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1. Introduction

Nanoporous niobium oxide is one of transition metal oxides
expected to be applicable in catalysis, electronic, sensing devices,
and biotechnology [1–5]. Among important properties, high surface
area is crucial for catalyst supports, photocatalysts [1,6–8] while

large pore size is also crucial for applications as adsorbents and
sensors [2].

Synthesizing niobium oxide without surfactant generally
resulted in low surface area oxide. For example, Suh and Park [9]
mixed niobium(V) ethoxide with methanol and nitric acid and
obtained niobium oxide with surface area of 26 m2 g−1 after calci-
nation at 500 ◦C for 2 h. Ikeya and Senna [10] showed an amorphous
niobium oxide having surface area of only 10 m2 g−1 after heat-
ing at 380 ◦C for 3 h. The niobium oxides possessing high surface
area were obtained by adding surfactant template in the synthe-
sis processes. Pluronic P123 (EO20PO70EO20, EO = ethylene oxide,
PO = propylene oxide) triblock copolymer and niobium(V) chloride
were employed to get the mesoporous niobium oxide having sur-
face area of 196 m2 g−1 after calcination at 400 ◦C in the work of
Yang et al. [4] and surface area of 84 m2 g−1 after calcination at
500 ◦C in the work of Chen et al. [7]. Lee et al. [11] employed Pluronic
P85 and got surface area of 210 m2 g−1 after calcinations at 450 ◦C.
The mesopores of these samples were generated from removal of
the surfactant and usually ranged at 4–5 nm for the samples having
surface area of more than 150 m2 g−1.
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F127 in a water–ethanol system, this work reports the effect of aging of
nd 110 ◦C on the final product properties. The aging at low temperature
tion of the textural properties of the mesoporous niobium oxide. On the

ging at 110 ◦C showed significant increase in BET surface area, pore volume,
th additional thermal and structural properties deviation. The process of
believed to lock chlorides in the niobium structure and cause the struc-
m skeleton leading to distinct developed crystalline structure and phase

esult also showed that hydrothermal aging at 110 ◦C could also enhance
er calcination at 500 ◦C.

© 2008 Elsevier B.V. All rights reserved.

It was known that the BET surface areas and the pore volumes
of the mesoporous samples decrease with an increase of the cal-
cination temperature [7,8]. Therefore, the inability to withstand
high temperature is a serious limitation for most catalysis appli-
cations [12]. Crystallization of an inorganic phase, which grows
beyond the wall thickness and deteriorate the mesostructure could
account for a relatively low stability to thermal treatment of
mesoporous oxides [13]. An incomplete condensation of the inor-
ganic network also resulted in destruction of the mesostructure

[14].

In sol–gel chemistry, aging could enhance the strength and
stiffness of the gel. The more and more inorganic species were
hydrolyzed and added to the wall structure yielding a less-shrinked
gel. A greater pore size and pore volume of the dried gel were
obtained [15]. For the template assisted system, aging the as-
prepared mesostructured hybrid prior to calcination not only
permits a better consolidation of the inorganic walls [12] but also
change template shape and size, and hence the pore size, surface
area and porosity of the final products. For instances, in meso-
porous silica SBA-15 materials, hydrothermal aging the as-prepared
precipitates in the mother liquors at 80–100 ◦C resulted in larger
surface area, pore volume and pore size [16]. In the work of Kim
et al. [17], mesoporous silica synthesized with P123 also showed
an increase of surface area and pore size when aged at 120 ◦C. The
effect of aging on the silica based system has been widely investi-
gated while relatively little information has been presented on the
aging effect of transition metal oxides gel on the textural properties
[18]. In the case of porous niobium oxide, Lee et al. [19] showed that
the second step aging in an open atmosphere at 100 ◦C after initial
aging at 40 ◦C could help stabilizing the niobium wall but resulted

http://www.sciencedirect.com/science/journal/02540584
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Table 1
Characterization results of the samples calcined at 500 ◦C

