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Abstract A detailed characterization of cage-like meso-
porous SBA-16 niobosilicate with tailored features of the
structure is reported. The materials were synthesized in a
EO106PO70EO106(F127)-water system under acidic condi-
tions and the pore diameters were tuned by varying the hy-
drothermal treatment temperature and time. The effects of
the synthesis parameters on the structural/textural proper-
ties of the cubic Im3m niobosilicates have been investigated
systematically. We show that the total pore volume, pore di-
ameter, and micro-/mesopores ratio can be controlled very
efficiently by changing the synthesis parameters.

Keywords NbSBA-16 · Cage-like structure ·
Characterization · Structural/textural properties · Niobium
source

1 Introduction

The discovery of supramolecular(surfactant)-templated or-
dered mesoporous materials (OMMs) provides an extension
of ordered microporous structures of zeolites and zeotypes
into the mesopore range. Initially discovered MCM-41 and
MCM-48 (Kresge et al. 1992) as well as many other im-
portant ordered mesoporous materials, such as HMS, KIT-
1, SBA-3, and SBA-15 exhibit channel-like pore structures
(e.g., Bagshaw et al. 1995). The succeeding discovery of
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ordered silica with cage-like mesoporous structures is a
further major achievement and breakthrough in the syn-
thesis of mesoporous materials (e.g., Zhao et al. 1998a;
Huo et al. 1994). Many efforts have been taken to character-
ize their cavity connection, as well as tailor their structures
for various applications. The use of commercially avail-
able surfactants of the poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) EOXPOyEOX type, i.e., in-
expensive and environmentally friendly nonionic triblock
copolymer in the formation of mesoporous materials was
reported (Zhao et al. 1998b) in the late 1990s. The syn-
thesis carried out with these surfactants usually occurs in
very low pH (pH � 2) solutions where the interaction
proceeds through an S0H+X−I+ mechanism (S0H+ being
the surfactant in interaction with a hydronium ion, X− the
chloride ion and I+ the protonated silica). This results in
SBA- and FDU-type materials. Among polymer-templated
OMMs with channel-like (SBA-3, -12, -15) and cage-like
(SBA-1, -6, -16 and FDU-1) mesopores, the cage-like ma-
terials become especially popular because of their attractive
3-dimensional mesoporous structures, which facilitate mass
transfer and are less prone for pore blockage. These features
of cage-like materials make them attractive for adsorption,
catalysis and separations as well as for immobilization of
biomolecules, sensors and catalysts.

Among the most intensively studied non-ionic surfactants
or triblock copolymers templates used for the synthesis of
OMMs is the F127 copolymer, which is a poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide)—EO106

PO70EO106—triblock copolymer (Zhao et al. 1998b). The
large surface area of OMMs created by using the F127
copolymer, known as SBA-16, was essential for improve-
ment of gas adsorption properties of surface photo voltage
(SPV) devices (Yamada et al. 2002). SBA-16 is a mater-
ial with a 3D cubic arrangement of mesopores correspond-
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ing to the Im3m space group. Each mesopore, i.e., cage in
this body-centered-cubic (bcc) structure is connected with
its eight nearest neighbors (small apertures) to form a mul-
tidirectional system of mesoporous network, as proven by
high-resolution electron microscopy (Sakamoto et al. 2000).
Furthermore, SBA-16, and other SBA’s as well, possess a
substantial amount of micropores (Ryoo et al. 2001) (up to
50% of its volume) originating from the more hydrophilic
EO chains of the surfactant which penetrate the amor-
phous siliceous walls during synthesis (Kruk et al. 2000;
Ryoo et al. 2000; Imperor-Clerc et al. 2000). This dual
porosity system makes the SBA materials excellent candi-
dates for adsorption and catalysis, sensors and nanoreactors.
Other requirements for such systems include good acces-
sibility of pores, which can be achieved by creating a 3D
porous structure.

