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In this paper the use of triammonium trioxalato(oxido)-
niobate {(NH4)3[NbO(C2O4)3]} as an inorganic precursor to
assemble organized hybrid niobium oxide mesophases using
n-octylamine (OCT) and cetyltrimethylammonium (CTA)
bromide as structure-directing agents is described for the
first time. The niobium complex is water-soluble and its hy-
drolysis at controlled pH and in the presence of organic tem-
plates leads to the formation of hybrid mesophases. A lam-
ellar mesophase is produced by a neutral route based on the

Introduction

Organic–inorganic hybrid materials obtained by soft
chemistry routes are the basis for the production of hierar-
chical inorganic structures that are of great interest in scien-
tific and industrial areas. The molding of an inorganic
structure around templates constituted of micellar aggre-
gates produces organized mesophases that are precursors
of periodic porous materials. Upon template removal, the
mesophase can be transformed into an inorganic structure
full of voids with regular shapes and sizes that are useful
for applications in some industrial and technological fields,
such as catalysis, separations, sensing, and others.[1] The ap-
proach to tailor-made porous structures started with Mobil
corporation researchers, who created a family of mesopo-
rous silicas called M41S.[2] These materials are obtained by
controlling the hydrolysis of an inorganic precursor, gen-
erally silicon alkoxides such as tetraethylorthosilicate,
around surfactant micelles. Since the discovery of mesopo-
rous silicas, much effort has been devoted to the develop-
ment of new mesoporous systems based on non-silicate ma-
terials. A great deal of work has concentrated on the syn-
thesis of transition metal mesoporous oxides due to the
possibility of these metal centers participating in chemical
reactions. However, these materials are difficult to synthe-
size due to their tendency to crystallize and undergo chemi-
cal reactions that lead to mesostructure collapse.[3] The crit-
ical step of the process is the mesostructure formation as it
is necessary to provide experimental conditions where the
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interaction of hydrolyzed units with the octylamine micelles.
On the other hand, a hexagonal (p6m) mesophase is obtained
when hydrolyzed species interact with CTA micelles through
a charge-matching route (ionic route). This is the first time
that such an ionic route has been described for the pro-
duction of organized niobium oxide hybrids.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

interaction between the inorganic species and organic tem-
plate is established at the interface and is strong enough to
promote the self-assembly of the moieties. There are dif-
ferent ways for these interactions to occur. The simplest one
happens when the inorganic and organic moieties have op-
posite charges under the synthesis condition,[4] known as
the “ionic route”. The interaction can also take place by H-
bonding or dipolar forces � the “neutral route”.[5] A third
possibility is exclusive for some transition metals where in-
teraction can occur by coordination of a structure-directing
agent to the metal center, leading to the so-called “ligand-
assisted crystal templating”.[6] One of the first successful
examples of a stable mesoporous structure based on a tran-
sition metal oxide was mesoporous niobium oxide.[6] Or-
dered porous niobium oxide phases have been obtained by
synthetic procedures where inorganic precursors, such as ni-
obium alkoxides or chlorides, are used together with neutral
structure-directing agents based on alkylamines or non-
ionic surfactant micelles.[6,7] Mesoporous niobium oxides
present interesting properties that can be used in many tech-
nological applications. The confinement of species into
their pores, such as fullerides,[8] metallocenes,[9] or biomole-
cules,[10] produces materials with interesting electronic,
magnetic, catalytic, and sensing properties. Taking these
properties into account, the development of simple syn-
thetic routes employing cheap and easy to handle reactants
is an important issue to be resolved. The inorganic precur-
sors normally used for this purpose are expensive, not easy
to synthesize, and require controlled humidity conditions to
be manipulated.

The niobium compound (NH4)3[NbO(C2O4)3]·3H2O
(Figure 1) has some interesting chemical properties that are
useful not only for the assembly of mesoporous solid pre-
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cursors (mesophases) but also in sol–gel-like soft-chemical
routes. First of all triammonium trioxalato(oxido)niobate
is water-soluble and stable in acid solution. Secondly, the
niobium oxalate moiety has a negative charge and labile
water molecules in the niobium coordination sphere when
the aqueous equilibrium with the two oxalato ligands is
considered.[11] These properties make this compound suit-
able for self-assembly with organic species by coordination
and electrostatic interactions. The third and most important
point is that triammonium trioxalato(oxido)niobate can be
synthesized directly from niobium oxide by simple chemical
procedures,[12,13] which means that the starting material can
be easily recycled. Considering the possible interaction
modes of trioxalato(oxido)niobate with organic moieties, in
this paper we describe the use of a cationic surfactant and
a long carbon chain amine as structure-directing agents for
the generation of niobium oxide mesophases that might be
further converted into mesoporous phases by template re-
moval. A previous attempt at using a water-soluble niobium
precursor derived from niobium pentoxide was not success-
ful in a similar process.[6b]

Figure 1. Chemical structure of [NbO(C2O4)3]3–.

