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Three different microporous niobia–silica gas separation membranes with an exceptionally low perme-
ability for CO2 were prepared and their permeabilities for different gases were compared. The Nb:Si molar
ratios of the sols varied between 0.33 and 0.8, and the radii of gyration varied between 2.4 and 3.2 nm,
respectively. All three sols showed narrow particle size distributions, and no particles with hydrodynamic
diameters above 60 nm were detected. The hydrogen and helium permeabilities of membranes could be
correlated with the degree of structural evolution of the sols. The structurally least developed sol yielded
more resistive membrane films. The increase in the loading of Nb5+ ions in the silica framework led to an
increase of the H2/CO2 separation factor from �40 to 70, but also caused densification of the material,
leading to a much more resistive network. Single gas permeation measurements showed a preferential
permeability towards helium at 200 �C for all the membranes. X-ray photoelectron spectroscopy analysis
of a niobia–silica thin film showed that it had a homogeneous distribution of Si and Nb atoms, and that
this material exhibited a different interaction with CO2 than pure silica and pure niobia surfaces do.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Recently we reported the preparation of a niobia–silica (NS)
microporous membrane from a sol with a Nb:Si molar ratio equal
to 0.33 [1]. Because of its very low permeability for CO2 compared
to other gas molecules, e.g. He, H2, O2 and CH4, such NS-type mem-
branes may be of interest for industrial separation processes in
which CO2 is involved. The selectivity of the membrane is thought
to be based on a combination of size-based sieving and variations
in molecule-wall interactions between different types of gases. The
presence of pentavalent niobium ions in the microporous silicon
oxide matrix probably introduces active surface sites in the thin
film to which carbon dioxide binds [1,2]. Niobia–silica membranes
also have a higher hydrothermal stability than microporous silica
membranes [3]. NS membranes might therefore find application
in large-scale industrial processes like steam reforming and water
gas shift reaction. However, the development of NS membranes is
still in a premature stage and the hydrogen permeability of NS
films is still about one order of magnitude smaller than what can
be achieved with silica membranes [3]. For this reason, the pro-
cessing conditions of NS–type membranes need further
optimization.
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A large number of parameters play a role in the fabrication of a
membrane, e.g. sol concentration and viscosity, deposition rate,
type of support, calcination temperature, calcination time and
heating/cooling rates of the furnace. Moreover, a membrane can
be aged under certain conditions to control the evaporation rate
of the solvent during consolidation prior to calcination [4–7]. Be-
cause of the complexity of the process, it is not yet possible to con-
struct a general model that can predict the main membrane
properties (porosity, pore size distribution, and layer thickness)
from the processing procedure. The development of ceramic mem-
branes is therefore still done via experimental approaches [8].

In the present report, we selected three recipes, hereinafter des-
ignated as NS1, NS2 and NS3, to study the influence of sol type and
composition on membrane properties. The preparation and charac-
terization of the NS1 sol and of the resulting NS1 membrane have
been already reported [1]. The NS2 sol was prepared from the same
reaction mixture as the NS1 sol, but it was refluxed for 90 min in-
stead of 300 min at 60 �C, and thus it had smaller particles than
NS1. The NS3 sol was synthesized from a precursor mixture with
a higher Nb:Si atomic ratio than NS1 and NS2, but the particle size
was comparable with that of NS1. Disk membranes were processed
from these sols and characterized, and their properties were com-
pared. As will be shown in this study, the permselectivity and per-
meability can be correlated with the characteristics of the sol from
which the films were generated. These experiments aim to estab-
lish an understanding of the relationship between sol structure
and membrane properties.
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2. Experimental part

2.1. Synthesis of niobia–silica sols

Eleven millilitre of tetraethyl orthosilicate (Aldrich, 99.999%
pure) was added to 10.5 ml of ethanol. A mixture of 0.14 ml of
HNO3 (65%, Fluka) in 1.8 ml of water was dropped into the mixture.
The final molar ratio (Si)–O–C2H5:H2O:HNO3 was 1:0.5:0.01. We
chose to express the chemical composition of the sol in this way
because alkoxy groups, water and acid are the moieties that partic-
ipate directly in the reaction. This mixture was heated under reflux
at 60 �C for 2 h. Then 6.62 ml of 1 M niobium(V)penta(n-butoxide)
(Gelest) in n-butanol (Aldrich, anhydrous) was added slowly to the
mixture. Aqueous nitric acid was dropped into the mixture to re-
store the initial composition (M)–O–R:H2O:HNO3 to 1:0.5:0.01,
with M = Si, Nb and R = �C2H5 or �C4H9. The Nb:Si atomic ratio
in the sol was 0.33. Thereafter the NS1 sol was refluxed at 60 �C
for 300 min. For the NS2 sol the same procedure was used as for
the NS1 sol, except that the final reflux took 90 min instead of
300 min.

