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Abstract

This paper summarizes the techniques applied for the characterization of niobium and tantalum species in solid materials
and described in the literature in the last two decades. The idea of this paper is not only the exhibition of new and developed
techniques but also pointing at the papers in which readers can find the particular results of the applied methods.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction 2. Metal content [1-10]

The development in the niobium and tantalum  The separation of niobium and tantalum from other
chemistry in the last decades was possible, thankselements and from each other has been one of the
to a great progress in the spectroscopic and othermost complex problems faced by analytical chem-
physical methods used for the characterization of istry. Both of these elements tend to partition between
solids. the filtrate and the precipitate, no matter which pre-

The new analytical techniques and the new applica- cipitant is used. The development of new techniques
tion of well known methods used for Nb and Ta iden- based on ion exchange (solid and liquid exchangers)
tification and characterization in the last years will be and liquid—liquid extraction has simplified the sep-
described in this paper wider, whereas, the other meth- aration of niobium and tantalum. These techniques
ods will be mentioned and/or classify only. Character- take advantage of the fact that both elements and
ization of Nb- and Ta-containing compounds covers associated ones can exist in solution as characteris-
the following features: tic complex species with significant differences in
distribution coefficients and relative stabilities. Lig-
uid surfactant membranes impregnated with octanol
as a carrier medium have been used for the separa-
tion of Nb and Ta[1]. lon-interaction reverse-phase
"+ Corresponding author. Tel+48-61-8291243; high-pressure quuid_chromatography (RP-HPLC) has
fax: +48-61-8658008. been recently applied with reasonable success for
E-mail address: ziolek@amu.edu.pl (M. Ziolek). determination of Nb and T§,10]. These methods

1. Metal content.
2. Structure and texture of solids.
3. Surface state of solids.
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relied upon separation of anionic ternary complexes porosity, pore size distribution, pore volume, radius)
of Nb(V) and Ta(V) using various metallochromic characterization include the methods described below.
ligands, including 4-(2-pyridylazo)resorcinol (PAR),
2-(5-bromo-2-pyridylazo)-5-diethylaminophenol (Br- 3.1. Gas adsorption
PADAP), and 2-(5-bromo-2-pyridylazo)-™Nfpro-
pyl-N-(3-sulfopropyl)amino]-phenol (Br-PAPS). The Nitrogen adsorption isotherms are commonly used
complexes were separated on a C18 column dynami-for the estimation of surface areas and pore size dis-
cally coated with tetrabutylammonium hydroxiffg. tribution, pore volume and radius in solids and have
Recently, separation of Nb(V) and Ta(V) as ternary been also widely applied to the study of Ta- and
complexes with citrate and metallochromic ligands Nb-containing compoundd1-17]
by capillary electrophoresis has been propdgéd
Since chemical detection and identification tests for 3.2. Electron microscopy
niobium and tantalum generally require prior removal
of most accompanying elements, the preferred meth-  Scanning electron microscopy (SEM), transmis-
ods for detection and identification are spectroscopic. sion electron microscopy (TEM), or high-resolution
The intensities of niobium atomic emission lines in  TEM (HRTEM) provide direct visual information on
the arc spectrum depend largely on the type of exci- the size, shape, dispersion and morphology of solids.
tation and exceed those of tantalum lines by a factor Some examples of their application are shown below
of about 10. It is possible to detect 0.05% niobium in [18]. Structural changes in 7®s were studied us-
the material by a spark techniq{&. ing SEM [19]. This techniques was also applied to
X-ray fluorescence spectrometry is also an excel- the characterization of the nanostructure of;Qb
lent tool for the detection of both niobium and tanta- [20] and Nb-oxide deposited on P21], as well as
lum, and with somewhat better sensitivity than arc or to the surface morphology of oxidized Nb-implanted
spark spectroscopy. Here also the intensity of niobium Ti and Ti—4Nb mixture[22]. SEM micrographs of
radiation is considerably greater than that of tantalum Nb,Os films treated at various temperatures allowed
[1,2]. the observation of a temperature transformation of the
Spectrophotometric methods are based on the for- amorphous niobium gel into crystalline partic[@s].
mation of colored complexes with inorganic or or- SEM study of calcined tantalum silicalite (TaS-1)
ganic reagents. These methods, generally, have theindicated that variation of the Ta content does not
advantage that they are rapid, require only a minimum lead to significant modification of its morphology,
amount of preliminary separation from most accom- and moreover, a TEM image revealed the absence
panying elements and in some cases are capable ofof amorphous matter outside the crystals of this ma-
differentiating between niobium and tantaluft]. terial [24]. The microstructural stability of Cu—Nb
As an example, color development betweehydro- microcomposite wires fabricated by the bundling and
xyhydroquinonephthalein and niobium or tantalum drawing process has been examined using TEH.
has been used in the presence of hexadecyltrimethy- High-resolution electron microscopy (HREM)
lammonium chloride (HTAC) in strong acidic media studies have demonstrated that lattice-imaging tech-
[3]. niques can provide atomic scale information in com-
Nb(V) and Ta(V) can also be determined us- plex oxides or other solids. Recently, Sayagués and
ing inductively coupled plasma-mass spectrometry Hutchison[26,27] have developed a new technique,
(ICP-MS)[5,6] and inductively coupled plasma-atomic controlled environment transmission electron mi-
emission spectrometry (ICP-AE$),8]. croscopy (CETEM), and applied it to niobium oxides.
This method is a combination of a gas reaction cell
(GRC, also designated as an environmental cell) and
3. Structure and texture of solids a high-resolution transmission electron microscope.
This technique allows real-time observation of struc-
Techniques often used for structure (including bulk tural changes at the atomic level. In a GRC installed in
phase structure) and texture (surface area, particle sizea HRTEM, samples can be manipulated in an ambient
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atmospherei{ < 50 mbar). This arrangement permits
not only the observation of solid—gas reactions in situ
at close to the atomic level but also the induction
of structural modifications under the influence of a
plasma, generated by ionization of gas particles by
an intense electron beaffd8]. Solid state reactions
of non-stoichiometric niobium oxides and niobium
tungsten oxides with different gases »(CHz, and
He) have been studied by Sayagués et[28,29]
GRC micrographs and the corresponding electron
diffraction patterns (EDP) of NBO»g treated under
vacuum, with oxygen and with hydrogen showed that
the Nb-oxide structure is changed after the oxidation
indicating the formation of a superstructure. One set
corresponded to NbO,g and the other to a NO25
structure. The original structure of hD.g was
rebuilt after the reduction with hydrogen.

