobium oxide 

solution chemistry in both alkaline and acid aqueous 

solutions. In acidic oxalate solutions, the niobium 

oxalate solution chemistry was shown to depend on the 

solution pH, oxalic acid concentration, Nb concentration, 

and H^ concentration.

3.5. CONCLUSIONS

Niobium oxide complexes can exist both in alkaline 

solutions and in acidic oxalate solutions. In alkaline 

solutions, niobium oxide contains different types of 

niobium oxide ionic species such as H^Nb^O^^^ (x=O-3) , 

and Nb12036 12 polymer. The presence of the different 

niobium oxide ionic species is dependent on the solution 
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pH. At high pH (~14.5), the hexan i obate ionic species, 

NbeOig'8, exists in aqueous solutions. In the pH range 

between 11.5 and 14.5, the equilibria between the NbgOig 

and H^Nb^O^g (x=l,2,3) hexaniobate ionic species exist 

in aqueous solutions. At low pH (<6.5), the hexaniobate 

ionic species starts to polymerize to form 

species, and further forms a hydrated Nb2O5 precipitate. 

In acidic oxalate solutions, niobium oxide contains two 

niobium oxalate ionic species, [NbO (C204)2H20] and

[NbO(C204)3] , and the equilibria between these two niobium 

oxalate ionic species are dependent on the solution pH, 

oxalic acid concentration, Nb concentration, and H+ 

concentration. The niobium oxalate ionic species is stable 

in the pH range from 0.5 to 3.0, and forms hydrated Nb20g 

precipitate at a pH greater than 3.0. The present study 

demonstrates the ability of Raman spectroscopy to directly 

determine the solution chemistry and molecular structures 

of niobium oxide species in aqueous solutions.
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CHAPTER 4

MOLECULAR STRUCTURES OF SUPPORTED NIOBIUM 

OXIDE CATALYSTS UNDER AMBIENT CONDITIONS

in



SUMMARY

The supported niobium oxide catalysts were 

investigated by Raman spectroscopy and X-ray photoelectron 

spectroscopy in order to determine the molecular structure 

and monolayer coverage of the surface niobium oxide phase 

on oxide supports (MgO, Al203, TiO2, ZrO2, and Si02) . The 

molecular structures of the surface niobium oxide phases 

present in the supported niobium oxide catalysts under 

ambient conditions, where adsorbed moisture is present, are 

controlled by the surface pH of the system. Basic surfaces 

result in the formation of highly distorted NbOg groups and 

acidic surfaces result in the formation of slightly 

distorted NbOg, NbO?, and NbOg groups. The surface niobium 

oxide overlayer is stable to high calcination temperatures 

due to the strong surface niobium oxide-support 

interaction. The monolayer coverage of supported niobium 

oxide catalysts is reached at ~19 wt% Nb205/Al203, ~7 wt% 

Nb205/Ti02, ~5 wt% Nb205/Zr02, and ~2 wt% Nb2O5/SiO2, but 

not for the Nb2O3/MgO system due to the incorporation of 
Nb+5 into the MgO support.
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4.1. INTRODUCTION

Supported niobium oxide catalysts possess a surface 

niobium oxide overlayer on a high surface area oxide 

support. The surface niobium oxide phase is formed by the 

reaction of a suitable niobium precursor (i.e., oxalate 

[63] , alkoxide [11], or chloride [106]) with the surface 

hydroxyls of the oxide support [107]. The physical and 

chemical properties of the surface niobium oxide can be 

quite different than those found in bulk Nb^O^ phases, and 

can also dramatically influence the properties of the oxide 

supports [1] . For example, the surface niobium oxide 

phases impart thermal stability to oxide supports (i.e., 

AI2O3 and Ti02) at elevated temperatures [12,19] , form 

strong acid centers on oxide supports [5,19-21], and are 

active for numerous catalytic reactions in the 

petrochemical (i.e., olefin metathesis, dimerization, 

trimerization, isomerization, as well as hydration and 

dehydration), petroleum (i.e., cracking, isomerization, and 

alkylation), and pollution control (N0x reduction from 

stationary emissions) industries [1].

The molecular structures of the surface niobium oxide 

phases, however, have not received much attention and only 

preliminary Raman [12,63] and EXAFS [20,108] 

characterization studies have been reported. The multiple 

surface niobium oxide phases that simultaneously coexist in 
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the supported niobium oxide catalysts have generated 

confusion in the understanding of supported niobium oxide 

materials. This confusion results from the lack of the 

systematic studies on niobium oxide reference compounds and 

supported niobium oxide materials.

The niobium oxide structure-Raman spectra 

relationships and the niobium oxide solution chemistry have 

been previously reported [109]. In the present study, the 

molecular structures of the surface niobium oxide phases on 

AI2O3, TiOg, Zr02, MgO, and Si02 supports will be 

investigated under ambient conditions with Raman 

spectroscopy as a function of Nb205 loading and 

calcination temperature. The supported metal oxide 

catalysts contain adsorbed moisture under ambient 

conditions which influence the molecular structures of the 

surface metal oxide phases [78,93]. The molecular 

structures of the surface metal oxide phases under ambient 

conditions are directly related to the various aqueous 

metal oxide species [110] . Thus, the molecular structures 

of the surface niobium oxide phases under ambient 

conditions will be determined by the comparison of Raman 

spectra between the surface niobium oxide phases and the 

various niobium oxide species present in aqueous solutions 

at different solution pH.

The supported niobium oxide catalysts will be further
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investigated by the BET surface area measurement and X-ray 

photoelectron spectroscopy (XPS) in order to determine the 

monolayer content of these catalysts. The formation of the 

surface niobium oxide overlayer can stabilize the high 

surface areas of the oxide supports at elevated calcination 

temperatures. XPS is a surface sensitive technique, and 

provide the information on composition, oxidation state, 

and dispersion of the surface niobium oxide phases 

[111 » 112] . Raman studies also indicate that a monolayer of 

surface niobium oxide phases is reached due to the 

detection of crystalline Nb^O^.

4.2. EXPERIMENTAL

4.2.1. Materials and Preparations

Niobium oxalate was supplied by Niobium Products 

Company (Pittsburgh, PA) with the following chemical 

analysis: 20.5% Nb205, 790 ppm Fe, 680 ppm Si, and 0.1% 

insolubles. Niobium ethoxide (99.999% purity) was 

purchased from Johnson Matthey (Ward Hill, MA). The oxide 

supports employed in the present investigation are: MgO 

(Fluka, ~80 m2/g after calcination at 700°C for 2 hrs), 

AI2O3 (Harshaw, ~180 m2/g after calcination at 500°C for 16 

hrs) , TiÛ2 (Degussa, ~50 m2/g after calcination at 450°C 

for 2 hrs) , Zr02 (Degussa, ~39 m2/g after calcination at
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450 C for 2 hrs) , and SiOg (Cab—0—Sil, ^275 m2/g after 

calcination at 500°C for 16 hrs).

The TiOg» ZrOg, AI2O3, and SiOg supported niobium oxide 

catalysts were prepared by the incipient-wetness 

impregnation method using niobium oxalate/oxalic acid 

aqueous solutions (aqueous preparation) [63]. The water 

sensitive MgO support required the use of nonaqueous 

niobium ethoxide/propanol solutions under a nitrogen 

environment for the preparation of the Nb205/Mg0 catalysts. 

The supported niobium oxide on Al203 catalysts were also 

prepared by the nonaqueous niobium ethox i de/propano1 

solution in order to compare the aqueous and nonaqueous 

preparation methods.

For the aqueous preparation method the samples were 

initially dried at room temperature for 16 hrs, further 

dried at 110-120°C for 16 hrs, and calcined at 450°C 

(Nbg05/Ti0g and NbgOs/ZrOg, 2 hrs) or at 500°C (Nbg05/Alg03 

and NbgOg/SiOg, 16 hrs) under flowing dry air. For the 

nonaqueous preparation method, the samples were initially 

dried at room temperature for 16 hrs, further dried at 110­

120°C for 16 hrs under flowing Ng, and calcined at 500°C 

for 1 hr under flowing Ng then for 15 hrs (Nbg05/Al203) or 

for 1 hr (NbgOs/MgO) under flowing dry air.
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4.2.2. BET Surface Area. Measurement;

The BET surface areas of the supported niobium oxide 

catalysts were obtained with a Quantsorb surface area 

analyzer (Quantachrome corporation, Model OS-9) using a 3:7 

ratio of N2/He mixture as a probe gas. Typically, 0.200­

0.300 gram of sample was used for the measurement and the 

sample was outgassed at 250°C prior to N2 adsorption.

4.2.3. Raman Spectroscopy

Raman spectra were obtained with a Spex triplemate 

spectrometer (Model 1877) couple to an EG&G intensified 

photodiode array detector, cooled thermoelectrically to 

-35°C, and interfaced with an EG&G 0MA III Optical 

Multichannel Analyzer (Model 1463). The samples were 

excited by the 514.5 nm line of the Ar+ laser with 10-100 

mw of power. The laser beam was focused on the sample 

illuminator, where the sample typically spins at about 2000 

rpm to avoid local heating, and was reflected into the 

spectrometer by a 90° angle with the incident light. The 

scattered Raman light was collected by the spectrometer at 

room temperature, and analyzed with an DMA III software 

package. The overall spectral resolution of the spectra 

was determined to be about 2 cm*1. Additional details 

about the Raman spectrometer can be found elsewhere [65].
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4.2.4. X-Ray Photoelectron Spectroscopy (XPS)

XPS experiments on the AI2O3 supported niobium oxide 

catalysts were performed on a Physical Electronic 

Instruments ESCA/AUGER system. The samples were placed on 

the sample holder at a 45° angle to the entrance of 

analyzer and the system was evacuated to 10"® - 10"10 Torr. 

The XPS spectra were calibrated against the Au 4f?/2 

photoelectron line using the Mg Ka exciting radiation from 

a dual anode operating at 10 kV, 40 mA.

XPS experiments on the MgO, Ti02, Zr02, and Si02 

supported niobium oxide catalysts were performed on a VG 

ESCALAB I instrument with Al Ka exciting radiation from a 

dual anode operating at 14 kV, 40 mA. The samples were 

placed on the sample holder at a 90° angle to the entrance 

of analyzer and the system was evacuated to 10® - 10"10 

Torr. The XPS spectra were calibrated against the Cjs 

photoelectron line. Peak areas were determined from the 

background-subtracted spectra and corrected using 

instrument-dependent sensitivity factors.

4.3. RESULTS

4.3.1. BET Surface Area Measurements

The BET surface areas of the supported niobium oxide 

catalysts are shown in Figure 4.1 as a function of Nb20g 
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loading. The results reveal that the high surface areas of 

the oxide supports (such as, MgO, Al203, Ti02, Zr02, and 

Si02) are maintained after the addition of niobium oxide. 

For the Nb20g/Al203 system, the aqueous 1 y prepared samples 

possess a slightly lower surface area at high niobium oxide 

loadings than the nonaqueously prepared samples.

The presence of the surface niobium oxide overlayer 

retards the loss in surface areas of the Al203, Ti02, Zr02, 

and Si02 supports at elevated calcination temperatures, but 

not for the MgO support, as shown in Table 4.1. The 

addition of niobium oxide on the MgO support results in the 

dramatic decrease of surface area at high calcination 

temperatures.

4.3.2. X-Ray Photoelectron Spectroscopy

The (Nb/M)surface, where M is Mg, Al, Ti , Zr, or Si , 

ratios of the supported niobium oxide catalysts were 

obtained by integrating the areas of the most intense 

photoelectron lines of Nb 3d3/2 3/2 and M (Mg 2s, A1 2p, Ti 

2p3/2’ Zr 3d' and Si 2p) , and the (Nb/M)surface vs. (Nb/M)bu|k 

curves are shown in Figure 4.2. For the Nb205/Mg0 system, 

the (Nb/Mg) surface ratio linearly increases over the entire 

range of Nb205 loading. For the Nb205/Al203 system, the 

(Nb/Al)surface ratio linearly increases with increasing Nb2O3 

loading to ~19 wt%, and deviates from the linear curve at
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high loadings due to the formation of bulk Nb205 particles. 

Similarly, the Nb2O$/Ti02, Nb2Og/ZrO2, and Nb2Og/Si02 systems 

deviate from linearity at ~7 wt%, ~5 wt%, and ~2 wt% 

Nb2Os, respectively.

