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Abstract

The role of polyethylene glycol (PEG) as pore modulating agent was studied in the preparation of monoliths formed by Nb,O4
nanoparticles dispersed in a silica matrix obtained by the sol-gel process. The obtained monoliths were characterized by
gas adsorption, SEM and HRTEM (EELS coupled). The silica and nanocomposite monoliths showed high specific surface
area and pore size varying between micro and macropores, depending on the amount of PEG used. The silica monoliths
were transparent due to the micro and small mesopores, the nanocomposites with 1 and 5% of PEG were translucid and the
nanocomposite with 3% of PEG were opaque due to spinodal decomposition induced by the interaction between the polymer
and the niobium pentoxide precursor (ammonium niobate oxalate hydrate), which made it a promising candidate for flow

catalysis or chromatographic columns.
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1 Introduction

Porous materials have a wide range of technological applica-
tions and their high surface area leads to enhanced perfor-
mance in devices operating by interface phenomena, such
as adsorbents, catalysts, sensors, among others. Nanocom-
posites supported in silica matrix with a high surface area
generally show improved activity in catalysis and adsorption
processes, due to a greater exposure of the active sites of the
catalyst material favored by its dispersion on silica matrix
[1, 2], and, therefore, tailoring their porosity to increase the
specific surface area can lead to even better performances
in their applications.

The pores are classified by their size, each of those with
its own importance: the micropores (<2 nm) are often
related to selectivity and high adsorption capacity for gases
and small molecules; the mesopores (between 2 and 50 nm)
perform well in adsorption and catalysis [3], while the
macropores facilitate mass and energy flows through the
material [4]. In this scenario, sol-gel processing has advan-
tages in the production of these materials, as it allows high
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control of the porous structure by changing the synthesis
conditions, or by the addition of templates (micelles, liquid
crystals and insoluble polymers with known particle size)
[5], or inducing phase separation by the addition of a soluble
polymer (also known as spinodal decomposition) [4, 5].

The sol-gel processing is carried out from an oxide
precursor, usually an alkoxide, which undergoes succes-
sive hydrolysis and condensation reactions to form poly-
meric oxide chains. As the polymeric oxide chains grow,
the entropy values of the mixture decreases, but no phase
separation is observed, since the enthalpy of the mixture
compensates for the reduction in entropy, keeping the Gibbs
free energy of the mixture at negative values. In the case of
spinodal decomposition to adjust pores, soluble polymers
(added during the hydrolysis and condensation steps) can
interact with the polymeric oxide chains, blocking their sol-
vation sites and creating a more hydrophobic environment
for the oxide. Increasing the hydrophobicity of the medium
does not allow the enthalpy of the mixture to compensate for
the reduction in entropy as the oxide chain grows, and phase
separation occurs to maintain negative the Gibbs free energy.
Thus, one of the phases is rich in polymer and oxide, gener-
ating the solid structure of the gel and the second phase, rich
in water, can create a macroporous domain in the material,
after evaporation [4, 5].
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The solid monoliths obtained by spinodal decomposi-
tion during sol-gel processing have advantages over solid
pieces obtained by pressing powders in applications such
as catalyst, filters or chromatographic columns, since their
unique interconnected macroporous structure prevents stag-
nation zones of solvent and chemicals, allowing fine control
of mass flow and making it easier to regulate retention times
[6].

Many works are dedicated to the production of pure
oxides, such as silica [7, 8] or titania [9, 10], with a good
description of the mechanisms of spinodal decomposition [5,
11], but there is a lack of studies on their use in preparation
of nanocomposites, such as Nb,Os/SiO,. Niobium is a metal
used in the preparation of resistant metal alloys and super-
conducting devices, but great technological advances have
also been achieved with its oxides, NbO, NbO, and Nb,O;
[12], which are used in gas sensors, electrochromic devices,
photoactive devices (solar cells, photocatalytic reactors)
and catalysts [12—14]. Among these oxides, Nb,Os has the
greatest thermodynamic stability, presenting polymorphism
with complex crystalline structures, such as T (orthorhom-
bic); B, H, N, Z and R (monoclinic, with different symmetry
groups); M and P (tetragonal) and TT (pseudohexagonal), in
addition to being found as amorphous material [12].

Niobium pentoxide/silica nanocomposites are well known
in the industry due to the synergy between the acidic sites
of the Nb,O5 nanoparticles and the high surface area of the
silica matrix, which maximizes the surface exposure of the
niobium pentoxide nanoparticles, improving the catalytic
and adsorption capacities of this material [15].

These material were first synthesized in 1990 as an
attempt to substitute vanadium pentoxide/silica nanocom-
posites used for photocatalytic conversion of olefins into
aldehydes [16]. To obtain this nanocomposite, a silica matrix
with a high surface area was impregnated with niobium (V)
ethoxide, which decomposed in the oxide by calcining at
500 °C the impregnated silica. The nanocomposite obtained
showed better performance in the photooxidation of propene
than vanadium pentoxide/silica nanocomposite [16].