Results and Discussion

Triammonium trioxalato(oxido)niobate is soluble in
water and is in equilibrium[11] with dioxalate species in solu-
tion, according to the chemical equation below.

[NbO(C2O4)3]3– + 2 H2O h [NbO(C2O4)2(H2O)2]– + C2O4
2–

Both species in equilibrium have a heptacoordinate ni-
obium atom.[14] The initial pH of an aqueous solution of
the compound is very acid due to partial hydrolysis of the
compound. Upon increasing the pH to near 4 with a hy-
droxide solution, the niobium oxalate hydrolysis reaction is
favored and leads to the formation of a hydrated amorph-
ous niobium oxide bulk phase.[11] Figure 2 shows the typical
sodium hydroxide titration curve of an aqueous triammon-
ium trioxalato(oxido)niobate solution. According to this
curve, trioxalato(oxido)niobate hydrolysis occurs in the pH
range 4.2–5.8. Thus, it is possible to modulate the interac-
tion of the oxide phase with structure-directing agents by
controlling the hydrolysis process by adjusting the amount
of base added.
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Figure 2. Titration curve of an aqueous solution of triammonium
trioxalato(oxido)niobate (0.2 ) with a 3  NaOH solution.

The crystal structure of triammonium trioxalato(oxido)-
niobate belongs to the triclinic crystal system with the ni-
obium atom heptacoordinate in a pentagonal-bipyramidal
arrangement.[13] The high crystallinity of the solid can be
seen in the powder XRD pattern shown in Figure 3. The
solid isolated at a pH of around 5.5 is amorphous (Fig-
ure 3), while the solid isolated at higher pH (excess of base)
is crystalline with a diffraction pattern very different from
the pristine material (Figure 3). It is possible to produce an
organized mesophase characterized by an amorphous inor-
ganic framework with a regular repetition of voids filled
with template micelles by performing the hydrolysis in the
presence of a structure-directing agent. This synthetic ap-
proach was tested using cetyltrimethylammonium (CTA)
bromide and n-octylamine (OCT) as structure-directing
agents.

Figure 3. XRD patterns of triammonium trioxalato(oxido)niobate
and its hydrolysis products isolated at different pH values.

CTA is a common template used in the synthesis of
mesoporous silica, such as MCM-41, by a charge-matching
ionic route. However, for niobium oxide hybrid mesostruc-
tures, only neutral routes with non-ionic surfactants have
been performed until now. As can be seen in Figure 4, hy-
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drolysis of the trioxalato(oxido)niobate in the presence of
the CTA template produces a hexagonally packed meso-
structure. The XRD pattern of this phase shows reflection
peaks at low angles related to the long-range order of the
assembled hybrid material (Figure 4). Two types of hexago-
nal phases are known for silica-based systems: 2D hexago-
nal p6m (MCM-41) and 3D P63/mmc (SBA).[15] The diffrac-
tion peak distances in Figure 4 are in a ratio close to 1:3,
which can be attributed to a p6m hexagonal phase. The dif-
fraction pattern also indicates that the assembled hybrid
structure is not highly ordered. Hexagonal phases with reg-
ular parallel channels filled with the template provide in-
tense diffraction patterns with many peak orders.[16] In the
case of the synthesized CTA/niobium oxide phase, however,
only two diffraction peaks are observed in the low-angle
region, which suggests a non-fully parallel channel architec-
ture. According to the diffraction data, the most organized
mesophases are generated when an Nb/CTA molar ratio of
1:1 is used. The d100 distance related to the first-order peak
of the hexagonal mesophases has a mean value of 42.5 Å,
while the mean d110 value is 23.3 Å.

Figure 4. XRD patterns of the as-synthesized niobium oxide meso-
phase with CTA template at different Nb/CTA molar ratios.