4.3.3. Raman Spectroscopy

4.3.3- 1. Nb205/MgQ

The Raman spectra of magnesium oxide supported niobium 

oxide are shown in Figure 4.3 as a function of Nb205 

loading. The Raman bands at ~875, ~450, ~380, and ~230 

cm-1 are associated with the surface niobium oxide phases 

since MgO is not Raman active and increase with Nb20g 

loading. The Raman bands at ~1085 and ~280 cml are due to 

CaCOg and decrease with Nb205 loading. The Raman spectra 

of 5 wt% Nb2Og/MgO calcined at different temperatures are 

shown in Figure 4.4. The surface niobium oxide phase Raman 

bands (~875, ~450, ~380, and ~230 cm-1) remain at the same 

positions after treatments at 500 and 700°C, while the 

CaCOs Raman bands (~1085 and ~280 cm'l) disappear after the 

700°C calcination. For the 950°C calcined sample, multiple 

strong and sharp Raman bands appear in the 1000-200 cm*1 

region (suggest the formation of Mg-Nb-0 solid solution).
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The Raman spectra of the aqueously prepared alumina 

supported niobium oxide are shown in Figure 4.5. For 

Nb2O5 loadings less than 5 wt%, broad and weak Raman bands 

due to the surface niobium oxide phase (since the Al203 

support is not Raman active) appear at ~900 and ~230 cm-1, 

and between 5 and 8 wt% Nb205/Al203 the Raman band at ~900 

cm-1 shifts to ~930 cm-1. For Nb20g loadings greater than 8 

wt%, the Raman band at ~930 cm-1 shifts to ~890 cm-1, an 

additional Raman band from the surface niobium oxide phase 

appears at ~645 cm-1 and increases its intensity with Nb205 

loading. The intensity of the Raman band at ~230 cm-1 also 

increases with Nb20g loading. The Raman spectra of the 

nonaqueously prepared alumina supported niobium oxide 

catalysts are shown in Fig. 4.6, and reveal that the 

nonaqueously prepared catalysts possess the same Raman 

features as the aqueously prepared samples.

The influence of the calcination temperature upon the 

5% Nb205/Al203 sample is shown in Figure 4.7. The surface 

niobium oxide phase Raman bands at ~900 and ~230 cm-1 are 

stable to elevated calcination temperature. However, the 

Raman band at ~900 cm-1 shifts to ~930 cm-1 in the 950°C 

calcined sample and the additional Raman bands appear at 

~850, ~750, ~645, and ~250 cm-1 due to the formation of 

M-Al203 [113] .
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4.3.3- 3. Nb2Ck/TiO2

The Raman data for titania supported niobium oxide 

catalysts was only collected in the 700-1200 cm-1 region 

because of the strong scattering from the Ti02 support 

below 700 cm-1. The Raman spectra of titania supported 

niobium oxide are shown in Figure 4.8 as a function of 

Nb20s loading. The weak titania (anatase or rutile) Raman 

features in the 700-1200 cm-1 region were subtracted from 

the spectrum in order to more clearly observe the Raman 

features of the surface niobium oxide phase. A weak and 

broad Raman band appears at ~895 cm-1 from the surface 

niobium oxide phase which shifts from ~895 to ~930 cm-1 

upon increasing the Nb205 loading to 5 wt%. For Nb205 

loadings greater than 5 wt%, an additional weak and broad 

Raman band appears at ~870 cm-1 from the surface niobium 

oxide phase.

The Raman spectra of 5 wt% Nb205/Ti02 after different 

calcination temperatures are shown in Figure 4.9. The 

surface niobium oxide phase Raman band at ~930 cm-1 retains 

the same position after calcination between 300 to 700°C, 

but an additional weak and broad Raman band at ~870 cm-1 

appears after the 700°C calcination. For temperature 

treatments greater than 700°C, an additional weak and sharp 

Raman band appears at ~1000 cm-1 and its intensity 

decreases slightly with further calcination at 950°C. The
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Raman features of bulk Ti02, in the 700-100 cm-1 region, are 

also changed after 800°C calcination indicating that the 

phase transformation from anatase (~639, ~517, ~398, and 

~144 cm-1) to rutile (~614, ~445, and ~240 cm-1) of Ti02 is 

detected at 800°C calcination.

4.3.3— 4. Nt^Qg/ZrOg

The Raman spectra of zirconia supported niobium oxide 

catalysts was also collected only in the 750-1200 cm-1 

region because the strong scattering of Zr02. The Zr02 

support possesses a weak Raman band at ~755 cm-1 which 

arises from the first overtone of its strong Raman band at 

~380 cm-1. The Raman spectra were not corrected for the 

Zr02 background because of the overlapping Raman band 

between the Zr02 support and the surface niobium oxide 

phase. The Raman spectra of zicornia supported niobium 

oxide catalysts are shown in Figure 4.10 as a function of 

Nb20s loading. The surface niobium oxide phase possesses 

a weak and broad Raman band at ~875 cm-1 which shifts from 

~875 to ~920 cm*l with increasing Nb20g loadings.

The influence of the calcination temperatures upon the 

3 wt% Nb20s/Zr02 sample is shown in Figure 4.11. The 

surface niobium oxide phase Raman band appearing at ~900 

cm-1 shifts to ~930 cm-1 upon increasing the calcination 

temperature from 450 to 950°C and an additional broad Raman
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band at ~820 cm-1 appears after the 950°C calcination.

4.3.3- 5.

The Raman spectra of silica supported niobium oxide 

catalysts after calcination at 500°C are shown in Figure 

4.12. For Nb2Og loadings less than 2 wt%, a weak and broad 

Raman band appears at ~960 cm-1, and at higher loading 

additional Raman bands appear at ~650 and ~240 cm-1. Upon 

increasing the Nb20g loading to 8 wt%, the surface niobium 

oxide phase has similar Raman features (~900, ~650, and 

~240 cm-1) to bulk Nb2Og (amorphous) [93] . The silica 

supported niobium oxide catalysts were further calcined at 

600°C in order to observe better Raman scattering of the 

surface niobium oxide phase as shown in Figure 4.13. At 

low Nb^Og loading (<2 wt%) , the Raman intensity at ~960 cm*1 

increases with increasing Nb^Og loading and remains 

constant with further increasing Nb2O5 loading. At high 

Nb20g loading (>2 wt%) , the Raman band at ~900 cm-1 

disappears and the Raman band at ~650 cm-1 shifts to ~680 

cm-1 indicating the phase transformation of amorphous Nb20g 

to TT-Nb205 [93] .

The Raman spectra of the 4 wt% Nb20g/Si02 sample are 

shown in Figure 4.14 as a function of calcination 

temperature. The Raman band at ~960 cm-1 retains the same 

position, but becomes stronger with increasing temperature 
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treatment. Upon increasing calcination temperature to 

950°C, bulk NbjOj on silica support has a similar phase 

transformation order as Nb205.nH20 [93]: Amorphous Nb2O5

(~900, ~650 and ~240 cm*1) , TT-Nb205 (~680 and ~240 cm*1) , 

T-Nb205 (~700 and ~240 cm*1) , and H-Nb205 (~993, ~670,

~625, and ~260 cm*1) .

4.4. DISCUSSIONS

The nature of the surface niobium oxide phase is 

determined from a comparison of the Raman spectra of the 

MgO, A120s , Ti02, ZrO2, and Si02 supported niobium oxide 

samples with those of niobium oxide reference compounds and 

solution chemistry [93,114] . The 1-15% Nb205/Mg0, 1-19% 

Nb205/Al203, 1-5% Nb2Og/ZrO2, and 0.2-2% Nb20s/Si02 samples 

after calcination at 450°C or 500°C do not contain the 

Raman features of crystalline Nb20g phases (major band at 

~690 cm*1 due to slightly distorted NbOg octahedra) , but 

possess weak and broad Raman bands in the 900-1000 cm*1 

region characteristic of a two-dimensional surface niobium 

oxide phase. The 1-10% Nb205/Ti02 samples also possess 

weak and broad Raman bands in the 890-930 cm*1 region which 

are characteristic of a two-dimensional surface niobium 

oxide phase. However, the very strong Ti02 Raman 

scattering below 700 cm*1 prevent the identification of
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crystalline Nb205 phases.

XPS studies reveal that a linear relation between the 

(Nb/Al)sufface ratios and (Nb/Al)bu|k ratios (see Figure 4.2) 

are observed due to the formation of two-dimensional 

niobium oxide overlayer [111,112]. The break in the linear 

curve corresponding to ~19 wt% Nb205 loading suggests that 

the transition from a two-dimensional overlayer to three­

dimensional particles (monolayer coverage) occurs at this 

point [111,112]. This conclusion is supported by XRD 

measurements which only detect crystalline Nb205 particles 

above ~ 19 wt% Nb2Og/A120s, and C02 chemisorption 

measurements [63] which indicate that the basic alumina 

hydroxyls have been removed by the niobium oxide overlayer 

at ~ 19 wt% Nb205/Al203 [115,116] . The XPS surface

measurements of the Nb205/Ti02, Nb205/Zr02, and Nb205/Si02 

systems (see Figure 4.2) also suggest that the monolayer 

coverage of these three systems approachs ~7, ~5, and ~2 

wt% Nb2O5 loading, respectively. However, no break is 

observed in the curve of [Nb/Mg] surface vs. [Nb/Mg] bu||(, and 

the linear increase of [Nb/Mg] surface with increasing Nb205 

loading indicate that Nb+5 is incorporated into the MgO 

support surface.

Under ambient conditions surface metal oxide 

overlayers on oxide supports are hydrated due to the 

presence of adsorbed moisture, and the moisture influences
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"the molecular structures of these surface metal oxide 

phases [78,93]. The Raman frequencies of the supported 

niobium oxide catalysts under ambient conditions, after 

calcination at 450°C or 500°C, are tabulated in Table 4.2. 

Recent Raman characterization studies of supported vanadium 

oxide, molybdenum oxide, tungsten oxide, and chromium oxide 

catalysts under ambient conditions have demonstrated that 

the molecular structures of the hydrated surface metal 

oxide phases are directly related to the surface pH of the 

aqueous film which is determined by the combined pH of the 

oxide support and the metal oxide overlayer [110].

In aqueous environments the oxide support equilibrates 

at the pH which results in net zero surface charge (point 

zero surface charge or isoelectric point). The pH at the 

point zero surface charge of the metal oxide supports and 

niobium oxide are [35,117]:

Support The pH of the Point Zero
Surface Charge

MgO 12

AI2O3 9

Ti02 5-6

Zr02 4-7

Si02 ~2

Nb205 ~0.5
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For supported metal oxide catalysts, the point zero surface 

charge of such composite materials is determined by the 

combined pH of the oxide support and the metal oxide 

overlayer. The influence of the metal oxide overlayer on 

the point zero surface charge of the composite system is 

directly related to the surface coverage of the surface 

metal oxide phases [118]. Thus, the addition of surface 

niobium oxide (pH ~0.5) to oxide supports (2<pH<12) will 

always decrease the pH of the point zero surface charge, 

and the decrease will be proportional to the surface 

niobium oxide coverage.

At low surface niobium oxide coverages of the 

supported niobium oxide catalysts, the surface pH under 

ambient conditions is dominated by the properties of the 

oxide support. The basic pH values of the MgO, pH=12, and 

Al203, pH=9, supports suggest that hexaniobate species

(HxNbgOig where x= 1,2,3) should be present with 

corresponding Raman bands at ~880 cm-1 [85,86,114] . 

Indeed, at low surface coverages for Nb205/Mg0 and 

Nb20s/Al203 only strong Raman bands are present at ~880 and 

~900 cm-1, respectively (see Table 4.2). The somewhat 

acidic pH values of the Ti02, pH=5-6, and ZrO2, pH=4-7, 

supports suggest that the hexaniobate species should not be 

present in high concentrations [85,86,114] and that 

Nb205.nH20 type structures, containing slightly distorted
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NbOç as well as NbOy and NbOg groups, should be present at 

~650 cm*1 for Nb205/Ti02 and Nb20g/ZrÛ2 at low surface 

coverages. Unfortunately, the strong vibrations of the 

Ti02 and Zr02 supports in this region do not allow direct 

confirmation of such niobium oxide species. However, the 

rather weak Raman bands for Nb205/Ti02 and Nb205/Zr02 at 

~895 and ~875 cm-1, respectively, are consistent with this 

conclusion. For the acidic Si02 support with a pH value of 

~2, Nb205. nH20 type structures with Raman band at ~650 cm-1 

would be expected, but a weak and broad Raman band 

appearing at ~960 cm-1 nstead of ~650 cm-1 is observed (see 

Figure 4.12 and 4.13). This indicates that the surface 

niobium oxide phase on silica after treated with 500°C or 

600°C calcination contains a highly distorted Nb06 

octahedra which is similar to the ’’capping” structure of 

layered niobium oxide reference compound [93] . The 

transformation of the structure of the surface niobium 

oxide phase, from a slightly distorted Nb06 octahedra to a 

highly distorted Nb06 octahedra, on SiO2 under high- 

temperature treatments is probably due to the weak 

interaction between the surface niobium oxide phase and the 

Si02 support, and the presence of the surface niobium oxide 

phase, possessing a highly distorted Nb06 octahedra, on 

SiO2 under ambient conditions is probably due to the 

hydrophobicity of Si02.
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At high surface niobium oxide coverages of the 

supported niobium oxide catalysts, the surface pH under 

ambient conditions is significantly influenced by the 

acidic niobium oxide overlayer. Under acidic aqueous 

conditions the Nb^Og.nHgO type structures, containing 

slightly distorted Nb06 as well as NbOy and NbOg groups, 

should be present and give rise to a Raman band at ~650 

cm-1 [93] . Indeed, such Raman bands are observed at high 

loading for NbgOg/AlgOs and Nb20s/Si02 catalysts. The 

thermal stability of these niobium oxide structures, 

however, are very different on the Si02 and AI2O3 

structures. For Nb205/Si02 9 further calcination at 700°C

shifts the Raman band from ~680 to ~700 cm-1 which is 

characteristic of crystalline T-Nb2O5 (see Figure 4.14). 