Subsequently, in many studies, niobic acid and oxalic acid
were used instead of the niobium (V) ethoxide that is used
as Nb,Os precursor [17], but due to the difficulty in the dis-
solution of niobic acid in oxalate, niobium (V) chloride or
ammonium niobate oxalate hydrate [18] came to be used as
a precursor to niobium pentoxide. Other synthesis routes
based on sol-gel method were developed using simultane-
ous hydrolysis of silica alkoxides (or silicates) and niobium
alkoxides (V) [19] or chlorides [20], reducing the synthesis
steps.

The control of the structure of niobium pentoxide
nanoparticles and their dispersion in the silica matrix is
extremely important during the synthesis processes of
the nanocomposite [21]. The polymorphism of niobium
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pentoxide also confers different properties to the compos-
ite. A vast possibility of structure (amorphous or crystal-
line) is responsible for different types of active sites in
the adsorption phenomena [22], either for the retention
of compounds or for the intermediation of catalytic pro-
cesses, while the porous silica matrix guarantees a greater
exposure of these active surfaces, maximizing the perfor-
mance of the composite in many applications [8], such as
adsorbent [19] and photocatalyst [15] for removing dyes,
as a catalyst in Beckmann rearrangement reactions [23], in
esterification [24], in oxidation [20] among others.

In this work, polyethylene glycol 10,000 (PEG) was
used to induce macroporosity in niobium pentoxide/silica
nanocomposites by spinodal decomposition. Experiments
in the same conditions were used to produce silica mono-
liths as blank reference, to help determining the role of
each chemical used during synthesis at pore hierarchy
modulation.

2 Materials and methods

The synthesis of pure silica and Nb,05/SiO, monoliths
was adapted from previous work [15], adding polyeth-
yleneglycol (PEG/MM 10000 — Fluka) in a proportion
of 1, 3 and 5% in total mass of solution for the forma-
tion of porous during drying. The samples, made in
triplicate and in different time to test the repeatability,
were named as SiIPEGX (pure silica) and NbSiPEGX
(nanocomposites), where X is 0, 1, 3 or 5, representing
the polymer loading in mass percentage of wet gel. Ini-
tially, ammonium niobate (V) oxalate hydrate (NbOXA)
(NH4[NbO(H,0),(C,0,),]-xH,0/CBMM) and PEG were
dissolved in doubled distilled water, at pH 3 adjusted
with nitric acid. Then, ethanol and tetraethyl orthosilicate
(TEOS/Sigma-Aldrich) were added under vigorous stirring
drop by drop in the solution, until the final proportion of
chemicals TEOS:Ethanol:water:NbOXA =1:3:10:0.1. The
solution was stirred for 1 h at room temperature (25 °C)
to hydrolyze, sealed in small tubes and heated at 60 °C for
gelation. After 1 h, the tubes were unsealed for drying of
gels at 60 °C (72 h) and 110 °C (12 h). The obtained mon-
oliths were calcined at 700 °C for 3 h. Silica monoliths
were also produced, maintaining chemicals proportions, to
be used as a reference. The characterization was performed
by nitrogen gas adsorption (Autosorb/Quantachrome),
12 h of degassing at 300 °C, BET theory and NLDFT ker-
nel for cylindrical silica pores (Software Autosorb 1, by
Quantachrome), scanning electron microscopy (SEM/FEG
Quanta 200/FEI) and high-resolution transmission electron
microscopy (TEM/Tecnai G2-20/SuperTwin 200 kV/FEI)
coupled with Electron Energy-Loss Spectroscopy (EELS).
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3 Results and discussion

Figure la shows the nanocomposites calcined at 700 °C,
all with approximately the same weigh, about 0.5 g. The
original height of all wet gels is 4 cm, which decreases in
size as the calcination temperature increases. After cal-
cination at 700 °C, the nanocomposite prepared without
polymer had a height reduction of 62%, the samples pre-
pared with 1 and 5% of polymer had a reduction of 50%
and the composite NbSiPEG3 had a reduction of 30%.
The pure silica monoliths were transparent after calcin-
ing at 700 °C for PEG elimination, independent of PEG
loading. The nanocomposites, formed by Nb,O5 nanopar-
ticles dispersed in a silica matrix [15], became translucid,
except the sample NbSiPEG3 that became opaque due to
its porosity with different size pore distribution.

Figure 1b—d shows SEM images of the samples pre-
pared with PEG, where NbSiPEG1 and NbSiPEGS5 showed
mesopores of 30 +3 nm and 29 + 10 nm, while NbSi-
PEG3 showed macropores of 3 + 1 um. These macropores
explains the opacity of this monolith, since the pores being
larger than the wavelength of visible light, they scatter the
light preventing it from passing through the sample [25].