Samples BET specific surface
area (m2 g−1)a

Pore volume
(cm3 g−1)b,c

Average pore
diameter (nm)d

d110 78 0.099 4.1
d40–d110 91 0.120 4.1
H40–d110 105 0.157 4.5
H110–d110 151 0.252 5.4

a ±10% error.
b Determined from the single point adsorption total pore volume of pores at p/po
c From BJH desorption.
d See pore size distribution in Fig. 1.
e The value of micropore area is obtained from subtraction of t-plot external surf

Jura equation.
f From TGA in Fig. 2.
g From SEM-EDS.

in lower BET surface area after washing with water, compared to
that of the sample aged only at 40 ◦C.

To our knowledge, there has been no report on hydrothermal
aging of transition metal-template system and its effect on the
final product properties. In this study, we have investigated the
effect of the aging in an open atmosphere and aging in a close
vessel (hydrothermal aging) on the properties of niobium oxide

synthesized from niobium(V) chloride and triblock copolymer.

2. Experimental

2.1. Synthesis

First, the niobium precursor solution was made by mixing 8 mmol of niobium(V)
chloride, NbCl5 (99.9%, Aldrich) with 262 mmol of absolute ethanol (>99.9%, Merck)
under argon atmosphere. Triblock copolymer (HO(CH2CH2O)106 (CH2CH(CH3)O)70

(CH2CH2O)106H (designated EO106PO70EO106, F127, Aldrich) was dissolved in abso-
lute ethanol and distilled water to make the polymer solution. The niobium and
polymer solution were mixed to get the total molar ratio of Nb:water:ethanol:F127
at 1:37:51:0.0325 and then stirred for 16 h to make sure the complete mixing. These
were done in room temperature (25–32 ◦C). The obtained solution was transparent.
Then it would be directly dried on a Petri dish at 100–110 ◦C (in an oven) for 1 week
or until it was dried for a non-aged sample. This sample is designated as d110.

For the sample aged in an open air at 40 ◦C, the material would be dried on a
Petri dish at 40 ◦C for 24 h prior to drying at 110 ◦C, designated as d40–d110. For the
hydrothermally aged samples, the material was put into a closed vessel and heated
for 24 h (autogenious pressure) at 110 ◦C for the sample designated H110–d110 or at
40 ◦C for the sample designated H40–d110, before they were dried on a Petri dish at
100–110 ◦C (in an oven).

The dried samples were crushed into powder and calcined at 500 ◦C (or at other
temperature if specified) for 5 h (1 ◦C min−1 ramp rate) to remove the polymer
template.

Fig. 1. Adsorption and desorption isotherms (a) and mesopore size distribution (b) of the
d40–d110, (�) d110 (closed symbols: adsorption, open symbols: desorption).
istry and Physics 110 (2008) 387–392

lot micropore
a (m2 g−1)e

t-plot micropore
volume (cm3 g−1)e

% weight loss at
crystallizationf

Nb/Cl ratiog

28 0.0005 2.1 44
07 0.0020 0.6 22
00 0.0009 0.6 17
32 0.0030 0.0 121

.

ea from the BET surface area. The t-plot calculations are based on the Harkins and

2.2. Sample characterizations

The pre-calcined products were characterized by thermogravimetric analyzer-
differential scanning calorimeter (TGA-DSC) and Scanning electron microscopy-
energy dispersive spectrometer (SEM-EDS) while the calcined products were
characterized by X-ray diffractometer (XRD) and nitrogen physisorption measure-
ment. The TGA-DSC analysis was performed with an SDT Q600 instrument under
oxygen flowing at 100 ml min−1 and heating rate of 5 ◦C min−1. The SEM-EDS was

performed on JEOL (JSM-6400 and JSM-5410LV). The powder X-ray diffractometer
was performed by SEIMENS D5000, using CuK� radiation at 30 kV and 30 mA with
a Ni filter. The nitrogen physisorption measurements were performed at 77 K using
Micromeritics ASAP 2020.