For Nb205/A1203, further calcination at 700°C does not shift 

the Raman band at ~650 cm-1 [63] . Thus, it appears that on 

SiÜ2 the surface niobium oxide phase at high loading is 

present as a bulk Nb205 phase which weakly interacts with 

the silica substrate, and that on AI2O3 the supported 

niobium oxide phase at high loading is present as a two­

dimensional overlayer anchored to the alumina support. The 

complete absence of Raman bands at ~650 cm-1 for hH^Og/MgO 

at high loading reveals that the extremely basic MgO 

support is dominating the surface pH. In addition, 

crystalline Nb20g could not be formed at extremely high 

Nb2Og loading, ~15 wt% Nb2Ûg/MgO, which corresponds to 
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approximately two monolayers of surface niobium oxide for 

this MgO support of ~80 m2/g. The inability to form 

crystalline Nb2Og at high loadings and the very basic 

nature of the Nb^Og/MgO surface, absence of ~650 cm*1 Raman 

band at high loadings, is related to the strong acid-base 

interaction between Nb20s and MgO, and leads to significant 

incorporation of Nb+S into the MgO support surface. This 

is also consistent with the XPS surface measurements of the 

Nb205/Mg0 system that show a linear increase of [Nb/Mg] surface 

ratio with increasing Nb205 loading to ~15 wt%. The strong 

vibrations of the Ti02 and ZrO2 supports in the ~650 cm*1 

region prevented the direct detection of this species at 

high loadings of Nb205/Ti02 and Nb2O5/ZrO2.

Niobium oxide reacts with the surface hydroxyl groups 

of the oxide supports (MgO, Al203, Ti02, ZrO2, and Si02) to 

form a surface niobium oxide overlayer. The interaction of 

the surface niobium oxide phase with the surface hydroxyl 

groups of the oxide support prevents the dehydroxylation of 

the oxide supports, and retards the loss in surface areas 

of the Al203, TiO2, Zr02, and Si02 supports at elevated 

calcination temperatures (see Table 4.1). However, the 

presence of niobium oxide does not stabilize the MgO 

surface area at 950°C calcination temperature due to the 

formation of Nb-Mg-0 solid solution.

The different molecular states of niobium oxide
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(crystalline Nb20s, compounds, and surface niobium oxide 

phase) can be discriminated by Raman spectroscopy that 

monitor the structural transformations of supported niobium 

oxide systems with increasing temperature. The surface 

niobium oxide overlayer on the oxide supports (Al203, Ti02, 

Zr02, and Si02) is stable to high calcination temperatures 

(300-950°C) because of the strong surface niobium oxide 

phase-oxide support interaction. For the 5 wt% Nb205/Al203 

sample exhibit only the Raman bands of the surface niobium 

oxide phase and no evidence for the formation of 

crystalline Nb203 and AlNbO4 phases (see Figure 4.7) 

[63,93] . For the 5 wt% Nb2Og/TiO2 sample, Raman studies 

reveal that the surface niobium oxide overlayer is 

partially transformed to crystalline H-Nb205 

(characteristic Raman band at ~1000 cm-l) due to the loss 

surface area of Ti02 treated with a temperature greater 

than 800°C (see Figure 4.9). Upon increasing the

temperature treatment from 800 to 950°C, the Raman band at 

~1000 cm-l decreasing its intensity indicates that the 

crystalline H-Nb205 reacts with Ti02 to form Nb-Ti-0 phase 

at high calcination temperature [119] . For the 3 wt% 

Nb20s/Zr02 sample, the Raman band shifts from ~900 to ~930 

cm~l (see Figure 4.11) during thermal treatments and 

reflects the increase in surface density of the niobium 

oxide on the Zr02 support surface as a result of the

decrease in surface area [120] . For the 4 wt% Nb205/Si02 
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sample, the surface niobium oxide phase and bulk Nb2Og 

coexist on the SiO2 support surface. Bulk Nb20g is not 

stable at elevated calcination temperatures, and exhibits a 

phase transformation of amorphous Nb205 to H-Nb2Os due to 

the weak interaction with the Si02 support. Thus, the 

surface niobium oxide phase-oxide support interaction 

controls the thermal stability of the surface niobium oxide 

phases.

Recent EXAFS/XANES studies on the Al20g, TiO2, and Si02 

supported niobium oxide catalysts have been reported by 

Iwasawa et al . [7,9] . At low Nb205 loadings (<3 wt%) , they 

determine that the surface niobium oxide phases possess a 

dioxo Nb04 structure on the Al203 as well as SiO2 supports 

and a mono-oxo NbO5 structure on the Ti02 support. A model 

for a monolayer of surface niobium oxide on silica, ~320 

m2/g, corresponding to ~23.7 wt% Nb205/Si02 was presented, 

and concluded that the Nb-0 and Nb-Nb bond lengths of the 

surface niobium oxide monolayer are similar to those of T- 

Nb205 [121]. The SiO2 supported niobium oxide catalysts 

were also studied by Ko et al . [10] , and determined that a 

monolayer of surface niobium oxide on silica, ~300 m2/g, 

corresponds to ~29.3 wt% Nb205/Si02. The surface niobium 

oxide monolayer contains no crystalline Nb205 phase from X- 

ray diffraction [10].

The valence sum rule is a useful concept for
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discussing the feasibility of a proposed surface niobium 

oxide structure [122] . The sum of the valencies or bond 

orders of the individual Nb-0 bonds should equal to 5±0.1 

valence units. A empirical expression relating Nb-0 bond 

length to bond valence was developed by Brown and Wu [123]. 

The Nb valence units of the Iwasawa’s proposed models for 

surface niobium oxide phases on the Al203, Ti02, and SiO2 

supports are estimated to be 4.3, 3.6, and 5.7, 

respectively. These value are much less or higher than the 

Nb+5 valence state (5±0.1 v.u.). In addition, the ratio of 

the Nb+5 ionic radius to the O'2 ionic radius, 0.5, is too 

large to fit into a NbO* tetrahedral structure. Thus, the 

Iwasawa’s models for the surface niobium oxide phases are 

less likely feasible. No crystalline Nb205 phase was 

detected on the Nb205/Si02 systems at high Nb20g loadings 

from XRD. This suggests that the bulk Nb205 phase on the 

Si02 support possesses a particle size smaller than 40Â.

4.5. CONCLUSIONS

Raman and XPS studies on the supported niobium oxide 

catalysts under ambient conditions reveal that the surface 

niobium oxide phase forms a two-dimensional overlayer on 

oxide supports (MgO, Al203, Ti02, ZrO2, and Si02). The 

available Raman data under ambient conditions on supported 
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niobium oxide catalysts are consistent with prior studies 

that the surface pH determines the molecular structures of 

the surface metal oxide phases. At low surface coverages 

on basic oxide supports (MgO and Al203) , hexaniobate-1ike 

surface species (HxNbgOig where x= 1,2,3) appear to be 

present. The hexaniobate type surface species contain 

highly distorted NbOg octahedra. At high surface coverages 

on basic (A12O3) and acidic (Ti02 and ZrO2) oxide supports, 

hydrated niobium oxide-type surface species (Nb2Og. nH2O) 

are also present. The hydrated niobium oxide-type surface 

species contain slightly distorted Nb06 octahedra as well 

as slightly distorted Nb07 and Nb08 structures. The 

hydrated niobium oxide-type surface species probably also 

predominate at low surface coverages on the acidic oxide 

supports (Ti02, Zr02, and Si02), but can not be detected 

due to overlap with the strong vibrations from the oxide 

supports. In addition, bulk Nb205 Raman bands at ~680 cm-l 

could be observed above 19 wt% Nb205/Al203, 5 wt% Nb205/Zr02, 

and 2 wt% Nb203/Si02 indicating that monolayer coverage, 

titration of reactive surface hydroxyls, had been achieved. 

These conclusions are also supported by the XPS 

measurements. Bulk Nb203 was not formed on MgO, even at 

the equivalent of two monolayers loading, and could not be 

detected on Ti02 because of the very strong Ti02 

vibrations. The XPS measurements of the surface niobium 

oxide on TiO2 suggest that the monolayer coverage is
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reached at ~7 wt% Nb2O5/TiO2 • The surface niobium oxide 

phase on oxide supports (such as AI2O3, Ti02, Zr02, and 

SiC^) is stable to high calcination temperatures. The high 

temperature stability of the surface niobium oxide 

overlayer is due to the strong interaction between the 

surface niobium oxide phase and these oxide supports.
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Table 4.1: The influence of calcination temperature on 
the surface areas of supported niobium oxide
catalysts
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Table 4.2: Raman bands of supported niobium oxide 
catalysts under ambient conditions
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CHAPTER 5

MOLECULAR STRUCTURES OF SUPPORTED NIOBIUM 

OXIDE CATALYSTS UNDER IN SITU CONDITIONS
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SUMMARY

.. Supported niobium oxide catalysts were investigated by 

in situ Raman spectroscopy as a function of Nb205 loading 

and oxide support (MgO, Al203, Ti02, Zr02, and Si02) in 

order to determine the molecular structures of the 

dehydrated surface niobium oxide species. On the SiO2 

support, only one dehydrated surface niobium oxide species 

corresponding to the highly distorted NbO6 octahedral 

structure at ~980 cm*l is present. The highly distorted 

NbOe octahedra responsible for Raman bands at ~985 and 

~935 cm-1 are also observed on the Ti02 and Zr02 supports at 

high surface coverages, however, the dehydrated surface 

niobium oxide phases possessing Raman bands in the 600-700 

cm-1 region can not be directly observed for Nb205/Ti02 and 

Nb205/Zr02 because of the strong vibrations of the oxide 

supports in this region. Below half a monolayer coverage

on the Al203 support, two kinds of dehydrated surface 

niobium oxide species possessing highly and moderately 

distorted Nb06 octahedra with Nb=0 Raman bands at ~980 and 

~883 cm-1, respectively, are present. Upon approaching 

monolayer coverage on the Al203 support, additional Raman 

bands at ~935 and ~647 cm-1 characteristic of highly and 

slightly distorted NbOg octahedra are present and are 

suggestive of a layered niobium oxide structure. Multiple 

niobium oxide species are present in the Nb205/Mg0 system 

and are due to the strong acid-base interactions between 

Nb205 and Mg2+ as well as Ca2+ impurity cations present on 

the surface. The various dehydrated surface niobium oxide 

species present in the supported niobium oxide catalysts 

appear to be related to the oxide support surface hydroxyl 

chemistry.
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5.1. INTRODUCTION

Recent studies of supported metal oxide catalysts have 

revealed that the supported metal oxide phase forms a two­

dimensional metal oxide overlayer on oxide supports such as 

AI2O3, TiOg, and SiOg [5,7,9,10,12,121,124]. These surface 

metal oxide phases possess different chemical states, which 

may simultaneously be present on the support surface, than 

their bulk metal oxide crystallites. The different 

chemical states of the surface metal oxide phases can be 

discriminated with Raman spectroscopy because each state 

possesses a unique vibrational spectrum corresponding to 

its structure [65,125]. Additional fundamental information 

about the supported metal oxide catalysts is provided by in 

situ Raman spectroscopy since this technique provides 

structural information about the surface metal oxide phases 

under a controlled environment (temperature and gas phase 

composition) [65,78,125,126].

The molecular structures of supported vanadium oxide 

on AI2O3, Ti02, and SiÛ2 supports have been extensively 

characterized under in situ conditions, where the surface 

metal oxide phases are dehydrated, with Raman spectroscopy 

[127-130], infrared spectroscopy [131], 51V NMR

spectroscopy [132], as well as XANES [133]. Upon 

dehydration, the surface vanadium oxide Raman bands above 
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800 cm*1, which are characteristic of the V=0 symmetric 

stretch, split into a sharp Raman band in the 1026-1038 

cm*1 region and a broad Raman band at ~900 cm*1. The 

relative intensity of these two Raman bands varies with 

surface vanadium oxide coverage on the oxide supports 

[78,127,128]. However, the ^0^/8i0^ system only possesses 

a single Raman band at ~1038 cm*1 [127] . Raman and 51V NMR 

studies suggest that the dehydrated surface vanadium oxide 

phases are present as a monoxo tetrahedral vanadate species 

(Raman band in the 1026-1038 cm*1 region) and a polymeric 

tetrahedral metavanadate species (Raman band at ~900 cm*1) 

[18] . In situ IR studies also suggest that the dehydrated 

surface vanadium oxide species are present as an isolated 

vanadate species ( IR band in the 1030-1050 cm*1) and a 

polyvanadate species (expected IR band in the 600-800 cm*1) 

[131] . In addition, in situ Raman studies on AI2O3, TiO^, 

and SiOg supported molybdenum oxide and tungsten oxide 

catalysts also exhibit Raman shifts of the surface 

molybdenum oxide (from ~950 to 985-1012 cm*1) [78,135-137] 

and the surface tungsten oxide (from ~960 to 1010-1027 

cm*1) [65,78,113,135,138,139] phases due to dehydration of 

the surface metal oxide phases. In situ XANES/EXAFS 

studies on Si02 and AI2O3 supported vanadium oxide 

catalysts reveal that the hydrated vanadium oxide species 

on Si02 possess a polymeric octahedral structure which

156



transforms into a monoxo tetrahedral vanadate structure 

upon dehydration, and both hydrated and dehydrated vanadium 

oxide species on AI2O3 possess an isolated tetrahedral 

structure at low surface coverages [133].