The preparation of the NS3 sol consisted of dropwise adding
aqueous nitric acid (0.833 ml HNO3 65% in 3.9 ml of water) to a
mixture of 13 ml of TEOS and 136 ml of ethanol. The mixture
was refluxed for 2 h at 60 �C. After this time, an aliquot of
16.5 ml of this sol was mixed to 5 ml of a 1 M solution of nio-
bium(V) penta(n-butoxide) in n-butanol. The mixture was heated
to 60 �C for 90 min. The final molar ratio (M)–O–R:H2O:HNO3 in
NS3 was 1:0.5:0.025 and the Nb:Si molar ratio was 0.8.

2.2. Characterization of niobia–silica sols

SAXS measurements were performed at the BM-26B station of
the Dutch–Belgian beam line (DUBBLE) [9] at the European syn-
chrotron radiation facility (ESRF) in Grenoble, France. The samples
were placed in capillary glass tubes (Ø 1.5 mm, glass no. 14, Hil-
denberg, Malsfeld, Germany). In order to cover the largest possible
q-range, measurements were performed twice on all capillaries,
namely with the 2D CCD detector located at 1.5 m and at 8 m away
from the sample, respectively. The tubes were exposed to a 12 keV
X-ray beam, which corresponds to a wavelength of 0.13 nm.

Dynamic light scattering (DLS) measurements were performed
on a Malvern Zetasizer HS3000. The correlograms were analyzed
by using the CONTIN method [10].

2.3. Powder preparation and analysis

Aliquots of the sols were dried in Petri-dishes in air and calcined
at 500 �C for 3 h, with a heating/cooling rate of 0.5 �C/min. These
conditions are similar to the preparation conditions used for mak-
ing membranes. The presence of crystalline phases in these pow-
Table 1
Characteristics of the sols used for the preparation of membranes

Membrane Nb:Sia Df
b Rg [nm]c RH [nm]d

hRHiI hRHiV

NS1 0.33 1.8 3.2 ± 0.1 7.6 2.5
NS2 0.33 1.7 2.4 ± 0.1 5.3 2.0
NS3 0.80 1.8 3.5 ± 0.1 9.6 2.8

a Molar ratio of the metal alkoxide precursors.
b Fractal dimension as obtained from SAXS.
c Gyration radius as obtained from SAXS.
d Hydrodynamic radius as obtained from DLS (average in number). hRHiI = average on

number.
e Dilution in ethanol before coating, expressed in terms of volume of sol/volume of fi
ders was determined by XRD analysis using a Philips SR5056
with Cu Ka radiation.

2.4. XPS analysis of thin films on silicon substrates

Three silicon wafers were etched to remove the native sili-
con oxide surface layer and then were coated by sputtering
with a 5 nm thick gold layer. The NS1 sol, a 1 M solution of
TEOS in ethanol and a 1 M solution of niobium(V) penta
(n-butoxide) in n-butanol were spin-coated at 2000 rpm for 60
s. The samples were calcined at 500 �C to yield three oxide
films. After cooling the samples were immersed in a dry CO2

bath for 12 h and then heated again at 200 �C to simulate
the membrane life cycle. X-ray photoelectron spectroscopy
(XPS) measurements were performed on a PHI Quantera Scan-
ning ESCA Microprobe equipped with a monochromatic Al Ka
X-ray source (1486.6 eV) at a pressure <2 � 10�6 bar. To remove
any unknown contaminants, a layer with a thickness of about
0.5 nm was removed by etching with Ar+ before analysis. The
data reported here represent average values of three points that
were selected on each sample.