3. Results and discussion

3.1. The effect of aging on the textural properties

Table 1 shows textural properties of the calcined products along
with some of the results from the TG-DSC and the SEM-EDS. All
samples showed IV type isotherm with hysteresis loop (Fig. 1a),
which indicates the development of mesoporosity in the sam-
ples, and the mesopore volumes were significantly larger than
the micropore volumes. Simple drying at 110 ◦C (the d110) gave
the lowest BET specific surface area and pore volume. The con-
secutively increases in BET specific surface area and pore volume
were observed for the aged samples: d40–d110, H40–d110 and
H110–d110. The results of the t-plot micropore area and micropore
volume also showed little higher microporosity of all the aged sam-
ples. The H110–d110 seemed to have highest BET specific surface
area, pore volume and microporosity.

samples calcined at 500 ◦C for 5 h (1 ◦C min−1): (�) H110–d110, (©) H40–d110, (�)
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Fig. 2. TGA results of the pre-calcined samples. Inset is the enlargement of the
weight loss of the d40–d110 and the H40–d110.

gel due to higher ability to withstand capillary pressure [15] and
explains the observations that the pore volume is increased with
the surface area.

3.2. The effect of aging on the thermal and structural properties

The TGA-DSC showing the thermal behavior of the pre-calcined
samples are shown in Figs. 2 and 3. In Fig. 2, all TGA curves show
an initial slow loss of water below ∼200 ◦C. More than 40% weight
loss, corresponding to two main exothermic peaks in DSC curve
in Fig. 3, was observed from ∼180 to 300 ◦C. The minor exother-
mic peak occurred at ∼180–250 ◦C could be the release of trapped
water/ethanol or of HCl upon further movement of the inorganic
network [20,25,26]. The presence of this minor exothermic peak
probably depended on the amount of trapped HCl, which also
contributed to the weight loss observed. The higher the amount
S. Kunjara Na Ayudhya et al. / Material

The pore size distributions were shown in Fig. 1b. The sample
directly dried at 110 ◦C (the d110) showed mainly the pore sizes cen-
tered at about 3.5 nm with an observable fraction of the larger pore
size, which centered at 5 nm. Aging in an open air and hydrother-
mal aging at 40 ◦C both made the larger size pores more widely
distributed towards larger sizes. Significant increase of the pore
size could be observed for the sample hydrothermally aged at 110 ◦C
(the H110–d110) whose main pore sizes were centered at 6 nm with
fraction of the smaller size pores much reduced.

For the shifting of the pore size distributions observed, it seems
that the fraction of the larger size pores were more flexible and
more easily subjected to changes. The mesophase having higher
chloride distribution in the molecular scale might be responsible
for the more flexibility of the hybrid mesophase adjustment [20].
The more flexible hybrid suggests that the inorganic–organic inter-
action is not too strong and the micellization of the F127 could be
easily achieved resulting in the large pore sizes of the final oxide
products. The stronger interaction, in contrast, may interfere micel-
lization and give only the small pore sizes arisen from the space
formerly occupied by improper formed micelles. It was found that
the smaller pore sizes are similar to the pore sizes obtained from
the synthesis using the same condition but without block copoly-
mer (Fig. 1S in supporting information). For aging at 40 ◦C, either
on an open air or in the closed vessel, the shifting of the larger
pore sizes to even larger size could be accounted from micellar
expansion induced by ethanol evaporation at 40 ◦C [21], but the
consequent drying at 110 ◦C should have more pronounced effect
on the product pore size distributions and only small deviation was
observed as shown in Fig. 1b.

The micellar expansion due to ethanol evaporation could also
occur for the H110–d110. However, its significant increase of the
pore sizes should arise from the property of EO moieties of the
polymer template, which expel water and become less hydrophilic
when the temperature is higher than 60 ◦C [22]. This tends to pro-
vide larger hydrophobic portion of the template aggregates and the
inorganic condensation, which takes place ideally in the polar phase
(the phase where EO moieties generally occupy), would extend out
to occupy the space of the aggregate corona further away from the
micelle core, leaving larger pore sizes when the template is burnt
out [13].