3.3. X-ray techniques

X-ray diffraction (XRD) is mostly used for bulk
structure analysis and it is suitable for size deter-
mination, if the concentration of the component of
interest is high enough. XRD patterns of various Nb-
and Ta-containing compounds are shown in many
papers. It is useful technique for differentiate nio-
bium pentoxide from tantalum pentoxidd0]. Two
forms of TaOs (hexagonab-TapOs and orthorhom-
bic B-TaxOs) were characterized with XRD patterns
[19]. Nb2Os films coating various matrices have been
studied [23,31-33] as have changes in NDs re-
sulting from calcination at various temperatufe4].
XRD has been applied also to the detection of solid
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pattern of TaS-1[24] and of NaCl-KCI-kNbF,
NaCl-KCIl-KsNbOFs, NaCl-KCl-KsNbO,F; [44]
have been reported. In addition, oxide phases have
been assigned in Mo-V-Sb—-Nb—O bulk materials
[45] and in Nb-alloys and Nb sulfidg46].

XRD is generally applied to the investigation of
crystalline solids. However, the ordered amorphous
mesoporous materials, like NbMCM-417,48], or
mesoporous tantalum and niobium oxidé8,50] can
be characterized with XRD at a low-angle range.

The position-sensitive X-ray detection (CPSD)
method allowed the measurement of the equation of
tantalum statg51]. Glancing angle X-ray diffraction
(GAXRD) measurements were performed in order to
obtain the TaO film compositiofb2] and also were
applied to the study of Ti—-4Nb systeif@2]. This
system has been also studied with energy dispersive
X-ray (EDX) spectroscopy22]. The composition of
(Nbz1_,Ta,)20s films was checked by ED¥63]. The
EDX analysis demonstrated the homogeneous distri-
bution of Ni, Mo, and Nb in the hydrotreating NiMo
catalysts doped with Nb sulfid&4]. The EDX tech-
nique combined with STEM allowed the analysis of
V, Nb, and P in VPO and NbPO materials depending
on the different morphologies observed by SEM).
TEM-EDX analysis provides high spatially resolved
insight about the distribution of niobium in Nb-doped
TiO3 thick film [56].