2.5. Membrane coating

a-Alumina disks (2 mm thick, Ø 39 mm), fabricated as de-
scribed elsewhere [7], were used as supports. These supports were
polished on one side and coated with a 6% La-doped c-alumina film
of about 2 lm thickness [1], dried and calcined at 600 �C. After
dilution of the niobia–silica sols, they were deposited by dip coat-
ing in a class 1000 clean room. The extent of dilution is reported in
Table 1 for each sol. The membranes were calcined in air at 500 �C
for 3 h, with heating and cooling rates of 0.5 �C/min.

2.6. Gas permeance measurements

The He, H2, CO2, N2, CH4 and SF6 permeances of a disk-shaped c-
alumina support and of the microporous NS membranes coated on
such supports were measured in a dead-end mode permeation set-
up. Since atmospheric water can condense in micropores at these
temperatures, all membranes were dried in a hydrogen flow for
at least 16 h after the temperature had been raised to 200 �C.
The gas flow rate was measured with a soap film flow meter, while
the overpressure across the membrane was kept constant at 4 bar.
The permeation rates of the different gases were determined in a
sequence starting with the one with the smallest kinetic diameter,
from helium to SF6. For each probe molecule the temperature of
the furnace was varied step-wise from 200� C down to 80 �C. The
calculated error in the permeation measurements was about 2%
for permeances above 10�9 mol Pa�1 m�2 s�1, and less than 6%
for permeances below 10�9 mol Pa�1 m�2 s�1.
Polydispersity Sol concentration
(v/v)e

hRHiN hRHiI/hRHiN hRHiV/hRHiN

1.7 4.4 1.5 9%
1.4 4.0 1.5 2%
1.8 5.5 1.6 2%

scattered intensity, hRHiV = average on particle volume, hRHiN = average on particle

nal coating solution.
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3. Results and discussion

3.1. Characterization of NS sols

Table 1 provides information about the coating sols that were
used for membrane preparation and about the sol particles proper-
ties as measured by SAXS and DLS. In SAXS the scattered light
intensity of a incoming beam is measured as a function of scatter-
ing angle. This allows determination of the gyration radius (Rg) of a
particle with a mass M, and the fractal dimension (Df), which is de-
fined by Eq. (1) [11,12].

M / RDf
g ð1Þ

All sols turned out to have fractal dimensions of 1.7–1.8, but their
effective sizes in solution are considerably different. From the SAXS
measurements it was concluded that the NS1 sol was composed of
particles with a main gyration radius (Rg) of 3.2 ± 0.1 nm. The NS2
and NS3 sols had an Rg of 2.4 ± 0.1 nm and 3.5 ± 0.1 nm, respec-
tively. Because the gyration radius is only a mean value, the three
samples were also analyzed by DLS to determine their particle size
distributions. Fig. 1 shows the results of this analysis. Three distri-
butions are given for each sample: scattered intensity, particle vol-
ume and particle number, each as a function of the hydrodynamic
radius (RH), which is the radius of a hard sphere having the same
diffusion coefficient as the sol particles.

The average hydrodynamic radii calculated from these three
distributions are hRHiI, hRHiV and hRHiN, which values refer to the
average of intensity, volume and number distributions, respec-
tively. The average radii calculated for each sample are reported
in Table 1. A hRHiN of 1.7 nm was measured for NS1, while these
values were 1.4 nm for NS2 and 1.8 nm for NS3, respectively. They
are smaller than the Rg values measured by SAXS, however they re-
flect the same trend: NS1, NS3 > NS2.

For a completely monodisperse sample the values of hRHiI, hRHiV
and hRHiN should coincide. In polydisperse samples they all have
different values. The averages increase in the order hRHiN < hRHiV
< hRHiI, because the scattered intensity is proportional to the sixth
power of the radius of scattering particles, I / R6

H [13], and the vol-
ume distribution was calculated by assuming spherical particles,
i.e. V / R3

H . Essentially, the ratios hRHiV/hRHiN and hRHiI/hRHiN are
qualitatively similar to the molecular mass ratios MW/MN and
MZ/MN, which define the polydispersity indexes of polymeric mass
distributions [14]. In the latter expressions MN, MW and MZ repre-
sent the number, weight and z average molecular mass of a
polymer.