To date the SBA-16 materials (Yu et al. 2000, 2001;
Van Der Voort et al. 2002; Cheng et al. 2003, 2004; Wang
et al. 2004; Kim et al. 2004; Kleitz et al. 2004; Grudzien
et al. 2006, 2007; Fulvio et al. 2007) have been synthesized
mostly by employing Pluronic F127. In most cases, the ex-
isting recipes afforded SBA-16 with relatively small pore
sizes and quite low pore volumes. Additionally, the control
over the morphology of SBA materials can be obtained by
variations in the synthesis parameters, or through the use of
co-solvents, co-surfactants or various salts. Here we demon-
strate a simple and effective method for the synthesis of nio-
bium containing SBA-16 materials by using of two different
procedures in order to diverge the textural properties. It is
worthy to stress that mesoporous niobosilicates are promis-
ing materials for a wide range of industrial applications, in-
cluding gas separation, catalysis, water waste management,
etc. (Nowak et al. 2002, 2003; Nowak and Ziolek 2005).

2 Experimental section

2.1 Synthesis of materials

SBA-16 and NbSBA-16 were hydrothermally synthesized
by using F127 (EO106PO70EO106, BASF) as a structure-
directing agent and tetraethylorthosilane (TEOS, 99% Al-
drich) as a silica source. In a typical synthesis (after Van
Der Voort et al. 2002; Kim et al. 2004), 4 g of F127 was
dissolved in 30 g of deionized water and 120 g of HCl
(2M) at 30 °C. A chosen amount of TEOS and ammo-
nium complex of trisoxalate niobium(V) (CBMM, Brazil)
were added to the solution. The starting molar composi-
tion was: 1 TEOS : 0.0156 Nb source : 0.0075 F127 : 5.7
HCl : 193 H2O and such composition is going to be de-
noted as method A. The mixture is maintained at 30 °C for
4 h with vigorous stirring, followed by heating at 80 or
100 °C for different periods (8 or 24 h). The solid products

were filtered off and then washed with deionized water re-
peatedly. After drying at room-temperature overnight, the
products were calcined in ambient air for 6 h with a heat-
ing rate of 2 °C/min from room temperature up to 550 °C.
Additionally, a second procedure—method B—was applied
with a starting molar composition of 1.0 TEOS : 0.0156 Nb
source : 0.0040 F127 : 4.0 HCl : 130 H2O for NbSBA-16.
Thus, the denotation of samples used in this paper is going
to be: NbSBA-16—method name—heating temperature—
heating time, e.g., NbSBA-16-A-80-8.

2.2 Characterization

Measurements X-ray diffraction (XRD) patterns were
recorded between 0.6 and 40◦ (2θ) on a Bruker D4Advance
diffractometer (Cu Kα radiation; λ = 0.154 nm) with a step
size of 0.02◦. The quantitative chemical analysis was per-
formed on Philips MiniPal equipment. Porosity and surface
area were determined by using a Micromeritics 2010 auto-
mated gas adsorption system using nitrogen as the adsorbate
at liquid nitrogen temperature (−196 °C). All samples were
outgassed under vacuum for 3 h at 300 °C. Transmission
electron micrographs (TEM) measurements were recorded
on JEOL 2010 microscope operated at 80 kV. The sample
particles were suspended in alcohol and the suspension was
deposited on a copper grid coated with a polymer supported
film.

Calculation methods The specific surface area (SA) was
calculated by the BET method from adsorption data in
the relative pressure range from 0.05 to 0.2. The cross-
sectional area of nitrogen molecule was assumed to be equal
to 0.162 nm2. The total pore volume (Vt) was obtained
from the amount of nitrogen adsorbed at a relative pressure
(p/p0) of 0.99. The total volume of micropores, Vmi, and
primary mesopores, Vpme, was assessed using the αs plot
method (Matos et al. 2002) in the range of αs from 1.8 to 2.2,
i.e., from the intercept of the linear segment of the αs plot
that follows the capillary condensation step. The standard
reduced adsorption αs is defined as the ratio of the amount
adsorbed on a reference adsorbent—LiChrospher Si-1000
(Jaroniec et al. 1999)—at a given relative pressure to the
amount adsorbed at a relative pressure of 0.4. The micropore
volume was calculated using the αs method, however in the
αs range from 0.4 to 1.2, i.e., from the intercept of the linear
segment below the onset of the capillary condensation. Two
different linear regions were observed, one in the αs range
from 0.4 to 0.8 that yields a volume of intrawall micropores
(Vmi) and another one in the αs range from 0.9 to 1.2 that
yields a sum (Vmi + Vsme), where Vsme is the volume of a
population of small mesopores.