3.4. Temperature programmed methods

Differential thermal analysis (DTA) and thermal
gravimetric analysis (TGA) are very useful in the

state interaction between Nb or Ta compounds and study of solid phase structure. The first measures en-
other solids. Formation of new phases can be detectedergy changes as the sample is scanned through phase

in the Co/NbOs system[35], Ni-NbyOs/SiO, ma-
terial [36], NbNaY zeolite[37], and Cu—-NbMCM-41
mesoporous molecular sievEd8]. Solid state inter-
actions can be also estimated on the basis gfOdb

changes; the second records weight loss or gain. Ad-
ditional information can be obtained using reactive
atmosphere, usually hydrogen. With hydrogen, the
technique called temperature programmed reduction

phase disappearance observed, for example, during in(TPR) gives information on the reducibility of oxides

situ XRD study of NbOs and HNaY zeolite mixtures
heated at various temperatuf&s9].

Time resolved diffractograms were used to observe
structural evolution of Nb and Al during combustion
leading to the formation of a new compound, NpAI
[40]. Niobium nitride films were well defined by XRD
patterns[41], and metal Nb[42] and Nb—H, Nb-N
systems[43] have been characterized. The XRD

[57]. TG/DTA analysis was applied to the study of
the crystallization of Nb-oxides deposited on vari-
ous matrices (P21], ITO-glass[23,31) and sodium
tetraperoxo niobatgs8].

H2>-TPR study allows distinguishing between Nb
in the framework (high temperature peak) and extra
framework (low temperature peak) positions in the
mesoporous molecular sieves of MCM-41 ty[p@].
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This technique is also useful for the estimation of the vibrational spectroscopy methods (IR absorption and
interaction between niobium in a matrix and supported spontaneous Raman scatterifig}].

transition metal (for instance Cf38], Ni [60], Mo Raman spectroscopy applied for the characteriza-
[61]). tion of bulk Nb and Ta oxides is reported 8ection

4.3together with the characterization of surface prop-
3.5. Infrared and Raman spectroscopy erties.

The knowledge of the crystal chemistry of solids
is largely based on the results of infrared (IR) and 4. Surface state of solids
Raman spectroscopy. These methods are also useful in
the study of amorphous materials although the bands  The characterization of the surface state includes
are not so intensive as for the crystal phases. surface composition, complexes, structure and topog-

In the so-called “skeletal region” (300-1300cH raphy. The methods commonly used for that charac-
the lattice vibrations can be observed. IR spec- terization are well illustrated by the diagram presented
tra in the skeletal region of Nb-containing com- in Scheme ladapted from Ref18,72]
pounds are reported in many papers (as examples Most of the methods presented iBcheme 1
[23,34,44,59,62-6%] whereas that of TaS-1 is shown have been already applied to the characterization of
by Ko and Ahn[24]. Generally, in the range of niobium- and tantalum-containing compounds. How-
600-950cm?! the Nb-O stretching vibrations can ever, some of them are difficult or impossible to be
be observed23]. The IR band near 920 cm is as- used for Nb or Ta compounds. There are no litera-
signed to the stretching mode of KD bonds while  ture data showind®Nb MAS NMR spectra of solids
the stronger one near 620 cwas assigned to the  containing niobium. It is due to a high niobium spin
stretching of longer bridging Nb—O-Nb bonds in the nuclei ) which make difficult to obtain a good
distorted Nb@ octahedrg64]. The IR spectroscopy  quality NMR spectrum. Recently, Shore and cowork-
allowed the identification of both Nkdistorted ers [73] applied pure-phase two-dimensional NMR
octahedra and tetrahedral orthophosphate speciesspectroscopy which allowed the determination of the
present in the bulk crystalline NbRQwhen niobic  quadrupolar coupling constants of the niobium sites
acid was impregnated with phosphoric adié4]. in lead metaniobate (PbN®g) and lead magnesium
IR spectra in the Nb—O and Ta-O stretching region niobate (Pb(Mg3Nbz/3)Os) solid-solutions. The
strongly depend on the composition and structure of
the materials containing metal-oxygen bonds. Zhou