The polydispersity indexes are listed in Table 1. The ratio hRHiV/
hRHiN is similar for all three samples and ranges between 1.5 and
1.6. The polydispersity index hRHiI/hRHiN instead, revealed differ-
Fig. 1. Particle size distribution of NS1, NS2 and NS3 sols obtained by DLS. The graphs re
the curves were normalized to unity.
ences between the polydispersities of the samples. NS2 and NS1
were prepared from mixtures having the same molar composition
but reacted for different times, i.e., 90 and 300 min, respectively.
During the extra 210 min in which NS1 was allowed to develop
further, the sol particles grew and the polydispersity index hRHiI/
hRHiN increased from 4.0 to 4.5. The increase can simply be attrib-
uted to the statistical broadening that occurs during the progress of
the polymerization reaction [15, 16].

The NS3 sol, which was based on the highest concentration of
Nb precursor, appeared to have a broader size distribution than
the two other samples, although it was refluxed for only 90 min.
This suggests that the niobium precursor, which is more reactive
and has more functional groups than TEOS, has a tendency to yield
more polydisperse particle size distributions.

The DLS data also revealed that none of the sols contained par-
ticles with a hydrodynamic radius larger that 60 nm. The niobia–
silica sols presented in this study are therefore potentially suitable
precursors for making microporous thin layers.

3.2. XRD analysis of powders

The three powders were analyzed by XRD to check the presence
of crystallinity in the samples. All samples appeared to be non-
crystalline. The absence of XRD peaks in all samples indicates that
the niobium atoms were either atomically dispersed in the silica
matrix, or had crystallite sizes smaller than 2–3 nm, which is the
detection limit for Cu-Ka radiation [17,18]. These results agree
well with the data reported by Francisco et al. for sol–gel derived
niobium-doped silica powders with 67.5% Nb [19]. A crystalline
niobium-containing phase was observed only in samples that
had been annealed above 800 �C.

3.3. Permeabilites of the microporous materials

After coating and calcination, selective separation layers with
different thicknesses were obtained, as illustrated in Fig. 2. The
niobia–silica top layer of the NS1 membrane was 150 nm thick
[1], while the NS2 and NS3 films had thicknesses of 60 and 100
nm, respectively.

Table 2 reports the hydrogen and helium permeances F of the
three membranes. In the case of NS2, the helium permeance was
1.2 � 10�8 mol Pa�1 m�2 s�1 and the hydrogen permeance was
4.5 � 10�9 mol Pa�1 m�2 s�1. The NS3 membrane had a higher per-
meance for helium, but a lower permeance for hydrogen.

The permeability of the top layer material is defined as the per-
meance per unit of membrane thickness. To calculate the perme-
ability of the NS layers it is necessary to extract the top layer
permeance from the overall permeance of the membrane. Since
present the (a) intensity, (b) volume and (c) number distributions. The areas under



Fig. 3. Permeance of 6 probe molecules through a a-alumina supported c-alumina
disk of the same type used as support for the microporous top layers presented
here. The straight line represents the linear fit of the data to Eq. (3).

Fig. 2. SEM images of cross-sections of the NS membranes. The locations of the top layers are indicated by arrows.

Table 2
Permeance, permeability and ideal permselectivity of NS membranes

Permeancea [mol Pa�1 m�2 s�1] Ideal selectivity Top layer thickness [nm] Permeabilityb [mol Pa�1 m-1 s�1]

He H2 He/H2 He/CO2 He H2

NS1 7.2 � 10�8 3.8 � 10�8 1.9 43 150 1.2 � 10�14 5.7 � 10�15

NS2 1.2 � 10�8 4.5 � 10�9 2.7 37 60 7.3 � 10�16 2.7 � 10�16

NS3 2.8 � 10�8 3.7 � 10�9 7.6 70 100 2.9 � 10�15 3.7 � 10�16

Data refer to measurements conducted at 200 �C, DP = 4 bar
a Permeance of the entire stacked membrane.
b Permeability is permeance multiplied by top layer thickness.
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the membrane is a stack of layers, the total resistance of the mem-
brane is the sum of resistances of each layer. The transport resis-
tance is proportional to the inverse of permeance. The
permeance of the NS–layers can thus be determined from the total
permeance and the permeance of the support via [20]:

1
Ftot
¼ 1

FNS
þ 1

FSup
; ð2Þ

where 1/Ftot is the total resistance, and 1/FNS and 1/FSup are the
resistances of top layer and support, respectively.