The pore size distribution was calculated from the ad-
sorption branch of nitrogen adsorption isotherms by using
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the KJS (Kruk-Jaroniec-Sayari) method, which employs in
the classical BJH (Barret-Joyner-Halenda) algorithm an ac-
curate statistical film thickness and modified Kelvin equa-
tion, both verified on the basis of adsorption data for a se-
ries of high quality MCM-41 materials (Kruk et al. 1997).
The primary mesopore diameter, w, was defined as maxi-
mum on the PSD. However, due to the fact that the geom-
etry of primary mesopores of SBA-16 can be approximated
by a sphere rather than a cylinder, this method leads to a
systematic underestimation of the size of cage-like pores
by about 2 nm. Thus, the primary mesopore cage diame-
ter, Dme, was also calculated on the basis of the unit-cell
size assessed from XRD (a) and pore volumes assessed
from gas adsorption data, i.e., Vp and Vmi from the αs

plot according to the following formula (Matos et al. 2002;
Ravikovitch and Neimark 2002):

Dme = α

(
6

π

εme

ν

) 1
2

, where εme = ρV Vme

1 + ρV Vε

, (1)

where ρV is the silica density equal to 2.2 g cm−3.
The minimal wall thickness for all samples studied, h,

was calculated according to relations provided in Huo et al.
(1994)

h = α

√
3

2
− Dme. (2)

3 Results and discussion

The EDX analyses performed for all samples show that the
synthesis conditions used (low pH, the presence of Cl− an-
ions, etc.) led to four times lower Nb contents (Si/Nb =
∼200 instead of 64), indicating that not all niobium is in-
corporated to the final product. Additionally, X-ray diffrac-
tion data at high angles (2θ = 10−60◦) did not show any
peaks of niobium(V) oxide phase. Moreover, the diffuse-
reflectance UV–vis and FTIR measurements (not shown
here) confirmed that niobium was incorporated only into the
SBA-16 framework positions.

For the determination of the structure and symmetry of
materials, XRD patterns and TEM images were analyzed.
The XRD patterns shown in Fig. 1 clearly indicate that for
both synthesis methods used for the NbSBA-16 materials
preparation analogous structures were formed. The lattice
type and the symmetry of the mesoporous materials were
accurately determined by indexing of XRD reflections and
established to belong to bicontinuous cubic-body-centered
Im3m structure, thus providing an indication of the Im3m
structure of SBA-16. Additionally, the presence of a higher
order peaks at

√
2-,

√
3-,

√
4-,

√
5-times the reciprocal lat-

tice spacing of the primary reflection suggests that the or-
dered regions of the NbSBA-16-B samples exhibit a cubic
mesostructure. The products prepared by using method A
show a broad XRD peak (Fig. 1A) with low intensity, while
NbSBA-16-B products show well-resolved XRD patterns
(Fig. 1B). Three well-resolved diffraction peaks of NbSBA-
16-B can be clearly assigned to (1 1 0), (2 0 0), and (2 1 1)

Fig. 1 XRD patterns of
NbSBA-16-A (part A) and
NbSBA-16-B (part B) samples:
NbSBA-16-A-80-8 (part A line
a; i.e., Aa), NbSBA-16-A-80-24
(Ab), NbSBA-16-A-100-8 (Ac);
NbSBA-16-A-80-8 (Ba),
NbSBA-16-A-80-24 (Bb),
NbSBA-16-A-100-8 (Bc) and
NbSBA-16-A-100-24 (Bd)
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Table 1 Textural/structural properties of SBA-16 materials*

Sample Si/Nb a, SA, Vt, w, Dme, h,

nm m2 g−1 cm3 g−1 nm nm nm

SiSBA-16-B-80-24 – 15.9 471 0.34 5.8 7.8 5.9

SiSBA-16-B-100-24 – 16.6 706 0.48 6.2 8.5 5.8

NbSBA-16-A-80-24 164 14.1 794 0.95 6.5 7.9 4.4

NbSBA-16-A-100-24 212 15.3 955 0.83 6.5 9.2 4.1

NbSBA-16-B-80-8 226 15.1 508 0.30 5.1 7.2 5.9

NbSBA-16-B-80-24 298 16.2 839 0.53 5.8 9.9 4.1

NbSBA-16-B-100-24 251 16.6 968 0.67 6.5 11.3 2.9

*a—unit-cell size assessed from XRD; SA—specific surface area; Vt—total pore volume; w—primary mesopore diameter from BJH; Dme primary
mesopore cage diameter, h—minimal wall thickness