and Andrews[65] developed the knowledge in this Surface

area, thanks to the production of MO, MCMO>—,

and MO+ (where M= Ta or Nb), via the reaction of Surface | —  Surface
laser-ablated niobium and tantalum atoms with oxy- composition structure;
gen and IR spectroscopy study of these molecules. Surface topography
The IR band at about 960 cth is often used as evi- complexes '
dence for the incorporation of metal into the siliceous AES: SIMS: EEED
skeletal of molecular sieves, and so interpretation, UPS: XPS: TEM
one can find also for Nb and Ta silicalitE®},66,67] Mossbauer; EXAES
However, the literature proposes various interpreta- Work function; l
tion of the origin of this band68—70] and now it is EPMA; EXAFS

generally accepted that the band~&60 cnt ! is due

to a Si—O vibrational mode perturbed by the presence IR: UV: ESR;: NMR:
of metal ions in a neighboring position. Raman

Some aspects of the crystal chemistry of niobium

and tantalum complex OXi(_jes with a perOVSk_ite'type Scheme 1. Methods available for the characterization of surface
structure have been considered on the basis of thestate of nanoclusters, adapted from Hé8.
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93Nb nutation spectra of both compounds are shown 1o Nb3d
in their paper. ' T - T T

4.1. Microscopy analyses

Generally, microscopy techniques described in the
previous section are well adapted to the characteriza- s .
tion of the surface structure of solids.

A relatively new method, not shown in the diagram, 4
is scanning tunneling microscopy (STM), which has | s
particularly great potential for in situ chemical stud- 3 1
ies[74]. It can provide real-space images of surfaces

: ) X "Nb3d 5/2
of conducting materials down to the atomic scale. The [2 “Nb3d 3/2 1
operation of STM is surprisingly simple. In contrast

to oth_er electrpn microscopies and surface analytlcgl 1 backgrow: ]
techniques using electrons, STM can be operated in

air, liquids, vacuum and reaction conditions because -# 208 208 200 202 200 To8

there are no free electrons involved in the STM exper- Binding Energy (V)
iments. Following the invention of the STM in 1981
[75], the surface structures of several transition metal Fig- 1. Deconvolution of the Nb 3d doublet: the line shape is
oxides have been studied by the use of STM. A seri- reproduced by two Gaussian—Lorentzian curves, that represent the
ous limitation of the STM technique so far is its lack Nb doublet, and by the backgrouf].
of chemical sensitivity.

STM makes possible the determination of a nan- o )
oclusters, including the stabilizing ligand shell and itis ¢ Measurements with ion sputtering (Aat 2keV)
an effective probe of the electronic properties of such Performed depth profile analysis. _
nanoparticleg18]. For instance, STM observation of ~ Generally, niobium in various compounds gives
single NbO nano-crystal revealed that the entire sur- 11S€ 0 the Nb 3d doublet (3g> and 3d,2) in the XPS

face is covered by small protrusions having a pyramid SPectrum as shown, for examplefig. 1. The bind-
shape with a flat toj76]. ing energy (BE) and the intensity of each XPS line

depend on various factors. With the decrease of the

oxidation state of niobium the position of XPS peaks
4.2. X-ray photoelectron spectroscopy (XPS) shifts to a lower BE. Sugiyama et 4iZ8] prepared

various niobium oxides using a microwave plasma

XPS technique is widely applied method to the heating method and they observed the following

study of a chemical composition of solid surfaces. njobjum species characterized by XPS lines:>Nb
It allows also the investigation of the in-depth distri- (207.4, 209.7 eV); Nb" (205.0, 207.0eV), and NB
bution of the different compounds. Dacca et [dl7] (204.4, 206.3eV) for 3¢, and 3d,2, respectively.
used XPS method for the deep study of Nb sam- Njobia (Nb,Os) films described i{33] represents in
ples, including metallic niobium, various niobium Xxps spectrum a pair of peaks due to Nbs 3dand
oxides and niobium carbide. They measured XPS and 3ds/» core levels at the binding energies of 210.1
ARXPS (angle resolved XPS) spectra in the temper- and 207.3 eV, respectively (the same values were ob-
ature range between room temperature and 1273K. served for NbOs doped TiQ thin films [79]). After
The authors performed an angularly resolved analysis jithjation, the peaks due to Nb 3¢ and 3¢, were

that allows the evaluation of the thickness of the com- opserved at 209.8 and 207.0 eV indicating the partial
pounds present on the surface. Work function values, reduction of N+ according to