In order to determine the support resistance, the permeance of
the a-alumina supported c-alumina support was measured at dif-
ferent temperatures for the different probes. The results are shown
in Fig. 3. The data were fitted following a Knudsen-type perme-
ation model [21]:

Fsup ¼ K

ffiffiffiffiffiffiffiffiffiffi
1

MRT

r
; ð3Þ

where K is a constant that depends only on geometrical membrane
properties (i.e., thickness, porosity, pore size and shape), M is the
molecular mass of the permeating molecule, R is the gas constant
and T is the absolute temperature. Fig. 3 shows that the transport
rate in the support shows Knudsen-type behaviour, as is typical
for mesoporous system such as c-alumina. The constant K was
determined to have a value of 8.9 � 10�5 ± 1 � 10�6

kg Pa�1 m�1 s�2 by linear fitting Eq. (3) to the data points of Fig. 3
(correlation coefficient 0.998). This indicates that the contribution
of viscous flow is almost irrelevant to the total transport in the sup-
port [22]. Following this method it was possible to determine the
support resistance at different temperatures and for different
probes.

The H2, He and CO2 permeances of the individual niobia–silica
layers were calculated using Eq. (2). The permeabilities of the nio-
bia–silica layers for helium and hydrogen are listed in Table 2. The
material forming the NS1 top layer is more permeable to these
small gas molecules than NS2 and NS3. Comparison of NS1 with
NS2 shows that the hydrogen permeability decreased from 5.7 �
10�15 to 2.7 � 10�16 mol Pa�1 m�1 s�1, while the helium perme-
ability decreased from 1.2 � 10�14 to 7.3 � 10�15 mol Pa�1 m�1 s�1.
The large difference in permeability is somehow related to the
evolution of the structure of the coating sols during synthesis.
XPS analysis of the NS1 membrane reported previously [1] sug-
gests that unreacted TEOS molecules or silica oligomers were still



Fig. 4. Temperature dependency of permeance of several gases in the NS1
membrane. The plotted data refer to the permeances of the whole membrane
thickness.
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present even in the NS1 sol. When such small particles or pre-poly-
meric structures become trapped in the top layer during film for-
mation, a relatively dense material will result after consolidation
and calcination. Since the NS2 sol was less developed than NS1,
it is reasonable to assume that the concentration of unreacted spe-
cies was particularly high in NS2. Consequently, the resistivity of
this layer after calcination was higher than that of the NS1 layer.

Fig. 1 shows that NS2 contains a large number of particles with
RH smaller than 1 nm. Thus, they may easily penetrate into the
pores of the underlying c-alumina layer with its 5–8 nm pore
diameter [7]. The SEM picture in Fig. 2 shows that the NS2 sol in-
deed penetrated into the support down to a depth of about 50 nm
or more. Because of this, the thickness of the NS2 top layer may be
underestimated, as well as its permeability.

By comparing the particle size distribution, hRHiI and Rg of sols
NS1 and NS3, it appears that NS3 was developed further than NS1,
even though it had reacted for a shorter time. Thus, the reason for
the low H2 and He permeances of the NS2 membrane does not hold
for NS3. Although the particle size of NS3 is similar to that of NS1, its
Nb:Si molar ratio is considerably higher. The Nb5+ ions in the net-
work have a coordination number equal to 6 [23], while Si4+ has a
coordination number of 4 [24]. The presence of the more highly
charged Nb ions, and the ability and tendency of Nb to coordinate
more oxygen ions may lead to a more closely packed and denser net-
work. The effect is most pronounced in NS3, since the concentration
of Nb ions is higher than in the other samples. This may provide an
explanation for the higher resistance of the NS3 layer.