The less hydrophilic properties of the EO part also reflects a
weaker interaction between the organic and the inorganic (favor-
ably attached to the hydrophilic EO moieties) and provides more
mobility for the proper folding of the block copolymer giving the

larger pore sizes of the final mesoporous products. This explains
the noticeable reduction of the fraction of smaller size pores with
an increase in the fraction of the larger size pores of this sample.

The increase in surface area even with an increase in average
pore sizes can be ascribed to the microporosity generated by the
aging [15]. Although the t-plot has an error and limitation to access
the true microporosity [15,23], its results (Table 1.) showing larger
microporosity for all the aged samples could be used to support
the cause of the increase in surface area even with an increase in
average pore size. The high temperature aging could dehydrate EO
moieties and reduce microporosity generated by entanglement of
the EO units in the inorganic wall [13], but microporosity generated
from the modification of the inorganic species themselves could
contribute to surface area increase. Aging can promote the hydrol-
ysis and condensation of the inorganic framework and the strength
and stiffness of the wet gel could be increased [15]. This could yield
a tighten structure giving a small pore in the niobium wall [24].
The high aging temperature at 110 ◦C gave more remark on these
effects than the low aging temperature. The H110–d110 showed up
to 150 m2 g−1 BET surface area even with large pore sizes of 6 nm. A
less-shrinked gel also provides a greater pore volume of the dried
Fig. 3. DSC results of the pre-calcined samples. Inset is the enlargement of the
crystallization peaks of all samples.
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of Cl content (low Nb/Cl ratio detected by SEM-EDS) the higher
the weight loss observed in TGA data. The main exothermic peak
centered at ∼280–290 ◦C, consistent with the large weight loss, is
ascribed to main decomposition of the surfactant template [27–29].
This polymer decomposition shifted to lower temperature for the
H110–d110 suggesting a little weaker bonding strength between
niobium species and organic triblock copolymer of this sample
[27]. The slow continuing weight loss after ∼300–450 ◦C could be a
release of volatile compounds that still trapped inside the pores or
within the wall structure [25,30]. At the temperature ∼580 ◦C, there
is another small exothermic peak in the DSC curve for all the sam-
ples except for the H110–d110 of which this peak occurs at ∼640 ◦C.
These are attributed to crystallization of Nb2O5, which normally
occurs above 500 ◦C for amorphous Nb2O5 [31]. The crystallization
of the d110, d40–d110 and H40–d110 all started at ∼580 ◦C and
seemed to finish by the following small events at below 600 ◦C for
the d110. The d40–d110 and H40–d110 showed a continuous crys-
tallization event along the temperature up to ∼650 ◦C, as shown by
the blown out DSC in the inset of Fig. 3. The crystallizations occurred
with weight loss for the d110 (non-aged sample; see Fig. 2) and the
40 ◦C aged samples (both the d40–d110 and the H40–d110; see the
inset of Fig. 2) but not for the H110–d110. The percentages of weight

losses observed at the crystallizations of each sample are given in
Table 1.

The weight loss of 2.1% detected at crystallization for the non-
aged sample (the d110) is in good agreement with the weight loss
with HCl removal at more than 500 ◦C in the work of Schmitt et
al. [26] and the 3 wt% removal of chloride detected in the work of
Ikeya and Senna [10]. The weight loss detected at the crystalliza-
tion was also observed for the non-aged alumina in the case of
nonhydrolytic alumina gel using aluminum chloride as precursor,
and it was proposed to be from chloride compound liberation [32].
Therefore, chloride should be responsible for the detected weight
loss observed at the crystallization event for each sample in this
work. The chloride here is believed to be the one that bonded
to the niobium and required crystal structuring before being
removed. It is different from the chloride presented as trapped
HCl, which corresponded to the minor exothermic peak in the DSC
data.