Raman and XPS studies on the supported niobium oxide 

catalysts under ambient conditions reveal that the surface 

niobium oxide phase forms a two-dimensional overlayer on 

oxide supports (MgO, Al203, Ti02, Zr02, and SiO2) , and the 

monolayer coverage of supported niobium oxide catalysts is 

reached at ~19 wt% Nb205/Al203, ~7 wt% Nb205/Ti02, ~5 wt% 

Nb205/Zr02, and ~2 wt% Nb2Og/SiO2, but not for the Nb20s/Mg0 

system due to the incorporation of Nb+5 into the MgO 

support [124]. The molecular structures of the surface 

niobium oxide phases are controlled by the surface pH of 

the system. Basic hydrated surfaces result in the

formation of highly distorted NbOg groups and acidic 

hydrated surfaces result in the formation of slightly 

distorted NbOg, NbOy, and Nb08 groups (with the exception 

of the Nb2Û5/SiO2 system which forms bulk b^Og) . The 

molecular structures of the dehydrated surface niobium 

oxide phases, however, are still not understood and only 

preliminary in situ XANES studies for silica supported 

niobium oxide catalysts have been reported by Yoshida et 

al. [14]. In the present study, the MgO, Al203, Ti02, Zr02,
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and Si02 supported niobium oxide catalysts will be 

investigated under in situ conditions with Raman 

spectroscopy in order to determine the molecular structures 

of the dehydrated surface niobium oxide phases as a 

function of Nb20g loading and the specific oxide support.

5.2. EXPERIMENTAL

5.2.1. Materials and Preparations

Niobium oxalate was supplied by Niobium Products 

Company (Pittsburgh, PA) with the following chemical 

analysis : 20.5% NbgOg, 790 ppm Fe, 680 ppm Si , and 0.1% 

insoluble. Niobium ethoxide (99.999% purity) was purchased 

from Johnson Matthey (Ward Hill, MA) . The oxide supports 

employed in the present investigation are : MgO (Fluka, ~80 

m2/g after calcination at 700°C for 2 hrs), Al203 (Harshaw, 

~180 m2/g after calcination at 500°C for 16 hrs) , Ti02 

(Degussa, ~50 m2/g after calcination at 450°C for 2 hrs) , 

Zr02 (Degussa, ~39 m2/g after calcination at 450°C for 2 

hrs) , and Si02 (Cab-O-Sil , ~275 m2/g after calcination at 

500°C for 16 hrs).

The Ti02, Zr02, Al203, and Si02 supported niobium oxide 

catalysts were prepared by the incipient-wetness 

impregnation method using niobium oxalate/oxali c acid 

aqueous solutions (aqueous preparation) [62] . The water
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sensitive MgO support required the use of nonaqueous

niobium ethox i de/propanol solutions under a nitrogen 

environment for the preparation of the Nb2O5/MgO catalysts.

For the aqueous preparation method the samples were 

initially dried at room temperature for 16 hrs, further 

dried at 110-120°C for 16 hrs, and subsequently calcined at 

450°C (NbgOg/T i 02 and NbgOg/ZrOg, 2 hrs) or at 500°C

(Nb20s/AI2O3 and NbjOs/SiOj, 16 hrs) under flowing dry air. 

For the nonaqueous preparation method, the samples were 

initially dried at room temperature for 16 hrs, further 

dried at 110—120°C for 16 hrs under flowing N2, and 

subsequently calcined at 500°C for 1 hr under flowing N2 

then for 1 hr under flowing dry air.

5.2.2. In Situ Raman Spectroscopy

The in situ Raman spectrometer consists of a quartz 

cell and sample holder, a triple-grating spectrometer 

(SPEX, Model 1877), a photodiode array detector (EG&G, 

Princeton Applied Research, Model 1420), and an argon-ion 

laser (Spectra-Phys i cs, Model 171). The sample holder is 

made from a quartz glass, and a 100-200 mg sample disc is 

held by a stationary slot in the sample holder. The sample 

is heated by a cylindrical heating coil surrounding the 

quartz cell, and the temperature is measured with an 
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internal thermocouple. The quartz cell is capable of 

operating up to 600°C, and dry oxygen gas (Linde Specialty 

Grade, 99.99% purity) is introduced into the cell at a rate 

of 50-500 cm3/min with a delivery pressure of 150-200 torr.

The Raman spectra are collected for the hydrated 

sample at room temperature, after heating the sample to 

500°C in flowing dry air for 30 minutes, and again after 

cooling down to 500 to avoid the thermal broadening of 

Raman bands at high temperature. The laser beam 514.5 nm 

line of the Ar+ laser with 10-100 mW of power is focused on 

the sample disc in a right-angle scattering geometry. An 

ellipsoid mirror collects and reflects the scattering light 

into the spectrometer’s filter stage to reject the elastic 

scattering. The resulting filtered light, consisting 

primarily of the Raman component of the scattered light is 

collected with an EG&G intensified photodiode array 

detector which is coupled to the spectrometer and is 

thermoelectrically cooled to -35°C. The photodiode array 

detector is scanned with an EG&G DMA III Optical 

Multichannel Analyzer (Model 1463). The Raman spectrum is 

recorded only in the high wave number region (600-1100 cm-1) 

in the present experiments. The overall resolution of the 

spectra was determined to be better than 1 cm-1.
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5.3. RESULTS

5.3.1. Nb20c/Si02

The in situ Raman spectra of the silica supported 

niobium oxide were collected at 25°C (fresh from the oven) 

and 500°C in the closed cell because intense fluorescence 

occurred after the samples were cooled down to 50°C in the 

cell. The hydrated spectra were obtained after exposing 

the sample to ambient conditions for overnight. The SiO2 

support possesses Raman bands at ~979 and ~812 cm-1 which 

are characteristic of the Si-OH stretch and Si-O-Si 

linkages [140]. The hydrated surface niobium oxide phase 

possessing a weak Raman band at ~960 cm-1 shifts to ~980 

cm-1 upon dehydration as shown in Figures 5.1 and 5.2. 

Thus, the Raman spectrum collected at 25°C (fresh from the 

oven) possessing both a sharp Raman band at ~980 cm-1 and a 

broad Raman band at ~960 cm-1 indicates that the surface 

niobium oxide phase is partially dehydrated. For the 4 wt% 

Nb205/Si02 sample, an additional Raman band is present at 

~680 cm-1 and does not shift under the in situ conditions.

5.3.2. NboOc/TiOo

The dehydration of the 1 wt% Nb205/Ti02 sample 

reveals that the hydrated supported niobium oxide phase 

possessing a very weak and broad Raman band at ~895 cm-1 
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shifts to ~983 cm-1 as shown in Fig. 5.3 (also see Fig. 

4.8) . The disappearance of the weak Raman band at ~792 

cm-1 at 500°C, the first overtone of the Raman band at ~394 

cm-1 of TiÛ2 » is due to the thermal broadening of the 

crystalline Ti02 phase. Upon increasing the Nb205 loading 

to 7 wt%, an additional weak and broad Raman band appears 

at ~935 cm-1 upon dehydrating the supported niobium oxide 

phase as shown in Fig. 5.4.

5.3.3. NboOc/ZrOo

The in situ Raman spectra of the zirconia supported 

niobium oxide catalysts are presented in Figures 5.5 and 

5.6 with different Nb205 loadings. The Zr02 support

possesses a weak Raman band at ~756 cm-1 which arises from 

the first overtone of its strong Raman band at ~380 cm-1. 

The thermal effect on the Raman scattering cross section of 

this band is similar to Ti02. For the 1 wt% Nb205/Zr02 

sample, the hydrated supported niobium oxide phase 

possesses a weak and broad Raman band at ~875 cm-1 which 

shifts to ~958 and ~823 cm-1 upon dehydration (see Fig. 

5.8). For the 5 wt% Nb205/Zr02 sample, the dehydrated 

surface niobium oxide Raman bands appear at ~988, ~935,

and ~823 cm-1.
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5.3 • 4 • NbgOc/A 1^0^

The in situ Raman spectra of the alumina supported 

niobium oxide containing 5 and 19 wt% Nb205, are shown in 

Figures 5.7 and 5.8, respectively. For the 5 wt% Nb205 

loading, a broad and weak Raman band due to the surface 

niobium oxide phase (since the Al203 support is not Raman 

active) appears at ~905 cm*1 under ambient conditions, and 

shifts to ~980 and ~883 cm-1 upon surface dehydration. For 

the 19 wt% Nb205 loading, the hydrated sample exhibits 

Raman bands at ~890 and ~645 cm-1 due to the hydrated 

surface niobium oxide phases on the alumina support. Upon 

dehydration, the Raman band at ~890 cm-1 shifts to ~988, 

~935, and ~883 cm-1 and the Raman band at ~645 cm-1, 

however, remains at the same position.

The Raman spectra of the dehydrated surface niobium 

oxide phases on alumina are also shown in Fig. 5.9 as a 

function of Nb20g loading. For the loadings less than 5 

wt% Nb205, only Raman bands at ~980 and ~883 cm-1 are 

present and their intensity increases with Nb20g loading. 

For the 8 wt% Nb203 loading, the Raman band at ~980 cm-1 

shifts to ~988 cm-1 and new Raman bands appear at ~950 and 

~630 cm-1. Upon further increasing the Nb205 loadings (> 8 

wt%) , the Raman bands originally occurring at ~950 and 

~630 cm-1 shift to ~935 and ~647 cm-1, respectively, and
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their intensity increases with Nb2O5 loading.

5.3.5. Nb^Oc/MgO

The in situ Raman spectra of magnesia supported 

niobium oxide, with 5 and 10 wt% Nb205, are shown in 

Figures 5.10 and 5.11, respectively. The broad Raman band 

at ~870 cm-1 is associated with the supported niobium oxide 

phase under ambient conditions since MgO is not Raman 

active and increases with Nb205 loading. The Raman band at 

~1085 is due to a CaC03 impurity present in the MgO 

support. Under in situ conditions, the Raman band

originally at ~870 cm-1 splits into bands at ~935, ~892, 

and ~833 cm"l for the 5 wt% Nb205/Mg0 sample and into bands 

at ~985, ~898, and ~834 cm-1 for the 10 wt% Nb20g/Mg0 

sample. After the sample was exposed to ambient conditions 

for overnight, the broad Raman band at *870 cm-1 reappeared 

due to the hydration of the surface niobium oxide phases by 

adsorbed moisture (see Fig. 5.2).

5.4. DISCUSSIONS

Raman studies on supported niobium oxide catalysts 

reveal that niobium oxide is present as a two-dimensional 

surface overlayer on oxide supports below monolayer 

coverage [124]. The two-dimensional surface niobium oxide 
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overlayer possesses the major Raman bands in the 800-1000 

cm-1 region which are different than bulk crystalline Nb205 

phases (major Raman band at ~690 cm-1) . Crystalline Nb205 

phases are present above monolayer coverage and at elevated 

temperatures. The molecular structures of the surface 

niobium oxide phases under ambient conditions, where 

adsorbed water is present, can be determined by directly 

comparing their Raman spectra with those of niobium oxide 

aqueous solutions and are controlled by the surface pH 

[124,141]. Under in situ conditions the adsorbed moisture 

desorbs upon heating and the surface metal oxide overlayers 

on the oxide supports become dehydrated [65,78,93,125]. 

The molecular structures of the surface metal oxide phases 

are generally altered upon dehydration because the surface 

pH can only exert its influence via an aqueous environment. 

Consequently, Raman shifts upon dehydration constitute 

direct proof of a two-dimensional surface metal oxide phase 

and the removal of coordinated water [65,78,93,125].

The Raman band positions of the supported niobium 

oxide catalysts under in situ conditions (spectra were 

taken at 50°C in a closed cell after being heated to 500°C 

in flowing oxygen with the exception of the Nb205/Si02 

spectra which were taken at 500°C) are presented in Table 

5.1. The Raman positions of the surface niobium oxide 
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phases at 50°C usually occur at 2-3 cm-1 higher than at 

500°C due to the slight influence of temperature upon the 

Nb=0 bond lengths. Upon dehydration, the surface niobium 

oxide Raman bands above 800 cm-1 experience a shift and the 

surface niobium oxide Raman bands between 600-700 cm-1 are 

not perturbed. Thus, the Raman bands appearing above 800 

cm-1 are associated with surface niobium oxide phases and 

Raman bands appearing between 600-700 cm-1 are associated 

with either bulk niobium oxide phases or surface phases 

that st ill possess coordinated moisture as hydroxyl groups. 

Multiple dehydrated surface niobium oxide species with 

Raman bands in the 800—1000 cm-1 region are present in the 

supported niobium oxide catalysts.