The higher concentration of Nb in NS3 also affects separation.
The ideal separation factor is defined as the ratio of single gas per-
meances of two gases. The ideal separation factor for He and H2 is
7.6 for the NS3 membrane, as listed in Table 2. The corresponding
ideal separation factors for NS1 and NS2 were 1.9 and 2.7, respec-
tively. The separation factor He/CO2 is also higher for the NS3
membrane than for the other two materials. In general, micropo-
rous membranes are more permeable to helium than to other
gases, because helium is very small and hardly interacts with the
pore walls due to its noble character. However, this tendency
seems to be more pronounced in the NS3 membrane than in the
other two. This may possibly be attributed to a predominance of
pores in the NS3 membrane that are accessible to helium only.

3.4. Activated transport trough the membranes

To understand the transport mechanism that governs the per-
meance in niobia–silica layers in more detail, we studied the tem-
Fig. 5. Temperature dependency of He, H2 and CO2
perature dependency of the permeance of various gases. Fig. 4
shows the permeance of the NS1 membrane for different probe
molecules. The flux of helium and hydrogen across the membrane
increased exponentially with increasing temperature, while the re-
verse trend was observed for CO2. The temperature dependency of
N2, CH4 and SF6 was more complex.

Gas transport in micropores occurs essentially according to a
surface diffusion mechanism. The transport rate associated with
this mechanism can be expressed in terms of a modified Fick law
[20]:

J ¼ J0 exp � Ea

RT

� �
DP
L
: ð4Þ

J0 is a temperature independent coefficient and Ea is the apparent
activation energy. Ea is the sum of two contributions: the heat of
sorption of the molecule (here considered as a negative number,
since adsorption is an exothermic process in which heat is released)
and the positive activation energy of mobility of the permeating
molecule inside the membrane matrix. Since these two terms have
opposite signs the apparent activation energy can be positive or
permeance in top layers of NS1, NS2 and NS3.



V. Boffa et al. / Microporous and Mesoporous Materials 118 (2009) 202–209 207
negative depending on their relative magnitudes. A negative value
of Ea is generally interpreted as being caused by strong adsorption
of the molecule on the pore surface. The change of slope in the
CO2 permeance above 150 �C may be due to a change of the pre-
dominant transport mechanism, and these data were not included
in the activation energy calculations discussed below.

The temperature dependencies of the He, H2 and CO2 perme-
ances in all three top layers are shown in Fig. 5. The corresponding
apparent activation energies are listed in Table 3. The apparent
activation energy of hydrogen permeance is similar for all three
samples, and is about 15–16 kJ mol�1. The activation energy of
He permeance in the NS3 membrane is 22.0 ± 0.9 kJ mol�1, and
has a slightly lower value in the other two materials (18–19
kJ mol�1). These differences are in agreement with the single gas
Table 3
Apparent activation energies of H2, He and CO2 permeance in Nb-doped silica
membranes, as calculated by fitting the data in Fig. 5 to Eq. (4)

He apparent
Ea [kJ mol�1]

H2 apparent
Ea [kJ mol�1]

CO2 apparent
Ea [kJ mol�1]

NS1 19.1 ± 0.3 15.3 ± 0.7 �14.2 ± 0.8
NS2 18.1 ± 1.2 16.3 ± 1.0 –
NS3 22.0 ± 0.9 15.0 ± 1.2 –

Fig. 6. XPS analysis of NS1 film on a Si wafer, and two reference films composed of si
subtraction; the thin lines indicate the fits based on Gaussian functions; the dotted line
permeation data of Table 2, which showed a preferential perme-
ability towards helium at 200 �C, especially for the NS3 sample.
Due to experimental limitations in measuring permeances below
10�10 mol Pa�1 m�2 s�1, the apparent activation energy of the
CO2 permeance in NS2 and NS3 could not be determined. Its value
is equal to �14.8 ± 0.8 kJ mol�1 for NS1. Such a negative value is
probably caused to a high enthalpy of sorption of the CO2 mole-
cules on the walls of the niobia–silica micropores, and has never
been reported for pure silica [20,25–30]. Hence, the strong heat
of adsorption should be related to the presence of Nb ions in the
microporous framework [1].

3.5. XPS study of NS1 film

We studied the surface composition of the NS1 film by XPS to
investigate the extent to which silicon and niobium atoms are
mixed in the oxide matrix, and to establish a further understanding
of the unusually strong interaction between CO2 and the niobia–
silica matrix [1]. The results were compared with XPS analyses of
pure silica and niobia films.