The partial disorder of the porous architecture was con-
firmed by TEM (Figure 5). In the micrograph shown in Fig-
ure 5a, it is possible to observe that pores (elongation
aligned parallel to the observer’s view) are irregularly dis-
tributed along the material, like a wormhole pattern. In
Figure 5b, the pores’ elongation is parallel to the grid plane
and some domains with well-ordered porous organization
can be observed.

In the neutral-route synthesis the CTA template was re-
placed by n-octylamine (OCT), which resulted in a meso-
phase with a lamellar arrangement for Nb/OCT molar ra-
tios above 1:0.5 (Figure 6). As can be seen from the XRD
patterns in Figure 6, the distances of the diffraction peaks
have a ratio of 1:2:3, which corresponds to a lamellar meso-
phase (d001 ≈ 24.5, d002 ≈ 12.1, and d003 ≈ 8.2 Å). The TEM
micrographs (Figure 7) also reveal a well-organized lamellar
mesophase.

Eur. J. Inorg. Chem. 2007, 579–584 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 581

Figure 5. TEM images of the as-synthesized niobium oxide meso-
structure (Nb/CTA molar ratio of 1:1): (a) porous elongation paral-
lel to the view; (b) porous elongation perpendicular to the view.

Figure 6. XRD patterns of the as-synthesized niobium oxide meso-
phase with n-octylamine as template at different Nb/OCT molar
ratios.

To generate a mesoporous niobium oxide it is necessary
to remove the template from the material to produce empty
voids with regular shape and size along the mesostructure.
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Figure 7. TEM image of the as-synthesized niobium oxide meso-
structure (Nb/OCT molar ratio of 1:1).

This procedure is not possible in lamellar mesophases since
the mesoporous phase is not stable after template removal
due to the absence of species that keep the inorganic slabs
apart. The collapse of lamellar mesostructures has already
been observed in niobium oxide[6b] and silica MCM-50[17]

phases.
The first attempt at CTA removal was made by solvent

extraction, but due to the strong interaction between inor-
ganic and organic moieties in the charge-matching mecha-
nism of mesophase formation this solvent-template extrac-
tion was not an efficient process. Therefore, calcination of
the hexagonal mesophase was performed based on thermo-
gravimetric data obtained in air. According to thermogravi-
metric analysis (not shown), the complete removal of CTA
occurs above 600 °C. The thermal stability of the generated
mesoporous phase is closely related to the Tammann tem-
perature of the respective oxide structure, which for Nb2O5

is 892 K (ca. 620 °C).[18] In the vicinity of the Tammann
temperature the mobility of the atoms in the oxide structure
increases significantly, thereby favoring the mesostructure
collapse. Thus, the temperature requirement for complete
template elimination is close to the Tammann temperature
of niobium oxide, which makes calcination an unsuitable
process for template removal in this case. In fact, when the
mesophase calcination was performed at 600 °C we ob-
served mesostructure collapse and production of an ortho-
rhombic crystalline niobium oxide phase. The amorphous
niobium oxide phase turns into a crystalline T-phase[12b] at
around 500–600 °C, and this process could be the reason
for the mesostructure collapse since the bridging Nb–O–
Nb bond angles might change with crystallization. Other
methods described in the literature[6b] for template removal
by calcination also promoted the mesostructure collapse. In
the charge-matching mechanism of mesophase formation,
removal of the template leaves behind an unbalanced charge
in the inorganic framework that contributes to the structure
instability.[5] Considering this feature, the CTA removal was
performed by combining a process of solvent extraction and
ion exchange by using a mixture of ethanol and HCl, but
also without success. Template extraction from the hexago-
nal mesophase was only possible when the ethanol/HCl
solution was replaced by an ethanol solution of a large or-
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ganic cationic species such as tetrabutylammonium (TBA)
hydroxide. The organic cation provides the structural
charge neutralization but, due to its large size, the porous
voids are still occluded, thereby producing a material with
low porosity, as confirmed by the desorption/adsorption
isotherm experiments (not shown). Further calcination of
the TBA-exchanged phase also promoted the mesostructure
collapse.