On the SiOg support, only one dehydrated surface 

niobium oxide species with a sharp Raman band at ~980 cm-1 

is observed, and no additional surface niobium oxide phases 

possessing Raman bands in the 880-950 cm-1 region are 

present. A Raman band at ~980 cm-1 jg generally observed 

for highly distorted Nb06 octahedra [93] and is also 

present at the interfaces of layered niobium oxide 

compounds [54,93]. Recent structural studies of the 

supported niobium oxide catalysts also suggest that the 

dehydrated surface niobium oxide species, which exhibits a 

sharp Raman band at ~980 cm-1, can only possess one 

166



terminal Nb=O bond, because the Nb5+ atom can not 

accommodate two terminal Nb=O bonds, and should contain a 

highly distorted Nb06 octahedral structure [142]. 

Consequently, the dehydrated surface niobium oxide phase on 

Si02 is present as the highly distorted Nb06 octahedron. 

Additional Raman band at ~680 cm-1 is observed for 4 wt% 

Nb20s/Si02» but this is assigned to a bulk Nb2O5 phase 

because its band position is very close to T-Nb2O5 (~690 

cm-1) and it readily crystallizes upon heating to elevated 

temperatures [124].

A Raman band at ~985 cm-1 is also observed for the 

dehydrated titania and zirconia supported niobium oxide 

catalysts, and are also assigned to the highly distorted 

NbO6 octahedra. The somewhat lower Raman band positions of 

the dehydrated 1% Nb20s/Zr02 sample are attributed to the 

presence of surface Cl and F impurities which were detected 

with XPS only in this particular sample. Upon approaching 

monolayer coverage, an additional Raman band at ~935 cm-1 

is observed for the dehydrated titania and zirconia 

supported niobium oxide catalysts, and are also assigned to 

a highly distorted Nb06 octahedron with a slightly longer 

Nb=O bond.

On the dehydrated Al203 support, Raman bands at ~980 

and ~883 cm-1 are observed for the low Nb205 loadings (see
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Fig. 5.5) indicating the presence of two kinds of distorted 

NbOg octahedral structure : one possesses a Nb=O bond length 

similar to layered niobium oxide compounds and the other 

possesses a Nb=O bond length similar to that found in 

hexan iobate, NbgOig8", compounds [93]. At the surface 

coverage approaching half a monolayer (~8 wt%), the Raman 

band at ~980 cm-1 shifts to ~988 cm-1 and indicates that the 

nature of the dehydrated surface niobium oxide species 

changes with surface coverage. New in situ Raman bands are 

observed at ~950 and ~630 cm-1 and are characteristic of 

the dehydrated surface niobium oxide species containing 

both highly and slightly distorted NbO6 octahedral 

structures. These Raman bands are also observed for 

layered niobium oxide compounds which consist of both 

highly and slightly distorted Nb06 octahedral structure 

connected by sharing corners [54,93]. In addition, the 

shifts of Raman bands from ~950 to ~935 cm-1 and from ~630 

to ~647 cm-1 upon approaching monolayer coverage also 

suggest that these two Raman bands arise from the same 

dehydrated surface niobium oxide species.

An in situ Raman band is present at ~890 cm-1 on the 

MgO support which reflects the presence of another 

distorted NbOg octahedron that possesses a Nb=0 bond length 

similar to that found in the MgNb206 compound [143,144].
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The absence of crystalline Nb205 formation for Nb205/Mg0 at 

very high niobium oxide loadings suggests that this species 

originates from Nb+S incorporated into the MgO support 

surface due to the strong acid-base interaction between 

these two oxides. Recent Raman studies on the MgO

supported molybdenum oxide catalysts have found that the 

MgO support contains CaCO3 on the surface, and the amount 

of CaCOs decreases with increasing molybdenum oxide loading 

because of the formation of CaMo04 [145]. The dehydrated 

Nb20s/Mg0 sample also possesses additional Raman bands at 

~833 and ~770 cm-1 which coincide with the Raman positions 

of a distorted Nb06 octahedral structure present in the 

Ca2Nb207 compound [146] . Similar to the Mo03/Mg0 system, 

the formation of the Ca^F^Oy compound is due to the 

reaction of the surface niobium oxide phase with CaC03 

present on the MgO surface due to the acidic 

characteristics of niobium oxide. However, XRD does not 

detect the crystal line MgNb206 and Ca^F^Oy phases present 

in the Nb20s/Mg0 system suggest that the particle size of 

the crystalline phases are smaller than 40Â.

On the dehydrated MgO support, multiple niobium oxide 

species possessing Raman bands in the 800-900 cm-1 region 

are present due to the strong acid-base interactions of 

Nb2Û5 with the Mg2+ and the Ca2+ surface cations, and their 
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intensity increases with the Nb205 loading. At high Nb2Os 

loadings (>10 wt%) , the Raman band at ~985 cm-1 is 

characteristic of a highly distorted Nb06 octahedral 

structure which coexists with the MgNb206 and Ca^N^Oj 

compounds (see Fig. 5.11).

The molecular structures of the dehydrated surface 

niobium oxide species with their corresponding bond lengths 

are presented in Table 5.2. The predicted bond lengths of 

each structure are obtained from an empirical Nb-0 bond 

distance/stretching frequency correlative equation which is 

derived by Hardcastle [142]• Below half monolayer 

coverage, the highly distorted NbO6 octahedra, with a Nb=O 

bond length of 1.71Â, are present on all the dehydrated 

oxide supports. On the A12O^ support, a second dehydrated 

surface niobium oxide species possessing a moderately 

distorted NbOg octahedral structure, with a Nb=O bond 

length of 1.76Â, is also present. As monolayer coverage is 

approached, additional dehydrated surface niobium oxide 

species with structures similar to layered niobium oxide 

compounds, which contain both highly distorted NbOg 

octahedra with a Nb=O bond length of 1.73Â and slightly 

distorted NbOg octahedra with a Nb-0 bond length of 1.92Â, 

are present on Al203 but not on SiO2 and MgO. The 

dehydrated surface niobium oxide phases possessing Raman
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bands in the 600-700 cm-1 region may be present for 

NbjOs/TiOj and Nb20g/Zr02 but can not be determined by Raman 

spectroscopy because of the strong vibrations of the oxide 

supports in this region. Layered niobium oxide compounds 

react with the weak base, pyridine, which indicates that 

these compounds possess strong Br^nsted acid sites due to 

the presence of H+ protons in the adjacent terminal oxygen 

layers [54]. Thus, surface acidic studies on Ti02 and Zr02 

supported niobium oxide catalysts with FTIR of pyridine 

adsorption can provide additional information for 

determining the molecular structures of the dehydrated 

surface niobium oxide species on these two systems.

In situ XANES/EXAFS studies on the silica supported 

niobium oxide catalysts containing different NbgOg loadings 

have been reported by Yoshida et al. using YbNbO4 and KNbO3 

as the reference compounds [14] . They suggest that the 

dehydrated surface niobium oxide phase possesses a highly 

distorted Nb04 tetrahedron at low Nb20s loadings (< l wt%) 

and a square pyramidal structure at high Nb205 loadings (> 

7 wt%). The proposed dehydrated surface tetrahedral Nb04 

structure consists of one terminal Nb=O bond, with a bond 

length of 1.77 Â, and three Nb-0 bonds, with a bond length 

of 1.96 Â, coordinated to the Si02 surface. At high Nb205 

loadings (> 7 wt%), the proposed dehydrated surface niobium 
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oxide structure consists of one terminal Nb=O bond, with a 

bond length of 1.79Â, and four Nb-0 bonds, with a bond 

length of 1.96Â, coordinated to the Si02 surface. The 

XANES/EXAFS studies on the YbNbO4 reference compound are in 

agreement with corresponding Raman studies that YbNbO4 

consists of a tetrahedral NbO4 structure [93]. KNbO3 is 

known as a perovskite structure containing a slightly 

distorted NbOg octahedral structure with Nb-0 bond lengths 

between 1.87 and 2.17Â [93,142]. The Raman bands of KNbO3 

occur at ~840, ~601, ~540, and ~285 cm-1 [93]. Thus, 

XANES/EXAFS studies on KNbO3 are not representative of a 

dehydrated surface niobium oxide species which possess a 

highly distorted NbOg octahedral structure. Clearly, 

additional niobium oxide reference compound XANES/EXAFS 

studies are required.

The feasibility of Yoshida’s model for the dehydrated 

surface niobium oxide structures is investigated by 

applying Brown it Wu’s valence sum rule [123] . The sum of 

the valencies, or bond orders, of the individual metal- 

oxygen bonds should equal the formal oxidation state of the 

metal cation. The calculated valence state of the Nb^ 

atom for the Nb04 tetrahedron proposed by Yoshida is 4.07 

v. u. which is beyond the limit of the 3% relative error 

allowed for the Nb5+ valence state (5.0±0.16 v.u.), and 
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that for the NbOs square pyramidal also proposed by Yoshida 

is 4.86 v.u. which is under the limit of the 3% relative 

error. The Nb-0 bond distance/stretching frequency 

correlation derived by Hardcastle [142] can also be used to 

predict the Raman band position of the dehydrated surface 

niobium oxide on the Si02 support for the structure 

proposed by Yoshida. The predicted Nb-0 stretching 

frequency, corresponding to the bond distances of 1.77,

1.79, and 1.96 A proposed by Yoshida, would appear at

-870, -840 , and —605 cm-1 (±30 cm-1 error) . This predicted

Raman band are not consistent with the present study in

which the dehydrated surface niobium oxide on the Si02

support is experimentally shown to possess a Raman band at

-980 cm-1. At high Nb20g loading;, the predicted Raman bands

at —840 and —605 cm-1 for the structure proposed by Yoshida 

are consistent with the presence of bulk Nb205 (see Fig. 

5.2). In addition, the ratio of the Nb^+ ionic radius to 

the 02' ionic radius is too large to fit into a Nb04 

tetrahedral structure and a Nb06 octahedral structure is 

more plausible [147] . Thus, all the theories and 

experiments indicate that the dehydrated surface niobium 

oxide phases are not very likely to possess a Nb04 

tetrahedral structure.

The various dehydrated surface niobium oxide
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structures present in supported niobium oxide catalysts 

appear to be related to the oxide support surface hydroxyl 

chemistry [35]. The surface niobium oxide phases are 

formed by reaction of the niobium oxide precursor with the 

surface hydroxyl groups of the oxide supports which are 

directly observable with infrared spectroscopy [107,148] . 

The SiOg surface possesses only one kind of surface 

hydroxyl group and only one dehydrated surface niobium 

oxide species (Raman band at ~980 cm-1) is present. The 

Ti0% and ZrOg surfaces possess two kinds of surface 

hydroxyl groups and two dehydrated surface niobium oxide 

species (Raman band at ~985 and ~935 cm*1) are present. 

The AI2O3 surface possesses at least 4 different surface 

hydroxyl groups and three dehydrated surface niobium oxide 

species (Raman bands at ~985, ~935, ~880, and ~647 cm*1) 

are present. The MgO surface possesses one kind of surface 

hydroxyl group, but three different niobium oxide species 

are observed (Raman bands at ~985, ~890, and ~830 cm*1) 

under in situ conditions. The multiple niobium oxide 

species present in the dehydrated Nb2Ûg/MgO system are due 

to the strong acid-base interaction between Nb2Ûg and MgO 

which results in the incorporation of niobium oxide into 

the MgO support surface and the reaction of Nb20g with 

CaCOs which is present on the MgO surface. The low surface 

hydroxyl concentration of the Si02 support [35], relative
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to the other oxide supports, is responsible for the low 

surface concentration of surface niobium oxide species and 

the formation of bulk Nb2O5 at very low niobium oxide 

loadings.

5.5. CONCLUSIONS

The molecular structures of the dehydrated surface 

niobium oxide phases were determined with in situ Raman 

spectroscopy by comparing the Raman spectra of the 

supported niobium oxides with those of solid niobium oxide 

reference compounds. Under in situ conditions, the 

adsorbed moisture desorbs upon heating and the surface 

niobium oxide overlayers on oxide supports become 

dehydrated. The dehydration process further distorts the 

highly distorted NbOg octahedra and shifts the surface 

niobium oxide Raman bands in the 890-910 cm-1 region to 

930-990 cm-1 because of the removal of the coordinated 

water.

A dehydrated surface niobium oxide Raman band is 

observed at ~985 cm*1 on all the oxide supports and reveals 

that the same surface niobium oxide species possessing a 

highly distorted NbOg octahedral structure is present for 

all the supported niobium oxide catalysts. Below half a 

monolayer coverage on the AI2O3 support, a second 
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dehydrated surface niobium oxide species possessing a 

highly distorted NbOs octahedral structure with a somewhat 

longer Nb=O bonds (~883 cm-1) is also present. Upon 

approaching monolayer coverage on the AI2O3 support, 

additional Raman bands at ~935 and ~647 cm-1 are observed 

which are characteristic of highly and slightly distorted 

NbOg octahedra similar to those present in layered niobium 

oxide compounds.