All three XPS samples were exposed to CO2 prior to analysis by
immersing them in a dry CO2 bath for 12 h. Before introducing the
samples in the high vacuum system of the instrument, they were
heated to 200 �C for 16 h to simulate the pretreatment of the
lica and niobia, respectively. Bold lines represent experimental data after baseline
represents the sum of the single peak fits.
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niobia–silica membranes. Fig. 6 and Table 4 show the resulting C
1s, O 1s, Nb 3d and Si 2p spectra of the three samples. We focused
our analysis on the peak position, symmetry and full width at half
maximum (FWHM).

The assignment of the C peak was done following the report of
Cerruti et al. for glass samples [31]. The interaction of carbon diox-
ide with a metal oxide surface can be rather complex [32], as
reflected in the spectra of NS1 and niobia. The C 1s peak at
284.6 eV (FWHM = 2.1 eV) is commonly assigned to graphitic and
hydrocarbonaceous contaminants [33] and was used for calibra-
tion of the binding energy values. In the silica sample the peak
was found to be completely symmetrical and no other carbon-con-
taining species were detected. In contrast, the C 1s peak of NS1 was
asymmetric and could be deconvoluted into two distinct signals
centered at 284.6 eV (FWHM = 2.1 eV) and 287.1 eV (FWHM =
2.2 eV). The latter peak was assigned to surface carbonates and
agrees with the IR signal at 1445 cm�1 observed by infrared spec-
troscopy on another NS1 film [1].

The deconvolution of the C 1s peak of the pure niobia sample
was more complex and yielded a peak at 286.0 eV, and several
other signals at a binding energy >288 eV. The latter peaks corre-
spond to ionic carbonates ðCO2�

3 Þ [31,32], which were probably
formed during calcination or CO2 exposure. The peak at 286.0 eV
can be attributed to surface carbonates. The analysis of the C 1s
peaks indicates that the NS1 sample is more reactive towards
CO2 than pure silica, and has a different reactivity than pure niobia
since the binding energies of surface carbonates in the two samples
were different. Because surface carbonates are still present in NS1
after treatment at 200 �C and degassing at a pressure <2 � 10�6 Pa,
it is well possible that these species are strongly bonded to the NS1
surface and are not actively participating in CO2 transport through
the membrane. As already suggested [1], the low CO2 permeance at
200 �C is probably determined by its interaction with surface cat-
ions, most likely with hydroxyl groups bonded to Nb ions. The fact
that the surface carbonate and carbonate signals that were de-
Table 4
Assignment of XPS bands

Film Binding
energy (eV)

Peak width
(FWHM) (eV)

Peak
area (%)

Assignment

C 1s
Silica 284.6 2.1 100 Adventitious C
NS1 284.6 2.1 81 Adventitious C

287.1 2.2 19 surface carbonates
Niobia 284.6 2a 48 Adventitious C

286.0 2a 36 surface carbonates
289.1 2a 12 CO3

2�

291.0 1.3 4 CO3
2�

O 1s
Silica 532.9 1.6 100 Si–O–Si, Si–O–H
NS1 530.6b 1.5 5 Nb–O–Nb

532.2 1.5 38 Nb–O–Si, Nb–O–H
532.9b 1.2 57 Si–O–Si, Si–O–H

Niobia 530.4 1.4 91 Nb–O–Nb
532.3 1.6 9 Nb–O–H

Si 2p
Silica 99.4 1.4 42 Si0 wafer

103.1 1.9 58 SiO4

NS1 99.4 0.8 15 Si0 wafer
103.8 2.0 85 SiO4

Nb 3d
NS1 207.3c 1.5c 9 3d5/2 NbO6

207.9 1.6 52 3d5/2 mixed ox.
210.0c 1.5c 6 3d3/2 NbO6

210.6 1.6 33 3d3/2 mixed ox.
Niobia 207.3 1.5 60 3d5/2 NbO6

210.0 1.5 40 3d3/2 NbO6

a Parameters arbitrarily chosen.
b Parameters fixed by adopting the O 1s binding energies from the pure silica and

niobia films.
c Parameters fixed by adopting the Nb 3d binding energies from the niobia film.
tected on pure niobia were not observed in the NS1 sample, can
be taken as a further indication that niobia domains are absent
in NS1.