The non-aged sample (the d110) might contain larger amount
of chloride bonded to the niobium, when compared to the
H40–d110 and the d40–d110. The latter two samples showed
only 0.6% weight loss at crystallization.It is presumed that the

Fig. 4. XRD patterns of (a) the samples calcined at 500 ◦C for 5 h (1 ◦C min−1); (b) the sampl
T-Nb2O5, which are distinguishable from a pseudohexagonal TT-Nb2O5 are indicated by t
istry and Physics 110 (2008) 387–392

hydrolysis–condensation reaction was enhanced by the aging
period resulting in lesser chloride content in the niobium structure
but larger fraction of chloride dispersed in the system.

The fact that the H40–d110 and the d40–d110, when compared
to the d110, showed longer tail of crystallization continuing along
the higher temperatures suggests that the aging at 40 ◦C might
provide more fraction of niobia having harder tendency to crys-
tallize. It is presumed that more dispersed chloride could act as an
impurity and prevent the crystallization of the oxide [33]. It is also
possible that more entanglement of the block copolymer into the
niobium wall could be responsible for this as its presence may pre-
vent continuous structural arrangement of niobium oxide to form
its crystallite structure. The d40–d110 showed a little longer tail of
crystallization event than the H40–d110, probably because of more
fraction of a less ordered molecular state might be generated while
gellation occurred while aging in an open air at 40 ◦C.

For the H110–d110, its crystallization event occurred at much
higher temperature when compared to the others. Besides, there
was no detectable weight loss at its crystallization event. These
may be related to the role of chloride that linked to the niobium
and the high temperature aging condition that provided significant
modification of niobia molecular structure.
It was known that chloride anions are able to form bridging
in the niobium structure as a chloroalkoxide and still present
after hydrolysis [10,34–36]. The role of chloride as complexing
anion could change the positive charge of the metal atom and
affect the metal–ligand bond strength leading to new molecular
structure that exhibits new properties such as new chemical reac-
tivity towards hydrolysis, condensation and new phase transition
behavior [36]. Similar complexing ability was found in zirconia
whose phosphate ligands are strong complexing anions able to
act as bridging ligands and the existence of phosphate in the zir-
conia structure lead to higher crystallization temperature [37].
The hydrothermal aging at high temperature of 110 ◦C possibly
enhanced chloride complexing ability making chloride incorpo-
rated (‘locked’) well in the niobium structure and created new
organized molecular structure which exhibited much higher crys-
tallization temperature.

The distinct molecular state of the niobium skeleton obtained
from the hydrothermal aging at 110 ◦C could be supported by the
crystal structure observed from the XRD. The XRD patterns of the
samples after calcinations at 500 ◦C for 5 h (1 ◦C min−1) are shown
in Fig. 4a. The d110 (non-aged sample) showed an amorphous

es calcined at 600 ◦C for 5 h (1 ◦C min−1). The splits in the pattern of an orthorhombic
he asterisks on the H110–d110 in (b).
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Fig. 5. Raman shifts of the samples calcined at 500 ◦C for 5 h (1 ◦C min−1). The Raman
band between 900 and 1200 cm−1 indicating the presence of Nb O bonds in the
highly distorted NbO6 octahedra is pointed by the arrow.

characteristic with some evidence of crystallized structure whose
pattern matches the pseudohexagonal Nb2O5 (TT phase: JCPDS
28-0317). The pattern of the H40–d110 and the d40–d110 also indi-
cated a pseudohexagonal structure, similar to the d110, with more
amorphous nature mainly shown in the d40–d110 sample. These
are consistent to the DSC results in Fig. 3. For the H110–d110, its
pattern showed mainly amorphous characteristic but with hidden
growing structure whose pattern matches the tetragonal structure
(JCPDS 18-0911) having maximum intensity at 2� ∼23◦ [38]. These
imply different nature of the niobia derived from different aging
conditions, especially the distinct developing pathway of the nio-
bia synthesized under hydrothermal aging at 110 ◦C. When the
samples were calcined at 600 ◦C (1 ◦C min−1) (see Fig. 4b), only
the H110–d110 showed an orthorhombic Nb2O5 (T phase) with
crystalline structure matching JCPDS 30-0873 while all the other
three samples clearly showed a fully crystallized pseudohexagonal
Nb2O5 (TT phase).