diffractions for the cubic space group (Im3m, Q229), respec-
tively. Increasing synthesis temperature yielded in a better
XRD pattern resolution and a higher intensity of the reflec-
tions owing to the higher particle dispersion and ordering.
It is well known, that with a F127/TEOS molar ratio around
0.005 and a temperature ∼95 °C a perfect morphology is ob-
tained (Mesa et al. 2005). Moreover, an “amorphous” SBA-
16 type mesoporous silica particles (continuous spheres) are
produced when the F127/TEOS molar ratio becomes rather
low (e.g., 0.002) or rather high (>0.008). Thus, in our case
the preparation of organized mesoporous NbSBA-16 with a
surfactant as pore structure template has been possible for
method B only (see afterward in the text) .

For each sample the values of the unit cell, a, were cal-
culated from visible XRD peaks and the average value was
calculated and listed in Table 1. The use of two different
synthesis methods yields products with unit cell parameters
from 14.0 to 16.6 nm (see Table 1 in which pure siliceous
analogues are also tabulated). The augmentation of the hy-
drothermal treatment time and temperature caused a pro-
nounced shift towards lower angles, an evidence for the en-
largement of the unit cells as a function of temperature and
time. The introduction of niobium also produced the unit
cell expansion. It is well known for more than decade that
the transition metal substitution gave an enlargement of the
cubic unit cell as well as an increase in the degree of cross-
linking in the mesopore walls, i.e., a decrease of the minimal
wall thickness (Zhang and Pinnavaia 1996)

Figure 2 shows TEM images for the samples NbSBA-16-
B-80-24 and NbSBA-16-B-100-24. The Im3m space group
is therefore reliably identified. Large domains of the highly
ordered materials are clearly visible. It is well known that the
changes in structural properties could also be confirmed by
TEM. Even that it difficult to directly access the mesopore
diameter or the pore wall thickness by TEM, it is obvious
from Fig. 2 that for sample NbSBA-16-B-80-24 the ratio of

Fig. 2 TEM images of NbSBA-16-B samples synthesized at 80 (left
side) and 100 °C (right side)

void to silica wall volume is lower than for sample NbSBA-
16-B-100-24.

The morphology of the SBA-16 samples was determined
by the analysis of the SEM micrographs (Fig. 3). The mor-
phology of the NbSBA-16 material was from spherical
shape (synthesis no. B, Fig. 3 images A & B) to continuous
shapeless and ill-defined one (synthesis no. A, Fig. 3 images
C & D). Moreover, the increasing particle size as a func-
tion of temperature for the first case can be related to the
faster particle growing at higher temperatures resulting in
bigger particles for NbSBA-16-B-100-24 than for NbSBA-
16-B-80-24.

Nitrogen-physisorption isotherms for the selected nio-
bium containing silicas are presented in Fig. 4. The corre-
sponding parameters for all studied mesoporous materials
are given in Table 1. The isotherms show type IV profiles
(IUPAC classification), which is typical of mesoporous ma-
terials. The hysteresis loop shape (H2) is ascribed to cage-
like materials. A steep capillary condensation step is ob-
served for all the NbSBA-16-B samples, suggesting uniform
pore dimensions and a good quality ordering of the mate-
rials in agreement with the TEM and XRD data. Further-
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Fig. 3 SEM micrographs for
NbSBA-16-A-80-24 (A);
NbSBA-16-A-100-24 (B),
NbSBA-16-B-80-24 (C) and
NbSBA-16-B-100-24 (D)

Fig. 4 Nitrogen physisorption
isotherms measured at −196 °C
on NbSBA-16 samples

more, the capillary condensation appears more pronounced
for NbSBA-16-B than for NbSBA-16-A and also with in-
creasing hydrothermal treatment temperature for both series,
with NbSBA-16-B-100-24 exhibiting the highest and the
most vertical steps. Varying the hydrothermal treatment tem-
perature results in a variation of the total amount of adsorbed
nitrogen (estimated at p/p0 = 0.98) and therefore the total
pore volume Vt (Table 1). The temperature dependence, in
the range investigated in this work, is for most properties
beneficial. Sample NbSBA-16-B-80-24 synthesized at low
temperature only adsorbs about 0.53 cm3 liquid nitrogen per
gram, whereas in contrast, the sample NbSBA-16-B-100-24
synthesized at higher temperature −0.67 cm3 g−1.