In light of these results, an investigation of the causes of
the low thermal stability of the hexagonal mesostructure
was performed using vibrational Raman spectroscopy to
determine the condensation degree of the inorganic frame-
work. Intense bands between 900 and 1000 cm–1 are attrib-
uted to terminal Nb=O stretching modes, with the respec-
tive bending modes in the region 200–400 cm–1.[11,19] The
range between 500 and 700 cm–1 is dominated by Nb–O–
Nb stretching modes of corner- or edge-shared octahedral
NbO6 units.[11,19] The presence of bands in this region indi-
cates the condensation degree of the octahedral units that
constitute the mesophase inorganic framework. Figure 8
shows the Raman spectra recorded for the mesophases. For
comparison purposes, we have included the spectrum of
HNb2O5, which is a thermodynamically stable niobium ox-
ide crystalline phase.[12] Figure 8a presents the spectral re-
gion dominated by Nb–O vibrations. Thus, comparing the
Raman spectra of the mesophases with that of HNb2O5

(Figure 8a) it is possible to determine a low condensation
degree of the inorganic framework in mesophases due to
the absence of strong bands in the region 500–700 cm–1.

Figure 8. Raman spectra of niobium oxide mesophases (Nb/tem-
plate molar ratio of 1:1) compared to HNb2O5: (a) region domi-
nated by Nb–O vibrations; (b) vibrational region of organic tem-
plates.

The spectral region dominated by vibrational bands re-
lated to the organic moieties (1200–3500 cm–1) is shown in
Figure 8b, where it is possible to observe intense vibrational
bands around 2900 cm–1 attributed to the ν(C–H) vi-
brational modes of the template’s carbon chains. Figure 8b
also shows vibrational bands in the region 1200–1500 cm–1

attributed to the oxalate νa(C=O), νs(C–O) and δ(O–C=O)
modes,[20] thus indicating that the hydrolysis process of the
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inorganic precursor is not complete. This could be one of
the factors that affect the mesostructure stability. So, modi-
fications of experimental procedures are necessary to
achieve a better condensation of skeletal inorganic units
and also to ensure complete trioxalato(oxido)niobate hy-
drolysis.

Some information about the local structure of poorly
crystalline solids can be obtained by X-ray absorption tech-
niques. Figure 9 shows the X-ray absorption near-niobium
K-edge (XANES) spectra of the n-octylamine niobium
oxide mesophase, the starting triammonium trioxalato-
(oxido)niobate, and the crystalline HNb2O5 phase. The ab-
sorption edge outline is mainly related to the element oxi-
dation state but some local structural information can be
obtained by simple comparison with XANES spectra of
compounds whose structures are already known. The inten-
sity of the pre-edge peak at the low-energy side of the spec-
tra is related to the coordination site distortions around
Nb.[21] This pre-edge peak is low in intensity for an octahe-
dral geometry.[22] Some authors assume that it is related to
the presence of Nb=O bonds and its absence is related to
the presence of tetrahedral NbO4 units.[23] Extended ni-
obium oxides are mainly constituted of joined distorted
NbO5 and NbO6 octahedral units. As determined by Ra-
man spectroscopy, the synthesized niobium mesophases
have bands in the region attributed to Nb=O bonds. The
beyond-edge peaks shown in Figure 9 indicate that niobium
in the Nb2O5 mesophase has neighboring atoms in an ar-
rangement similar to niobium in HNb2O5, which is ex-
pected by the hydrolysis of trioxalato(oxido)niobate and
condensation of the generated hexacoordinate niobium oc-
tahedral centers. As previously mentioned, the starting tri-
ammonium trioxalato(oxido)niobate has heptacoordinate
niobium centers in a pentagonal-bipyramidal arrange-
ment.[13]

Figure 9. Niobium K-edge XANES spectra of (a) HNb2O5, (b) tri-
ammonium trioxalato(oxido)niobate, and (c) the OCT/Nb2O5

mesophase (Nb/OCT molar ratio of 1:1).
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Other ways to achieve a better consolidation of the inor-
ganic framework are under investigation. One of the syn-
thetic changes tried comprises the use of a nonionic surfac-
tant based on copolymers such as Brij56 (Aldrich). Accord-
ing to the literature,[5] nonionic routes produce mesostruc-
tures with thicker walls with a better thermal stability and
easy template removal. When using Brij56 as structure-di-
recting agent and triammonium trioxalato(oxido)niobate as
inorganic precursor (Nb/Brij56 molar ratio of 1:0.5), the
interaction at the interface of the inorganic and organic do-
mains is very weak and no organized mesophase is pro-
duced, as shown in Figure 10 and also confirmed by X-ray
diffractometry (not shown). The as-synthesized mesophase
is even less stable than the mesophases described above
since it crystallizes under the electron beam while register-
ing the micrograph (TEM micrograph with higher magnifi-
cation not shown). Maybe an organized mesophase with
Brij56 as template can be obtained under experimental con-
ditions (solvent/template/Nb molar ratios, pH, and tem-
perature) distinct to those reported here.