The highly distorted Nb06 octahedra exhibiting a Raman 

band at ~935 cm-1 are also observed on the Ti02 and ZrÜ2 

supports, however, surface niobium oxide phases possessing 

Raman bands in the 600-700 cm*1 region can not be 

determined for Nb205/Ti02 and Nb205/Zr02 because of the 

strong vibrations of the oxide supports in this region. On 

the SiO2 support, only one dehydrated surface niobium oxide 

species possessing with the highly distorted NbOe 

octahedral structure is found. The multiple niobium oxide 

species present in the Nb205/Mg0 system are due to the 

strong acid-base interaction of Nb20$ with the Mg2+ and the 

Ca2+ cations present on the surface to form MgNb20g and 

Ca2Nb20y. The various dehydrated surface niobium oxide 

species present in the supported niobium oxide catalysts 

appear to be related to the oxide support surface hydroxyl 

chemistry.
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Table 5.2: A molecular structure model for 
the dehydrated surface niobium 
oxide species

• Below half a monolayer coverage:

O 985 cni1 
||^(1.71 Â)

Highly distorted NbOe octahedra with 
different Nb=O bond distances

• Approaching monolayer coverage:

647 cm 1 
(1.92 Â)"

o—

_ o 
o

Nb-----O

Highly and slightly distorted NbOe 
octahedra coexist in the structure
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Figure 5.1: In situ Raman spectra of 2 wt% Nb^s/SiOa
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CHAPTER 6

SURFACE ACIDITY AND REACTIVITY OF SUPPORTED 

NIOBIUM OXIDE CATALYSTS
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SUMMARY

The surface chemistry of supported niobium oxide 

catalysts was investigated by pyridine adsorption infrared 

studies to probe the surface acidity and by methanol 

oxidation studies to probe the catalytic reactivity. In 

combination with structural characterization information of 

the surface niobium oxide overlayers, the molecular 

structure-reactivity relationships of the supported niobium 

oxide catalysts could be determined. The highly distorted 

NbOg octahedra possess Nb=O bonds and are associated with 

Lewis acid sites. The Lewis acid surface sites are present 

on all the supported niobium oxide systems, but the 

Br^nsted acid surface sites are limited to the Nb205/Al203 

and Nb205/Si02 systems. The surface layered niobium oxide 

species possessing both highly and slightly distorted Nb06 

octahedral structures are associated with Br^nsted acid 

sites and are only found at high coverages on alumina. The 

Br^nsted acid sites for the Nb205/Si02 system are due to the 

formation of bulk Nb20s particles. The surface niobium 

oxide Lewis acid sites are significantly more active when 

coordinated to the Al203 surface than to the TiO2 and Zr02 

surfaces (surface oxide-support interaction). Furthermore, 

the surface niobium oxide sites on Si02 and MgO behave as 

redox sites and the surface niobium oxide sites on Al203, 

TiO2, and ZrO2 are acid sites during partial oxidation 

reactions.
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6.1. INTRODUCTION

In recent years supported metal oxides catalysts have 

been shown to possess higher activities and selectivities 

than unsupported metal oxide catalysts due to the formation 

of new surface metal oxide phases on the oxide supports 

[130,135,149-169]. The deposited metal oxides disperse on 

the oxide supports by reacting with the surface hydroxyl 

groups of the support to form new surface metal oxide 

phases. These surface metal oxide phases have been found 

to enhance the chemical and physical properties of the 

resultant catalysts. The supported Mo03 and V205 systems 

(on oxide supports such as Ti02, Si02, and Al203) have been 

found to be effective catalysts for selective oxidation of 

hydrocarbons in the petrochemical, chemical, and pollution 

control industries. The interaction between the surface 

metal oxide and the oxide support strongly affects the 

surface metal oxide structure, and the different surface 

metal oxide states result in different catalytic 

properties. The overall catalytic activity and selectivity 

of supported metal oxide catalysts are also dependent on 

the concentration of these surface metal oxide species. In 

comparison to the supported Mo03 and V205 systems very 

little fundamental information is currently available 

about supported Nb205 catalytic systems

The Nb^ atom is located in the same group VB family 
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as the V5+ atom in the periodic table, and is expected to 

possess somewhat similar properties as the V+5 atom. 

Indeed, supported niobium oxide catalysts have been found 

to form two-dimensional surface niobium oxide overlayers on 

high surface area oxide supports such as Al203, Ti02, and 

Si02 [5-7,9-12,19,21,124,170]. The surface niobium oxide 

phases have a pronounced effect on the physical and 

chemical properties of the oxide supports. The thermal 

stability of the Al203 and Ti02 supports is increased by 

the presence of the surface niobium oxide overlayers [12], 

and the surface niobium oxide phase on the Al203 support 

also possesses strong Br^nsted acidity which results in a 

high hydrocarbon cracking activity at elevated temperatures 

[5,19,21]. No information currently exists between the 

molecular structures of the surface niobium oxide species 

and their catalytic properties.

Previous Raman and XPS studies on supported niobium 

oxide catalysts under ambient conditions have shown that 

the surface niobium oxide species form a two-dimensional 

overlayer on oxide supports (MgO, Al203, Ti02, Zr02, and 

Si02). The monolayer coverage of these systems is reached 

at -19 wt% Nb205/Al203, ~7 wt% Nb205/Ti02, -5 wt%

Nb205/Zr02, and —2 wt% Nb20s/Si02, but not for the Nb20g/Mg0 

system due to the incorporation of Nb+5 into the MgO 

support. Under in situ conditions the adsorbed moisture 
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desorbs upon heating and the surface niobium oxide 

overlayer on oxide supports become dehydrated. On the Si02 

support, only one dehydrated surface niobium oxide species 

corresponding to the highly distorted Nb06 octahedral 

structure at ~980 cm-1 is present. Highly distorted NbOg 

octahedra responsible for Raman bands at ~985 and ~935 cm-1 

are also observed on the Ti02 and ZrO2 supports at 

monolayer coverages (~7 and ~5 wt% Nb205, respectively). 

Upon approaching monolayer coverage on the Al203 support 

(~19 wt% Nb20s) , the dehydrated surface niobium oxide 

species are present as the highly distorted NbO@ octahedra 

(Raman band at ~988 cm~l), the moderately distorted Nb03 

octahedra (Raman band at ~883 cm-1) , and the layered

niobium oxide species containing both highly and slightly 

distorted NbOg octahedral structure (Raman bands at ~935 

and ~647 cm-1) . Multiple niobium oxide species are present 

in the Nb2O5/MgO system due to the strong acid-base 

interactions of Nb205 with the Mg2+ and the Ca2+ impurity 

cations present on the surface.

In the present study, the surface acidity and 

reactivity of the supported niobium oxide catalysts on MgO, 

Al203, TiO2, Zr02, and Si02 supports will be probed by FTIR 

pyridine adsorption studies and the sensitive methanol 

oxidation reaction. Comparison of the surface acidity and 

the reactivity data with the corresponding molecular
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characterization information previously determined will 

allow the establishment of molecular structure-reactivity 

relationships for supported niobium oxide catalysts. 

Knowledge of the molecular structure-reactivity 

relationships will further assist in the molecular design 

of supported niobium oxide catalysts for specific 

applications.

6.2. EXPERIMENTAL 

6.2.1. Materials

The supported niobium oxide catalysts on AI2O3, TiO2, 

Zr02 » and Si02 supports were prepared by the incipient- 

wetness impregnation method using niobium oxalate/oxali c 

acid aqueous solutions [62]. The water sensitive MgO 

support required the use of niobium ethoxide/propanol 

solutions under a nitrogen environment for the preparation 

of the Nb2Os/MgO catalysts. All samples were dried at 110­

120°C and calcined at 450—500°C. Niobium oxalate was 

supplied by Niobium Products Company (Pittsburgh, PA) with 

the following chemical analysis: 20.5% Nb205, 790 ppm Fe, 

680 ppm Si, and 0.1% insolubles. Niobium ethoxide (99.999% 

purity) was purchased from Johnson Matthey (Ward Hill, MA). 

The oxide supports employed in the present investigation 

are: MgO (Fluka, ~80 m2/g) , Al203 (Harshaw, ~180 m2/g) ,
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Ti02 (Degussa, ~50 m2/g) , ZrO2 (Degussa, ~39 m2/g) , and 

Si02 (Cab-O-Si 1 , ~275 m2/g) . The MgO support was calcined 

at 700°C for 2 hrs to convert the magnesium hydroxide to 

magnesium oxide.

Methanol (99.9% purity) was obtained from Aldrich 

Chemical Company, Inc. (Milwaukee, WI) . The He and 02

carrier gases were purchased from Linde Specialty Gases 

(Union Carbide) with 99.995% and 99.9% purity,

respectively.

6.2.2. Acidity Studies

The surface acidity of the supported niobium oxide 

catalysts was measured with an Analect FX-6160 FTIR 

spectrometer using pyridine as the probe molecule [148]. 

Pyridine adsorbs on Br^nsted acid surface sites to form 

pyridinium ion (PyH^) which possesses IR bands in the 1440­

1460 cm l region and at ~1640 cm~l, and adsorbs on Lewis 

acid surface sites to form coordinatively bonded complex 

(PyL) which possesses IR bands in the 1440-1460 and 1600­

1635 cm-1 region [171] . The samples were pressed into thin 

wafers (10-30 mg/cm'2) and evacuated in the IR cell at 350°C 

for 1 hour. Upon cooling the cell to 200°C, the IR 

spectrum (A) was recorded. Pyridine vapor with a pressure 

of 5 Torr was then introduced into the cell which is 

maintained at 200°C for about 30 seconds. Subsequently, 
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physically adsorbed pyridine was desorbed by evacuating the 

sample for 15 minutes, and the pyridine adsorption IR 

spectrum (B) was recorded. The concentration of Br^nsted 

and Lewis acid sites were calculated from the intensities 

of PyH+ (*1540 cm-1) and PyL (~1450 cm~l) bands and 

calibration of their corresponding extinction coefficients 

after subtraction of spectrum A from B.

The integrated extinction coefficient of the PyL band 

at *1450 cm 1 was determined by the adsorption of pyridine 

on Al203 which contains only Lewis acid sites (no PyH^ 

bands were observed). The integrated intensity of the PyL 

band at *1450 cm 1 linearly increased with increasing 

adsorbed pyridine, and the slope was measured as the 

extinction coefficient of the PyL band at *1450 cm'1 with a 

value of 1.11 cm/imor1. The extinction coefficient of the 

PyH^ band at *1540 cm'1 was similarly determined by 

adsorption of pyridine on HY zeolite, Si/Al=2.6, which was 

activated at 450°C to prevent dehydroxylation (PyL bands 

were absent) . The extinction coefficient of the the PyH+ 

band at *1540 cm'1 was calculated to be 0.73 cmpmol'1.

6.2.3. Catalysis Studies

Catalysis studies on the 

catalysts were performed with 

oxidation reaction in order to

supported niobium oxide 

the sensitive methanol 

study the reactivity of
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these catalysts. The reactor consisted of a digital flow 

rate controller (Brooks), a tube furnace (Lindberg), a 

condenser and methanol reservoir, and a gas chromatograph 

(HP 5840).

A portion of the methanol in the bottom flask was 

constantly evaporated under a controlled temperature and 

pressure. The evaporated methanol was mixed with the He 

and O2 gases whose flow rates were adjusted by the mass 

flow rate controller. This mixed gas flowed through the 

condenser at a temperature of 9.6°C. The methanol content 

was obtained by calculating the partial pressure of 

methanol at this temperature. The 6.9:11.0:82.1 ratio of 

the CH30H/02/He gaseous mixture then flowed to the reactor. 

The catalysts were placed in the center of a 6mm OD Pyrex 

microreactor supported by glass wool. The reactor was 

heated up by a programmable tube furnace to a constant 

reaction temperature that varied from 230°C to 280°C. The 

effluent gases were analyzed online by the gas 

chromatograph. The gas chromatograph was modified to 

operate with two thermal conductivity detectors (TCD) and 

one flame ionization detector (FID), and programmed to 

perform automatic data acquisition and analysis. The 

catalytic activity and selectivity were obtained by 

integrating the peak areas of products with respect to the 

reference peak area of methanol. The methanol conversion
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was kept below 5% to avoid complication due to heat and 

mass transfer limitations.

The temperature gradient from the inlet and the outlet 

of the catalyst bed was predicted to be 0.5K by assuming an 

adiabatic fixed-bed reactor [172]. The adiabatic 

temperature gradient is so small that the reactor is 

considered to be isothermal. The SiO2 support was used to 

test the pore diffusion limitation by calculating the 

Thiele modulus, , from the Weisz-Prater criterion. The 

effective diffusion coefficient of the SiO2 support was 

determined to be 6.0x1 O'3 cm2/sec from the Knudsen diffusion 

model [172]. The calculated Thiele modulus, was 

determined to be ~5.0x10^ which indicates no pore 

diffusion limitations.

6.3. RESULTS

6.3.1 Surface Acidity of Bulk Niobium Oxide and Supported 
Niobium Oxide Catalysts

Bulk Niobium Oxide

The nature of Lewis acid and Br^nsted acid surface 

sites present for bulk Nb205 is dependent on the 

calcination temperature as shown in Table 6.1. Acidity 

measurements indicate that considerable Lewis and Br^nsted 

acid surface sites are present on hydrated niobium oxide 

when it is treated at 120°C. The surface acidic sites,

199



however, are eliminated at high temperature treatment 

(500°C) due to loss in surface area, removal of water, and 

crystallization of the hydrated niobium oxide structure. 

These results are consistent with Tanabe’s acidity studies 

on hydrated niobium oxide [25].