The O 1s peak of the silica film could be fitted by a Gaussian
centered at 532.9 eV (FWHM = 1.6 eV). The corresponding spec-
trum of pure niobia could be deconvoluted into two peaks. The
main peak at 530.6 eV (FWHM = 1.4 eV) is commonly attributed
to the bulk Nb2O5 [34] The shoulder at higher binding energies,
in this case at 532.3 eV (FWHM = 1.6 eV), was also observed in nio-
bium (V) oxide by Oliveira et al. [35], who assigned it to the
hydroxyls groups on the niobia surface. The O 1s peak of the NS1
films is not symmetrical and has a maximum at 532.6 eV. In the
niobium-silicon mixed oxide, oxygen may interact with Si, with
Nb, with both Nb and Si, or belong to a surface hydroxyl group.
The oxygen peak of NS1 were deconvoluted into three peaks with
the restriction that two of the three peaks coincided with the bind-
ing energies and FWHM values of the pure niobia and silica peaks.
The remaining third peak was centered at 532.2 eV
(FWHM = 1.5 eV), which value is very close to the one that was
attributed to Nb–O–H. The fact that its area was about 38% of the
total signal area suggests that this peak also includes oxygen
bonded to both Si and Nb centers. The area of this peak is about
7.6 times larger than that of the Nb–O–Nb peak, which can there-
fore be taken as a further indication that the niobium atoms are
well dispersed in the silica matrix.

The Nb 3d signals of the pure niobia sample could be fitted with
2 Gaussians centered at 207.3 eV (FWHM = 1.5 eV) and 210.0
(FWHM = 1.5 eV), respectively. They area ratio is 2:3 as is typical
for 3d levels in octahedral coordination [28]. Following the same
approach as used for the oxygen signal, the Nb 3d spectrum of
NS1 was deconvoluted by assuming that some niobium atoms
should interact only with oxygens bonded to other niobium atoms.
The signal was therefore deconvoluted into four peaks, two of
them having the same binding energy and FWHM as found in pure
niobia. The two new signals resulting from the deconvolution were
centered at 207.9 eV (FWHM = 1.5 eV) and 210.6 eV
(FWHM = 1.5 eV). The ratio between the areas of these two peaks
was also about 3: 2. By comparing the areas of these peaks and
the area of those assigned to pure niobium oxide it follows that
about 85% of the niobium atoms in the NS1 sample have a different
environment than the niobium atoms in the pure niobium oxide
sample.

The Si 2p XPS shows two distinct signals in both silica and NS1.
One symmetric peak is centered at 99.4 eV. This signal corresponds
to the response of metallic silicon atoms of the support [36], which
was exposed on some local spots. The Si4+ peak was centered at
103.8 eV (FWHM = 1.7 eV) in pure silica, and at 103.2 eV (FWHM
= 1.9 eV) in the NS1 film. The shift of the silicon peak towards low-
er binding energies in the niobia–silica sample and its enlargement
are further proof of a different atomic environment for silicon in
the two materials.

4. Conclusions

The hydrogen and helium permeabilities of NS1 were one order
of magnitude larger than NS2 and NS3. The H2/CO2 ideal separation
factor was �40 for NS1 and NS2 and 70 for NS3. These numbers
indicate that NS1 is the most suitable sol of the three for the prep-
aration of gas selective membranes. Because although the H2/CO2

selectivity was 60% higher in NS3 membranes than in NS1, the
H2 permeability of NS3 was 96% lower.

The results presented in this paper allowed us to establish a
relationship between the gas transport properties of NS mem-
branes and the structure of NS sols. The fabrication of microporous
niobia–silica layers with thickness of a few tens of nanometers re-
quires optimization of the synthetic conditions in order to obtain
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sol particles with dimensions of a few nanometers. However a
compromise must be reached, since insufficiently developed sols
yield highly resistive microporous layers, as in the case of NS2.

XPS analysis on an NS1 film indicated that the sol–gel synthesis
yielded a homogenous composite material with random distribu-
tion of Si and Nb. The surface of this mixed film interacted differ-
ently with CO2 than pure silica and pure niobia surfaces do. The
Nb loading in the composite should be chosen carefully, since the
presence of Nb5+ ions in the silica network reduced the permeabil-
ity of the material.
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