¢, was obtained by measuring the total width of the
photoelectron spectrum. Alternating XPS spectra and NbyOs + xLi ™ + xe™ — Li NbyOs Q)
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XPS studies of mesoporous niobium(V) oxide treated 26.5 and 28.2 eV for Ta 4f» and 4§, respectively
with potassium fulleride (KCs0) [49,50] displayed a [49]. These values decrease when tantalum(V) oxide
niobium 3d,> emission at 207.1eV, i.e., almost 1eV is treated with KCgq indicating the reduction of Ta.
lower than that of the parent mesoporous niobium ox-  Recently, Wachs et a[88] applied XPS for the
ide. It is consistent with the reduction of the walls to estimation of Ta density on the different supports at
an oxidation state of ca. 44 The Nb 3d peak posi-  monolayer surface coverage. They have found 5.6, 5.9,
tions can be readily used to deduce the mean oxidation6.0, and 2.1 Ta atoms/rffior Al,0s, TiO», ZrO,, and
state of the Nb walls in mesoporous oxides. Antonelli SiO, applied as supports, respectively.

and coworker$80] demonstrated that with increasing

alkali metal (used for the reduction of Nb-oxide) size 4.3. Raman spectroscopy

the XPS peaks are moved to a lower BE.

The higher BE of Nb 3¢/> = 207.9 eV in niobosil- Raman spectroscopy primarily provides informa-
ica mesoporous molecular sieve, NbMCM-{33], tion on the vibrational properties of a bulk oxide.
than that in NbOs indicates the interaction of Nb with ~ Typically, Raman spectroscopy analyses to a depth
Si, both located in the skeletal of the molecular sieve. of 1 um into the surface of a solif45,89] Amor-

The introduction of Cu into this matrix shifts the BE phous materials give week Raman spectra. Wachs et al.
of Nb 3d;/, to the higher value (208.1eV) suggest- [90] applied in situ Raman and XANES (X-ray ab-
ing the additional effect of polarization by Cu species. sorption near-edge structure) study for the character-
The literature shows the XPS spectra of:0fg inter- ization of niobia species on oxide supports. At very
acting with various metals, for instance Ni6], Co low surface coverages they found fourfold coordi-
[81], Pd[54]. The transformation of Nt©Ds into NbC nated surface Nbfspecies characterized by Raman
leads to the decrease of BE from 209.8 and 207.1 to bands at 980-990 cm. Intermediate surface cover-
205.2 and 202.5 e§82]. The XPS binding energies of  age led to the formation of fivefold coordinated surface
Nb 3d in niobium nitrides are also lower than that in NbOs species (Raman bands at 930-950¢mange),
oxides and depend on the matrix on which the nitrides whereas high surface coverage gave rise to Raman
are deposited41]. bands at 630—650 cm characteristic of sixfold coor-

The intensity of the photoelectron peaks depends dinated surface Nb§species. Jehng and Wadgd ]
on the density of niobium species. The decrease in reported that terminal NBD bonds in Raman spectra
their intensity after treating of uranium-based alloy occur between 850 and 1000cfand this kind of
(U-14.1 at.% Nb) with oxygen can be interpreted as a bond is present in highly distorted octahedral NbO
result of the diffusion of niobium into the bulk or low-  structures. The band due to the Nb—O bond usually
ering of the Nb surface density due to the formation of appears between 500 and 700¢nin Raman spectra
oxide [83]. The intensities of XPS lines are used for and belongs to the slightly distorted octahedral bO
the calculation of the composition of the surface. For structureg63]. This bond is also present in Nb@nd
example niobium(V) and tantalum(V) oxides coated NbOs species, bringing about at least two bands in the
by monolayers of dodecyl phosphate and 12-hydroxy IR spectra. More information about Raman frequen-
dodecyl phosphate were analyzed by XPS technique cies from niobium oxides depending on lattice param-
[84]. Normalized XPS intensities of C 1s, O 1s, Ta 4f, eters is presented ifable 1
Nb 3d and P 2p divided by the corresponding elemen- Raman spectroscopy was one of the methods ap-
tal sensitivity factors and normalized to 100% allow plied to the study of niobia supported on silica and
the determining of the composition of these materials. helped in the identification of the surface species

The XPS spectra of potassium tantalate niobate areformed[74,90] Antonelli and coworker§49,50]used
discussed irf85] and that of LINbQ in [86]. Ta 4f Raman spectroscopy for the characterization gf C
spectra of amorphous Ni—30Ta—3Ir alloy are shown in (fulleride) units in mesoporous niobium and tantalum
[87]. oxides as well as in gCsp + Nb-TMS1.