Niobium Oxide Catalysts

Pyridine adsorption IR studies on supported niobium 

oxide catalysts are presented in Figures 6.1 and 6.2 as a 

function of Nb205 loading. The MgO and Si02 supports do 

not possess Lewis acid surface sites, but the addition of 

niobium oxide moderately increases the surface 

concentration of Lewis acid sites. The TiO2 and Zr02 

supports contain an intermediate amount of Lewis acid 

surface sites and the addition of niobium oxide moderately 

decreases the surface concentration of Lewis acid sites. 

The Al203 support contains a high concentration of Lewis 

acid surface sites which is modulated by the niobium oxide 

loading. None of the oxide supports possess Br^nsted acid 

sites, but the addition of niobium oxide generates a fair 

amount of Br^nsted acid surface sites for the Nb205/Al203 

and Nb2Og/SiO2 systems and a very small concentration of 

Br^nsted acid surface sites for Nb205/Ti02, Nb205/Zr02, and 

Nb205/Mg0 at high Nb205 loadings.
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6.3.2 .Reactivity of Bulk Niobium Oxide and Supported 
Niobium Oxide Catalysts

The reactivity of bulk Nb205 and the supported niobium 

oxide catalysts was probed by the sensitive methanol 

oxidation reaction. The methanol oxidation reaction has 

two different pathways which depend on the nature of the 

active sites present on the catalyst surface as shown in 

Scheme 1 [156,167,173,174]. Surface redox sites produce 

HCHO and HCOOCH3, and surface acid sites produce only 

CH3OCH3.

Bulk Niobium Oxide

The catalytic activity and selectivity data of the 

methanol oxidation reaction over bulk Nb2Og are shown in 

Table 6.2 as a function of calcination temperature. The 

activity dramatically decreases with increasing calcination 

temperature due to the formation of large particles of 

crystalline Nb20^ and the loss of surface area under 

thermal treatments. Dimethyl ether (CH3OCH3) is the only 

product for bulk Nb205 treated at 120°C. At high 

calcination temperatures (>500°C) , small amounts of 

formaldehyde (HCHO) are detected at reaction temperatures 

below 260°C. The thermal treatment affects the surface 

active sites on bulk Nb20g.

The activities for bulk Nb2Og can be converted to 

turnover number (TON) which is defined as the molecules of
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methanol converted per Nb atom per sec. The TON of bulk 

Nb2Og depends on the temperature treatment and has a 6-fold 

decrease with increasing temperature treatment from 120 to 

700°C. The TON is also proportional to the rate constant, 

koe(-EA/RT) and a plot of the In (TON) vs. (1/T) exhibits a 

linear relation. The activation energy, EA, of methanol 

oxidation over bulk Nb^O^ can be determined form the slope 

of the Arrhenius plot as shown in Figure 6.3. The 

activation energies of bulk Nb205 at different temperature 

treatments are found to be 20.6, 22.7, and 26.0 kcal/mole, 

respectively. The increase in the EA of bulk Nb205 with 

increasing temperature treatments indicates that the 

activation energy somewhat depends on the size of Nb205 

crystallites.

Supported Niobium Oxide Catalysts

The influence of the surface niobium oxide overlayer 

on the methanol oxidation catalytic activity over a series 

of supported niobium oxide catalysts is presented in Table 

6.3. The surface niobium oxide overlayer has almost no 

influence on the reactivity of the Ti02, Zr02, and MgO 

supported systems. In contrast, the surface niobium oxide 

overlayer significantly enhances the reactivity of the 

Al203 and Si02 supported systems. The selectivity of the 

methanol oxidation reaction over the series of supported 
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niobium oxide catalysts is presented in Table 6.4 as a 

function of Nb20g loading. Monolayer coverage of supported 

niobium oxide catalysts was previously determined to be 

-19% Nb205/Al203, ~7% Nb205/Ti02, ~5% Nb205/Zr02, and ~2% 

Nb20s/Si02, but not for the Nb205/Mg0 system due to the 

incorporation of Nb+S into the MgO support [124] . The 

surface niobium oxide overlayer on Al203 produces only 

CH3OCH3. On the Ti02 and Zr02 supports, the surface niobium 

oxide over layer exhibits high CH3OCH3 selectivity as well 

as a small amount of HCHO, and the CH3OCH3 selectivity 

increases with increasing Nb205 loading. The surface 

niobium oxide overlayer on MgO produces mainly HCHO and CO2 

up to 5% Nb2Og/MgO. The presence of niobium oxide on the 

Si02 surface with loadings less than 2% Nb2O5, exhibits a 

high selectivity for HCHO and HCOOCH3. The selectivity of 

CH3OCH3 increases with further addition of niobium oxide 

due to the formation of bulk Nb205 phase above 2% Nb205/Si02 

[141]. Thus, the surface niobium oxide overlayers on the 

Si02 and MgO supports possess mainly redox sites due to 

high selectivity of HCHO, HCOOCH3, as well as CO2, and the 

surface niobium oxide overlayers on the Al203, Ti02, and 

ZrO2 supports possess mainly acid sites due to high 

selectivity of CH3OCH3.

The Arrhenius plots of the surface niobium oxide 

overlayers on the different oxide supports are shown in
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Figure 6.4. The calculated activation energies have the 

following values: 8% Nb205/Al203 (26.9 kcal/mole) > 7% 

Nb205/Ti02 (21.1 kcal/mole) > 5% Nb205/Zr02 (19.2 kcal/mole) 

> 2 % Nb205/Si02 (15.7 kcal/mole) > 10% Nb205/Mg0 (15.1 

kcal/mole). In addition, the influence of the surface 

niobium oxide coverage on the activation energies for 

methanol oxidation over the surface niobium oxide 

overlayers on these oxide supports are tabulated in Table 

6.5. For low Nb20g loadings (1%) , the MgO supported 

niobium oxide catalyst exhibits the highest activation 

energy among these catalysts. Upon increasing the Nb205 

loadings, the activation energy of the MgO supported 

niobium oxide catalyst decreases from 35.9 to 15.1 

kcal/mole which is close to that of the silica supported 

niobium oxide, and the activation energy of the Al20s 

supported niobium oxide catalyst decreases from 33.5 to 

26.9 kcal/mole. An increase in surface niobium oxide 

coverage does not have a pronounced effect on the 

activation energy of the Si02, Ti02, and Zr02 supported 

niobium oxide catalysts.

6.4. DISCUSSIONS

Molecular Structures of Supported Niobium Oxide Catalysts

The molecular structures of the MgO, Al203, Ti02, Zr02, 
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and SiO2 supported niobium oxide catalysts were 

investigated with in situ Raman spectroscopy, and the 

various dehydrated surface niobium oxide species present in 

the supported niobium oxide catalysts appear to be related 

to the nature of the oxide supports [175].

On the Si02 support up to a loading of 2% Nb205, only 

one dehydrated surface niobium oxide species corresponding 

to the highly distorted NbOg octahedral structure at ~980 

cm-1 is present. Upon increasing the Nb205 loading above 2% 

Nb20s/Si02, an additional Raman band appears at ~680 cm-1 

which is characteristic of bulk Nb2O§ and possesses a 

slightly distorted NbOg octahedral structure.

The dehydrated TiOg and ZrO2 supported niobium oxide 

catalysts also exhibit a Raman band at ~985 cm-1 at low 

Nb205 loading which is also assigned to the highly 

distorted NbOg octahedra. The somewhat lower Raman band 

positions of the dehydrated 1% Nb205/Zr02 sample are

attributed to the presence of surface Cl and F impurities 

which were detected with XPS only in this particular 

sample. The highly distorted NbOg octahedra responsible 

for Raman bands at ~985 and ~935 cm-1 are observed on the 

Ti02 and Zr02 supports with loadings of 7 and 5% Nb205, 

respectively. The dehydrated surface niobium oxide phases 

possessing Raman bands in the 600—700 cm-1 region, however, 

can not be directly observed for Nb205/Ti02 and Nb205/Zr02
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because of the strong vibrations of the oxide supports in 

this region.

Below half monolayer coverage on the Al203 support, 

two kinds of dehydrated surface niobium oxide species which 

possess highly and moderately distorted Nb06 octahedra with 

Nb=O Raman bands at ~980 and ~883 cm-1, respectively, are 

present. Upon approaching monolayer coverage on the Al203 

support, additional Raman bands at ~935 and ~647 cm-1 which 

are characteristic of highly and slightly distorted Nb06 

octahedra similar to a layered niobium oxide structure are 

present.

Multiple niobium oxide species are present in the 

Nb20s/Mg0 system and are due to the strong ac id-base 

interactions of Nb205 with Mg2+ and Ca2+ impurity cations 

present on the surface to form MgNb206 and Ca^^Oj which 

possess major Raman bands in the 800-900 cm-1 region. 

Consequently, the dehydrated surface niobium oxide species, 

which give rise to the ~985 cm-1 band and contain a highly 

distorted Nb06 octahedral structure, coexist with the 

MgNb20@ and Ca^N^Oj compounds at high Nb203 loadings. The 

low relative intensity of the Raman band at ~985 cm-1 fOr 

the 10% Nb20s/Mg0 system indicates that only small 

concentration of the dehydrated surface niobium oxide 

species which possesses a highly distorted Nb06 octahedron 

are present on the MgO surface [175].
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Mplççular StrWGtMree-AcâdâtY Relationships

Comparison of the surface acidity measurements, 

Figures 6.1 and 6.2, with the previous in situ Raman 

studies [175], provides insight into the origin of the 

Lewis acid and Br^nsted acid surface sites for supported 

niobium oxide catalysts.

For the Nb205/Si02 system, the dehydrated surface 

niobium oxide Raman band at ~980 cm-1 is observed at low 

loadings (< 2%) and corresponds to the presence of Lewis 

acid surface sites (see Fig. 6.1). The dehydrated surface 

niobium oxide species consist of highly distorted Nb06 

octahedra that possess Nb=O bonds which appear to be 

coordinatively unsaturated surface acid sites. At loadings 

greater than 2% Nb205, the presence of Br^nsted acidity for 

the Nb205/Si02 system corresponds to the formation of bulk 

Nb205, and the maximum with niobium oxide loading suggest 

that there is an effect of Nb205 particle size on the 

concentration of Br^nsted and Lewis acid surface sites. 

Hydrated niobium oxide (Nb205.nH20) is well known to 

possess both Lewis and Br^nsted acid surface sites [28] . 

The decrease of Br^nsted acid surface sites and the maximum 

intensity of Lewis acid surface sites with increasing 

temperature treatment from 100 to 500°C indicate that a 

phase transformation of amorphous Nb205.nH20 to TT-Nb205 

occurs [28]. In other words, the concentration of Br^nsted
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and Lewis acid surface sites present on bulk Nb205 is 

affected by its particle size.

On the Ti02 and ZrO2 supports, an intermediate amount 

of Lewis acid sites are present, and the addition of 

niobium oxide, below monolayer coverage, moderately 

decreases the surface concentration of Lewis acid sites due 

to the decrease of coordinatively unsaturated surface 

sites. These surface sites are replaced by the dehydrated 

surface niobium oxide species with a Raman band at ~985 

cm-1 which is characteristic of the highly distorted NbO6 

octahedral structure. For the Nb205/Ti02 and Nb205/Zr02 

systems, a second dehydrated surface niobium oxide species 

possessing a Raman band at ~935 cm~l is observed when 

monolayer coverages (~7% Nb20s/Ti02 and ~5% Nb205/Zr02) are

reached. The presence of the new highly distorted Nb06 

octahedral surface species with a longer Nb=O bond does not 

further decrease the concentration of Lewis acid surface 

sites which indicates that the surface niobium oxide 

species with a Raman band at ~935 cm-1 occupies different 

surface sites on the Ti02 and ZrO2 supports than those 

sites responsible for the Raman band at ~985 cm-1. The 

small amount of Br^nsted acid surface sites for 10% 

Nb205/Ti02 and 10% Nb20g/Zr02 are attributed to the presence 

of bulk Nb2Og since monolayer coverage of surface niobium 

oxide was exceeded for these samples.
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The A12O3 support contains a high concentration of 

Lewis acid surface sites which is modulated by the niobium 

oxide loading. Below half monolayer coverage, the increase 

of Lewis acid surface sites suggests that the highly 

distorted surface Nb06 with Raman bands at ~980 and ~883 

cm-1 serve as coord i natively unsaturated surface acid 

sites. The appearance of the ~935 and ~647 cm-1 Raman 

bands correspond to the formation of Br^nsted acid surface 

sites at high loading on the Al203 support. The Br^nsted 

acid surface sites increase upon approaching monolayer 

coverage (~19% Nb2O3/Al2O3) while the Lewis acid surface 

sites simultaneously decrease which suggests that the 

conversion of Lewis acid sites to Br^nsted acid sites may 

occur with increasing Nb205 loadings. The exact location 

of these protons are not known from the IR and Raman 

characterization studies. However, the layered niobium 

oxide compounds are found to react with the weak base, 

pyridine, and indicate that these compounds possess strong 

Br^nsted acid sites due to the presence of h+ protons in 

the adjacent terminal layers to form Nb=OH* sites [54] . 