Figure 10. TEM image of the as-synthesized niobium oxide meso-
structure using Brij56 as template (Nb/Brij56 molar ratio of 1:0.5).

Other synthetic modifications are still under investiga-
tion, such as the use of hydrothermal conditions, slow ad-
dition of the hydroxide to pH = 5.5, with constant monitor-
ing of the pH, the use of other sources of base, such
NH4OH and tetraethylammonium hydroxide, and tem-
plates, pre-hydrolysis of the trioxalato(oxido)niobate before
mixing with the template, and thermal treatment of the me-
sophase under an inert gas before template removal. All the
products generated by these synthetic modifications are
now being characterized.

Conclusions

In conclusion, this paper shows that it is possible to use
triammonium trioxalato(oxido)niobate as an inorganic pre-
cursor to synthesize niobium oxide mesostructures by me-
ans of a neutral or an ionic route. The advantage of using
this niobium compound instead of metal alkoxides or chlo-
ride precursors is related to its low cost, stability in water,
easy manipulation, and possibility of recycling. Triammo-
nium trioxalato(oxido)niobate can interact with neutral and
cationic templates to produce organized mesophases under
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controlled pH conditions. To obtain mesoporous niobium
oxides from the synthesized mesophases, further studies are
necessary to define experimental conditions that promote a
better condensation and consolidation of the skeletal inor-
ganic units, since attempts at template removal by calci-
nation or solvent extraction lead to the collapse of the me-
sostructure.

Experimental Section
In a typical synthesis, 12.0 g of triammonium trioxalato(oxido)-
niobate, (NH4)3[NbO(C2O4)3]·3H2O (CBMM; Companhia Brasi-
leira de Metalurgia e Mineração) was dissolved in 200 mL of deion-
ized water. The template [CTAB (Aldrich) or OCT (Merck)] was
dissolved in 100 mL of a 3  aqueous NaOH solution. The Nb/
template molar ratios were varied from 1:0.1 to 1:2 to determine
the influence of this parameter on mesophase formation. The solu-
tion of niobium complex was poured into the template solution
(NaOH/Nb molar ratio of 4:1) and constantly stirred at room tem-
perature for 48 h and at 80 °C for another 24 h to promote the
decomposition of any remaining oxalate anion. After this period,
the solid was filtered off, washed with water, and dried at 120 °C
for 5 h. The obtained solids were characterized by X-ray dif-
fractometry (XRD), transmission electron microscopy (TEM), Ra-
man spectroscopy, and XANES. The standard HNb2O5 was ob-
tained by treating a sample of Nb2O5 at 1200 °C for 2 h and its
structure was confirmed by X-ray diffractometry.

X-ray diffraction patterns of the powdered samples were recorded
with a Rigaku diffractometer model Miniflex using Cu-Kα radia-
tion (1.541 Å, 30 kV and 15 mA), a step of 0.03°, and Ni filter.
TEM images were recorded with a 300 kV JEM-3010 ARP micro-
scope (1.7 Å point resolution) at the LME/LNLS (Laboratory of
Electron Microscopy of the Brazilian Synchrotron Light National
Laboratory, Campinas, Brazil). Samples were prepared by dispers-
ing solids in ethanol in an ultrasonic bath followed by deposition
on a carbon-coated Cu microgrid. Raman spectra were recorded
with a Renishaw Raman Microscope model 3000, fitted with an
Olympus metallurgical microscope (BH2-UMA) and a CCD cam-
era (Wright, 600�400 pixels), with laser excitation line at 632.8 nm
of an He-Ne laser (Spectra Physics, model 127). The XANES mea-
surements at room temperature were performed at the XAFS beam
line of Brazilian Synchrotron Light Laboratory (ring energy of
1.37 GeV and a beam current of about 175 mA). The monochro-
mator was an Si(220) crystal and the recorded energy steps were
0.5 eV for the 18980–19060 eV XANES region in fluorescence
mode. All energy values in the Nb K-edge spectra were calibrated
against niobium metal.
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