The cause of the splits in the XRD pattern of the T phase were
thought to be from some vacancies or monovalent species such
as Cl− that replace in some of the oxygen atoms positions of the

normal pseudohexagonal TT structure [39]. The T phase was also
found in the niobia obtained from high HCl content niobic acid in
the work of Schafer et al. [31]. By recalling that an amorphous Nb2O5
possesses very similar features with the niobic acid [39], the phase
transformation from an amorphous to an orthorhombic T structure
of the H110–d110 should be induced by the chloride in the niobium
structure.

Note that the obviously higher crystallization temperature
and the T phase observed when the samples were subjected to
hydrothermal aging at 110 ◦C is independent of the polymer type
and whether the samples were synthesized with or without organic
triblock copolymer (see Fig. 2S in supporting information).

Apart from the distinct crystallization behavior observed,
the hydrothermal aging at 110 ◦C also showed exclusive Raman
spectra. The Raman bands of all 500 ◦C-calcined samples were
shown in Fig. 5. All samples have Raman bands in common at
∼200–300 cm−1 which are angle deformation modes of Nb–O–Nb
and bridging Nb–O–Nb bonds [40] and at ∼600–700 cm−1 which
should be slightly distorted NbO7, NbO8 group or slightly dis-
torted NbO6 possessing Nb–O bond with no non-bridging oxygen
istry and Physics 110 (2008) 387–392 391

[39–41]. The Raman shift between ∼800 and 900 cm−1 corre-
sponding to a highly distorted NbO6 [41] was also found in all
samples. However, the high frequency Raman bands observed at
∼900–1200 cm−1 seemed to predominantly occur only for the
H110–d110. These bands and the shifting of the bands from 660
to 670 cm−1 indicates that appreciably distorted octahedra with a
higher niobium–oxygen bond order (Nb O bond) is present in the
H110–d110 [42]. This Nb O bonds in the highly distorted NbO6
octahedra are associated with Lewis acid sites [39,43] indicating
that after calcinations at 500 ◦C, the H110–d110 showed higher
Lewis acidity than other samples. However, this strong Lewis acid-
ity was not observed for the same sample after calcination at 600 ◦C
when the structure has been changed into an orthorhombic and the
Raman bands at ∼900–1200 cm−1 disappeared.

It was believed in this work that the high temperature of the
hydrothermal aging step that ‘locked’ the chlorides to stay cross-
linked in the structure and withstand the liberation upon thermal
treatment might presumably explain no detectable weight loss at
the crystallization event of the H110–d110. These also lead to high
crystallization temperature observed in DSC, the distinct phase
transformation observed in XRD and to the outstanding Lewis acid-
ity evidenced by the Raman.

4. Conclusions

This work shows that the aging could modify the textural,
thermal and structural properties of the mesoporous niobium
oxide synthesized by using niobium(V) chloride and F127 in a
water–ethanol system. The aging at low temperature of 40 ◦C by
dish drying and aging in a closed vessel showed small devia-
tion of the pore size distributions, BET specific surface area, and
pore volume from those of the non-aged sample. The surfactant
micelle adjustment by different condition and the strengthened
niobia network in the mesostructure wall due to an accelerated
hydrolysis–condensation rate in higher temperature were used to
account for the results observed. The hydrothermal aging condition
at 110 ◦C showed exclusive properties. This sample showed high-
est BET surface area, pore volume, pore size, and microporosity.
Also, it revealed distinctly high crystallization temperature, with no
detectable weight loss. Chloride was proposed to be locked within
the niobium structure under the step of hydrothermal aging at
110 ◦C, causing structural modification of the niobium skeleton to
have distinct tetragonal phase at which an enhanced Lewis acidity
was present and finally an orthorhombic crystalline structure after

calcination at 600 C.
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