Tantalum 4%/, and 4§, emissions are in the region The Raman based methods, i.e., laser Raman
ca. 27 and 29 eV, respectively. The mesoporous tanta-spectroscopy (LRS), surface-enhanced Raman scat-
lum(V) oxide exhibits two peaks in XPS spectrum at tering (SERS) and the modified IR spectroscopy (IR
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IzzI?eTationship between niobium oxide structures and Raman frequéncies
Symmetry Type Raman bands (ch) Compounds
] 0
Nb NbO4 790-830 YNbQ
O/ \O

:é ?j% NbO; and NbQ 500-700 NBOs (amorphous; TT-, T-H-form), LiNb@ NaNbG;

§

o}
o)
(ﬁf NbOs 850-1000 NBOs (H), AINbO4, Nb(HC;04)s
o

2Reproduced from Ref91].

reflection absorption spectroscopy, IRRAS) have been tantalum hydrate into well crystallized bulk J@s
used to demonstrate that a stable passivated film canwhich gives rise to the strongest Raman bands at
be easily formed on Nb in 0.15M Na(®92]. The ~102 and 253 cmt, two less intensive bands at 621
authors showed the Raman spectra of KNbahd and 705 cm?, and some other weak bands at approx-
Nb,Os. imately 200, 340, 490, 843, and 944th Raman

Raman spectra exhibited perhaps the best evidencespectroscopy revealed that the supported tantalum
for the isomorphous substitution of Ti by Nb in the oxide phases possess significantly different structure
ETS-10 (microporous titanosilicate) framewdé3]. from the bulk TaOs. The molecular structures of the
ETS-10 gives a main strong and sharp band at ca. surface Ta@ species on the different oxide supports
735cmt, assigned to the TiQoctahedra. With the  primarily possess polymerized TgaQs coordi-
increase of Nb content this peak shifts slightly and nation with the exception of Si) which contained
broadens, and simultaneously, a band grows at ca.mostly isolated Ta@tetrahedrons.

664 cnt ! (typical of NbQs octahedra in microporous
niobosilicates). Similar evidence is shown for NbS-1 4.4. IR spectroscopy
zeolite (MFI structure]94].

Katiyar and coworker$95] showed Raman spec- The commonly used technique for the character-
tra of TgOs recorded at room temperature, and also ization of active species on the surface of solids,
at low and high temperatures. Moreover, they used i.e., the adsorption of “probe molecules” followed
Raman scattering to study the phase transition in by the IR spectroscopy study, has been also applied
(TazOs5)1— (TiO2), from triclinic to monoclinic one to the investigation of Nb- and Ta-containing mate-
[96]. rials. Adsorption of pyridine or lutidine combined

The Raman spectroscopy has been recently ap-with IR measurements was used in the study of
plied [88] for the study of bulk tantalum hydrate Pt/NlpOs/Al2O3 [97], Nb/Al,O3 [98], NbMCM-41
(TapOs-nH20) before and after exposure to different and Cu—NbMCM-41[99-102] amorphous niobium
temperatures in air, as well as for the estimation of phosphate[103]. The adsorption of NO followed
Ta oxide structure supported onx8ls, TiO2, ZrOp, by IR study may provide an insight into the redox
and SiQ. Tantalum hydrate is amorphous with a properties as well as the oxidation state of metal on
characteristic broad Raman band~a60 cnt . The the solid surface. This method was used for instance
heat treatment at 1073 K transforms the amorphous in the characterization of N5 and TaOs sup-
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ported on TiQ [104] or in the study of mesoporous 4.5. Electron spin resonance (ESR) study
molecular sieves (NbMCM-41]88,59,105] The ad-

sorption of acetophenone on niobium afl®6] and There is more literature data showing ESR
acetonitrile on niobium phosphat®4] were also spectra of Nb-containing compounds than that of
applied. Ta-containing materials. It is commonly recognized