Pore size distributions determined using the BJH meth-
ods established for cylindrical pores are not accurate for ma-
terials with cage-like pore structures, i.e., NbSBA-16. How-
ever, in order to compare this series the values at maximum
of the BJH (w) were therefore reported in Table 1. Also
the data obtained from geometrical model (Dme) is reported
there. Generally, for lower aging temperatures, the total pore
volume could be considered as mostly originating from mi-
croporosity (<2 nm) with little contribution from the meso-
pores (cages). As the aging temperature is increased, the
contribution of the mesopore volume increases relative, as
well as average pore size width, whereas minimal wall thick-
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Table 2 Pore volumes of SBA-16 materials*

Sample Vt, Vmi, Vsme, Vpme, VBJH,

cm3 g−1 cm3 g−1 cm3 g−1 cm3 g−1 cm3 g−1

SiSBA-16-B-80-24 0.34 0.02 0.08 0.29 0.32

SiSBA-16-B-100-24 0.48 0.02 0.11 0.41 0.46

NbSBA-16-A-80-24 0.95 0.08 0.11 0.76 0.78

NbSBA-16-A-100-24 0.83 0.03 0.18 0.62 0.65

NbSBA-16-B-80-8 0.30 0.05 0.06 0.19 0.27

NbSBA-16-B-80-24 0.53 0.06 0.13 0.34 0.38

NbSBA-16-B-100-24 0.67 0.03 0.21 0.43 0.48

*Vt—total pore volume; Vmi—total volume of micropores, Vpme—total volume of primary mesopores, Vsme—volume of a population of small
mesopores; VBJH—mesopore volume estimated using the modified BJH approach

Fig. 5 αs-plot of selected NbSBA-16-B samples

ness decreases. The same behavior can be observed for the
influence of the synthesis time.

Two different linear regions were observed below the
capillary condensation step in the αs-plot (Fig. 5). The low
αs linear region intercept with the ordinate axis yields a
volume of micropores (Vmi) which is unambiguously as-
cribed to intrawall micropores. The second linear part in-
tercept yields a sum (Vmi + Vsme) where Vsme is the vol-
ume of a population of small mesopores. Intrawall small
mesopores are generated probably by the coalescence of
two micropores specifically starting at temperature of 80 °C
(Galarneau et al. 2003). However, one have to keep in mind
that in SBA-16 two types of smaller pores exist: (i) or-
dered small pores which interconnect ordered cages (pri-
mary mesopores) and (ii) irregular micropores created by

penetration of PEO blocks into silica pore walls, analogous
as in SBA-15. Thus, in comparison to SBA-15 cage-like
material contains additional ordered interactions, and there-
fore the amount of complementary pores is larger (Ustinov
et al. 2005). The measured values of Vt, Vmi and Vsme are
reported in Table 2. Interestingly, the experimental values of
Vpme (i.e., calculated as Vt − Vmi − Vsme) are very close to
the mesopore volume estimated using the modified BJH ap-
proach (VBJH), due to the synthesis temperature higher than
mentioned above transition temperature. By varying the hy-
drothermal temperature and time, materials with a high frac-
tion of intrawall micropores and thick walls (80 °C, 8 h) up
to mesoporous materials with few micropores, thinner walls
and large primary mesopores (100 °C, 24 h) were obtained.

4 Conclusions

A series of NbSBA-16 materials was prepared with different
structural properties focusing on the systematic control of
structural/textural parameters. The proper symmetry and the
high quality of the samples were established from XRD and
TEM measurements. Using the αs-plot, it was possible to
distinguish two different types of intrawall pores. By vary-
ing the hydrothermal temperature and time, materials with
a high fraction of intrawall micropores and thick wall up
to mesoporous materials with few micropores, thinner walls
and large primary mesopores can be obtained.
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