Thus, the dehydrated surface niobium oxide species 

possessing both highly and slightly distorted NbO6 

octahedra, similar to layered niobium oxide compounds [93], 

are associated with protons that form Br^nsted acid surface 

sites. Furthermore, the absence of Br^nsted acid surface 

sites for Nb203/Ti02 and Nb2O3/ZrO2 indicates that the 

209



slightly distorted surface niobium oxide species 

responsible for the ~650 cm-1 Raman band is not present in 

these systems (recall that this region was overshadowed by 

the strong vibrations of the TiO2 and Zr02 supports) .

For the Nb205/Mg0 system, the ~890, and ~823 cm-1 

Raman bands are probably not related to the Lewis acid 

surface sites since they appear to be incorporated into the 

MgO support surface to form the MgNb206 as well as Ca^Nb^ 

compounds and would not be expected to be exposed. The 

increase of Lewis acid surface sites with increasing Nb20g 

loading corresponds to the presence of coordinatively 

unsaturated surface sites on the highly distorted NbOy 

octahedral species at ~935 and ~985 cm-1. The origin of 

the small amount of Br^nsted acid surface sites at 15% 

Nb205/Mg0 is not known since bulk Nb205 at ~680 cm-1 and the 

surface layered niobium oxide species at ~935 and ~650 cm-1 

are not present in this sample.

In summary, the highly distorted surface NbOg 

octahedra sites correspond to the Lewis acid sites and the 

surface layered niobium oxide species containing both 

highly as well as slightly distorted surface NbOg sites are 

associated with the Br^nsted acid sites of supported 

niobium oxide catalysts. In addition, a microcrystalline 

bulk Nb20g particles present in these systems will also 

give rise to Br^nsted acid surface sites (see Table 6.1).
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Molecular Structures-Reactivity Relationships

The catalytic properties of the supported niobium 

oxide catalysts were probed with the methanol oxidation 

reaction because of its ability to discriminate between 

surface acid sites, formation of dimethyl ether (CH3OCH3) , 

and surface redox sites, formation of formaldehyde (HCHO) 

and methyl formate (HCOOCH3) .

The SiO2 supported niobium oxide catalysts at low 

Nb20s loadings (< 2%) were surprisingly found to possess 

surface redox sites of high reactivity and selectivity 

towards HCHO and HCOOCH3 (see Figures 6.3 and 6.4) . 

Comparison of these catalytic data with the earlier 

structure-acidity studies reveals that the Lewis acid 

surface sites, consisting of highly distorted Nb06 

octahedra, result in these superior catalytic properties. 

The decrease in methanol oxidation reactivity above 2% 

Nb205/Si02 is due to the formation of bulk Nb205 particles 

which block the surface Nb=O sites (see Fig. 6.3) . The 

decrease in HCHO and HCOOCH3 selectivity, and the 

simultaneous increase in CH3OCH3 selectivity above 2 % 

Nb2Og/S i 02 is due to the Br^nsted and Lewis acid surface 

sites on the bulk Nb205 particles present at these loadings 

(see Fig. 6.4).

The highly distorted NbOy Lewis acid sites are 

significantly more reactive when coordinated to the Al203 
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surfaces than the Ti02 and Zr02 surfaces (see Table 6.3) 

due to the increase in coordinatively unsaturated surface 

sites on the Nb205/Al203 system at loadings less than 5% 

Nb20s (see Fig. 6.1). The reactivity of Br^nsted acid 

surface sites, consisting of highly and slightly distorted 

NbO6 octahedra, appears to be very close to the reactivity 

of the Lewis acid surface sites for methanol oxidation over 

Nb205/Al203 at the loadings greater than 5% Nb205. This is 

demonstrated by the comparison TON of 5% Nb205/Al203,

possessing only Lewis acid surface sites, which is equal to 

0.177 with that of 12% Nb203/Al203, possessing both Lewis 

and Br^nsted surface acid sites, which is equal to 0.184. 

The dramatic decrease in reactivity for 19% Nb205/Al203 is 

attributed to self-poisoning of the extremely reactive 

catalyst (i.e. carbon deposition). The high selectivity 

towards CH30CH3 of the surface niobium oxide overlayers on 

Ti02, Zr02, and Al203 reveals that predominantly only acid 

sites, and essentially no redox sites, are present on these 

niobium oxide overlayers. Thus, the reactivity of these 

surface acid sites appear to be markedly influenced by the 

specific oxide support, and the coordinated niobium oxide 

on the alumina surface enhances the reactivity of these 

sites.

Furthermore, the acid sites on the Ti02, Zr02, and 

Al203 supported niobium oxide catalysts are similar to 
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those present on the bulk Nb^O^ surface because of the 

similar activation energies (see Table 6.5 and Fig. 6.5). 

In contrast, the surface niobium oxide overlayer on SiO2, 

less than 2% Nb2Og/SiO2, behaves predominantly as a redox 

site and exhibits a high selectivity towards HCHO and 

HCOOCH3. The low activation energy, 15.7 kcal/mole, of 2% 

Nb205/Si02 also suggests that the Nb205/Si02 system has 

different reaction mechanisms than the Nb205/Ti02, 

Nb205/Zr02, and Nb20g/Al203 systems. The addition of niobium 

oxide on the MgO support exhibits low reactivity due to the 

acid-base interaction to from MgNb206 and Ca2Nb207. Upon 

increasing the Nb2Og loading, the activation energy of 

Nb205/Mg0 changes from 35.9 to 15.1 kcal /mole which 

indicates the presence of surface niobium oxide species 

that possess a highly distorted Nb06 octahedral structure 

that is similar to the Nb205/Si02 system (EA=15.7 

kcal/mole) . The selectivity pattern of the Nb20s/Mg0 

system is more complex because of the reaction products 

from the Lewis acid surface sites as well as the exposed 

MgO surface sites which possess high selectivity towards 

C02 and HCHO. Thus, the same Lewis acid surface site, 

consisting of a highly distorted NbOg octahedra, can behave 

as either an acid site or redox site depending on the 

specific oxide support to which it is coordinated.

The Si02, TiO2, and Al203 supported niobium oxide
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catalysts containing low Nb20s loadings were recently 

investigated by Iwasawa et al. for the ethanol 

dehydrogenation reaction [7,9]. It was determined that the 

NbjOs/SiOa system exhibits a high reactivity and

selectivity for acetaldehyde (C2H5CHO) and that the 

NbgOg/AlgOs system exhibits a high reactivity and

selectivity for di ethyl ether (C2H5OC2H5) and ethene (C2H4) . 

The Nb20s/T i O2 system has a low reactivity for ethanol 

dehydrogenation but it shows high selectivity for 

acetaldehyde. These findings are consistent with the

present study which shows that surface active sites can 

behave as either an acid site or redox site depending on 

the specific oxide support to which it is coordinated. The 

surface niobium oxide overlayer on the AI2O3 support was 

also investigated by Murrell et al. [5,22] as acid cracking 

catalysts, and determined that the Nb205/A1203 system 

possesses strong Br^nsted acid surface sites at one-third 

monolayer coverage and the support has a dramatic effect on 

the Br^nsted acidity due to the lower proton removal 

energies of the supported metal oxides.

6.5. CONCLUSIONS

The molecular structure-reactivity relationships for 

supported niobium oxide catalysts were achieved by 
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combining Raman spectroscopy structural studies with 

chemical probes that measured the acidity and reactivity of 

the surface niobium oxide sites. The highly distorted Nb06 

octahedra possess Nb=O bonds and are associated with Lewis 

acid sites. The slightly distorted Nb06 octahedra as well 

as the highly distorted Nb06 octahedra, which are similar 

to layered niobium oxide compounds, are associated with 

Br^nsted acid sites. The Lewis acid surface sites are 

present on all the supported niobium oxide systems, but the 

Br^nsted acid surface sites are limited to the Nb205/Al203 

and Nb2O5/SiO2 systems. The surface niobium oxide Lewis 

acid sites are significantly more active when coordinated 

to the Al203 surface than to the Ti02, Zr02, and MgO 

surfaces (surface oxide-support interaction). Furthermore, 

the surface niobium oxide sites on Si02 with an activation 

energy, , of 15.7 kcal/mole behave as redox sites and the

surface niobium oxide sites on Al203 with an activation 

energy, E&, of 26.9 kcal/mole, which are similar to bulk 

Nb205, are acid sites during partial oxidation reactions. 

These different activation energies are a direct 

consequence of the different methanol reaction pathways.
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Table 6.1: Surface acid sites present in bulk niobium oxide 
as a function of temperature treatment
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Table 6.2: The reactivity and selectivity of methanol 
oxidation reaction over bulk NbgOs
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Table 6.3: The reactivity of methanol oxidation reaction 
over supported niobium oxide catalysts
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Table 6.4: The selectivity of methanol oxidation reaction 
over supported niobium oxide catalysts
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Figure 6.1: The Lewis acid surface sites present in the 
supported niobium oxide catalysts
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CHAPTER 7 

CONCLUSIONS

This work has demonstrated that the understanding of 

surface niobium oxide-support interactions influence the 

molecular structure and surface chemistry of the surface 

niobium oxide overlayer. Knowledge of the nature of 

surface active sites, combined with information on the 

structure of surface niobium oxide species, can lead to 

improve niobium-based catalysts for achieving high 

reactivity and selectivity.

The molecular structure-reactivity relationships for 

supported niobium oxide catalysts were achieved by 

combining Raman spectroscopy structural studies with 

chemical probes that measured the acidity and reactivity of 

the surface niobium oxide sites. Supported niobium oxide 

catalysts under ambient conditions form a two-dimensional 

overlayer on oxide supports, and the monolayer coverage of 

these systems is reached at ~19 wt% Nb205/A1203, ~7 wt% 

Nb205/Ti02, ~5 wt% Nb205/Zr02, and ~2 wt% Nb205/Si02, but 

not for the Nb20s/Mg0 system due to the incorporation of 

Nb+5 into the MgO support. The molecular structures of the 

surface niobium oxide species under ambient conditions, 
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where adsorbed moisture is present, are controlled by the 

surface pH of the system. Under in situ conditions the 

adsorbed moisture desorbs upon heating and the surface 

niobium oxide overlayer on oxide supports become 

dehydrated. On the Si02 support, only one dehydrated 

surface niobium oxide species corresponding to the highly 

distorted NbOg octahedral structure at ~980 cm-1 is 

present. The highly distorted Nb06 octahedra responsible 

for Raman bands at ~985 and ~935 cm~l are also observed on 

the Ti02 and Zr02 supports at monolayer coverage. Below 

half a monolayer coverage on the Al203 support, two kinds 

dehydrated surface niobium oxide species possessing 

highly and moderately distorted Nb06 octahedra with Nb=O 

Raman bands at ~980 and ~883 cm*l, respectively, are 

present. Upon approaching monolayer coverage on the Al203 

support, additional Raman bands at ~935 and ~647 cm-1 

characteristic of highly and slightly distorted Nb06 

octahedra are present and are suggestive of a layered 

niobium oxide structure. Multiple niobium oxide species

are present in the Nb2O3/MgO system due to the strong acid­

base interactions of Nb205 with the Mg2+ and the Ca2+ 

impurity cations present on the surface. The highly 

distorted NbOg octahedra possess Nb=0 bonds and are 

associated with Lewis acid sites. The surface layered 

niobium oxide species possessing both Nb=0 and Nb-0 bonds 
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are associated with Breasted acid sites. The Lewis acid 

surface sites are present on all the supported niobium 

oxide systems, but the Br^nsted acid surface sites are 

limited to the NbgOg/A12O3 and Nb2Og/SiO2 systems. The 

surface niobium oxide Lewis acid sites are significantly 

more active when coordinated to the Al203 surface than to 

the Ti02, Zr02, and MgO surfaces (surface oxide-support 

interaction). Furthermore, the surface niobium oxide sites 

on Si02 and MgO behave as redox sites and the surface 

niobium oxide sites on A12O3, Ti02, and Zr02 are acid sites 

during partial oxidation reactions. Thus, the same Lewis 

acid surface site, consisting of a highly distorted Nb06 

octahedra, can behave as either an acid site or redox site 

depending on the specific oxide support to which it is 

coordinated.

The nature of the oxide support has a pronounced 

effect on the chemical and physical properties of the 

surface niobium oxide overlayer. The various dehydrated 

surface niobium oxide structures present in supported 

niobium oxide catalysts appear to be related to the oxide 

support surface hydroxyl chemistry because the surface 

niobium oxide phases are formed by reaction of the niobium 

oxide precursor with the surface hydroxyl groups of the 

oxide supports. The S1Ü2 surface possesses only one kind 
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of surface hydroxyl group and only one dehydrated surface 

niobium oxide species (Raman band at ~980 cm-1) is present. 

The TiO2 and Zr02 surfaces possess two kinds of surface 

hydroxyl groups and two dehydrated surface niobium oxide 

species (Raman band at ~985 and ~935 cm-1) are present. 

The A12O3 surface possesses at least 4 different surface 

hydroxyl groups and three dehydrated surface niobium oxide 

species (Raman bands at ~985, ~935, ~880, and ~647 cm-1) 

are present. The MgO surface possesses one kind of surface 

hydroxyl group, but three different niobium oxide species 

are observed (Raman bands at ~985, ~890, and ~830 cm-1) due 

to the acid-base interactions.
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