Following the new inventiorj107,108]of the use that the paramagnetic species is Nb or Ta with the
of IR bands in the 850-1000cmh region to the oxidation state 4. Little is known about the ESR
characterization of cations in molecular sieves, the spectra of Nb(2) because, as it is described in
localization of Nb in mesoporous molecular sieves the literature, they are similar to those observed for
(NbMCM-41) has been studiefb9]. The Si—-O-Si Nb(4+) species with 8 configuration and the two
vibrations observed in the 1020-1100cthrange states cannot be distinguished by the ESR technique
are perturbed in the various manners depending on[109]. No ESR signals of Nb in NbO, is usu-
the location of niobium cations (framework or ex- ally observable due to the diamagnetic property. The
tra framework) and their interaction with Si-O-Si ESR signal of N+ at theg = 1.85 was, however,
vibrational mode. The appearance of two IR bands detected for the niobium oxide of the controlled
in the transmission window (850-1000ctHh) of the composition. During the reduction of niobium oxide
NbMCM-41 spectrum indicated the existence of two the O/Nb value decreases. The spin density of'Nb
various Nb-species interacting with T-O—-T vibrations formed in niobium oxide by the controlled reduction
(framework NbO and Nb" species). The identifi-  is the highest when O/Nk= 2.496. The further re-
cation of Nb in the framework or extra framework duction causes the decrease in the spin density and
positions based on the intensity of the perturbed IR it is due to the magnetic coupling of neighboring

bands after adsorption of NO. Nb*t cations. Only the isolated cation free from the
Table 2
Some other techniques and examples of their application to the characterization of Nb and Ta compounds
Technique Compound References
Ultraviolet-visible spectroscopy (UV-Vis) including Nb2Os film [32,116-118]
diffuse reflectance spectroscopy (UV-Vis DRS)
Nb2Os [1,117]
CeQ—NbOs [118]
Pd/NOs [117]
Pt/NOs [97]
Nb phosphate [64]
Nbz05/SiO; [119]
NbMCM-41 [119]
Nb—CI complexes [113,120]
TaS-1 (tantalum silicate) [24]
TapOs [1]
Extended X-ray absorption fine structure (EXAFS), Nb-oxides [74,90,121]
and XANES
Nb foil [121]
Nb sulfide [122-124]
Pd, Co/NbhOs [125]
Ni, Co/Al,03 + Nb oxides [54]
Voltammetry (cyclic and linear sweep) MOs film [23,33]
NaCl-KCI-Kz;NbF; and NaCl-KCI-KkNbOFg [44]
Elipsometry NBOs film [33]

TapOs [52]
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diamagnetic interaction gives the ESR absorption
spectrum. NB&* cations must be well dispersed (iso-
lated from each other) in the non-stoichiometric
phase of the T-type structure, resulting in the detec-
tion of the ESR absorptiofil10]. The well isola-
tion of N** cations was reached in niobium oxide
on the silica matrix[110]. It was also obtained in
the diluted toluene solutions of NbfH,(dmpe),
where dmpe= 1,2-bis(dimethylphosphino)ethane
[111]. Isolated tantalum was reached in the toluene
solution of TaC}H2(PMes)4 [111]. Hyperfine struc-
ture in the ESR spectrum dfTa (I = 4, ~100%
abundance) gives rise to eight lines observed at
room temperature, whereas that ¥Nb (I = g,
~100% abundance) consists of 10 lines. The ESR
spectra were also registered in the toluene solu-
tions of NksClg(t-BuNC)s [109] Nb,ClgPMes, and
Nb2ClgPMexPh [112] NbClp(dpm), where Hdpra:
2,2,6,6-tetramethylheptane-3,5-diofiel3]. The di-
lution of Nb(OQ,CNE®b)4 in toluene led to the regis-
tration of 10-line hyperfine pattern in ESR spectrum
at room temperaturegfo = 1.951, Aiso = 1606 G).
The same effect was reached when NJOOED),
was diluted in solid Zr(@CNEt)4 [114].

Prakash andKevan [94] demonstrated the ESR
spectra ofy-irradiated NbS-1 (niobosilicate with MFI
zeolite structure) consisting of 10-line hyperfine struc-
ture. The ESR spectra of Nb(C§&in solid CO at 2K
and that of Nb(N)s in solid Ny at 4K are presented
in [115].

The examples of other techniques used for the char-
acterization of Nb- and Ta-containing compounds are
shown inTable 2
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