Fig. 1 a Nb,O5 nanocomposites
calcined at 700 °C (from left to
right: NbSiPEGO, NbSiPEG1,
NbSIiPEG3 and NbSiPEGS5), b
SEM images of NbSiPEGI, ¢
NbSiPEG3 and d NbSiPEGS.
Indicating spinodal decom-
position during the sol-gel
transition

10.0um

11/27/2019 HFW HV |Mag WD
2:32:11 PM 0.14 mm 10.0 kV/1000 6

NbSiPEG3 has a larger volume than the other samples
(Fig. 1), as it has less shrinkage effect during the drying
and calcination processes due to the pore spacing that pre-
vents the mass diffusion, avoiding the densification pro-
cess. The larger macropores, probably formed by spinodal
decomposition, are less susceptible to shrink when com-
pared to micro and mesopores, since the only driving
force of sintering for this type of pores is the viscoelastic
deformation [26], while in smaller pores, other phenomena
such as vicinal condensation of silanol compounds can
also be responsible for pore shrinkage. Therefore, even
though they weigh approximately the same, the sample of
NbSiPEG3 are larger than the other monoliths due to its
greater porosity.

3.1 Textural characterization

Figure 2 shows the adsorption isotherms of silica and nano-
composites calcined at 700 °C as a function of the PEG
concentration used as template. The isotherm of the silica
xerogel without PEG is type I with small and sharp hyster-
esis formed due to cavitation (homogeneous nucleation of
bubbles of vapor formed by capillary tension). These pores
form necks and the nitrogen adsorbed inside them evaporates

HV Ma VD m
m 10.0 kV 1000 r opia UFMG
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at lower pressures than the meniscus formed in the neck. As
the amount of PEG used as template increases, the isotherms
change to a hybrid type, a mixture of type I and IV iso-
therms, attributed to micropores and small mesopores. The
amount of nitrogen adsorbed showed a monotonous depend-
ence on the concentration of PEG used as template in silica
monoliths, increasing with increasing the PEG load. This
behavior is explained by the effects of the steric hindrance
of PEG chains, which prevents the aggregation of silica par-
ticles by van der Waals forces during aging, and minimizes
the effects of surface tension during drying, responsible for
the collapse of the pores. During the heat treatment of the
gels the PEG decomposes, and the pores are shaped by the
space occupied by the polymer, which acts as a template. No
spinodal decomposition was observed in the silica xerogel
samples at the studied concentrations.

The nanocomposites NbSiPEG0, NbSiPEG1 and NbSi-
PEGS showed isotherms of type IV, with wide hystereses
due to capillary condensation, typical of mesoporous mate-
rials with high pore volume, consistent with SEM images
that showed mesopores about 30 nm for NbSiPEG1 and
NbSiPEGS5. However, NbSiPEG3 showed a hybrid isotherm
that indicates a large pore size distribution, with no similar-
ity to the standard isotherms proposed by IUPAC’s report
[27], and a small hysteresis due to cavitation. This type of
hysteresis suggests that there are micro and mesopores in
the material, connected by narrow openings to macropores,
characteristic of spinodal decomposition.

3.2 Specific surface area and total pore volume
of xerogels

Specific surface area (A) obtained by BET and DFT meth-
ods are shown in Table 1. The pore volumes (Vp) were

measured for pores with diameter less than 98 nm at P/
PY=0.99605.
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Table 1 A, obtained by BET and DFT methods and V,, obtained at P/
P°=0.99605 for silica and nanocomposites with PEG concentration
varying from 0 to 5%

Sample A BET (m? A, DFT Vp (em® g7™h
g™h
SiPEGO 519 412 0.34
SiPEG1 693 542 0.52
SiPEG3 739 555 0.61
SiPEG5 863 631 0.66
NbSiPEGO 317 303 0.59
NbSiPEG1 496 425 0.84
NbSiPEG3 509 371 0.42
NbSiPEG5 795 637 1.10

The A, and V,, of the silica monoliths increased progres-
sively with increasing the PEG concentration. A values
(obtained by BET method) increased from 519 to 863 m?g~!
and the Vp values increased from 0.34 to 0.66 cm’ g‘l, with
increasing PEG used as template from 0 to 5% of the total
mass for the wet gel. The isotherms showed evidence of
monolayer formation (knee in the isotherm) at low values of
P/P’, indicating the existence of microporosity, and because
of this A values were also evaluated by DFT method, fit-
ting the adsorption branch of the isotherms and considering
the pores as cylinders. Using DFT method, the A values
increased from 412 to 631 m? g~!. Although there is a dif-
ference in the A, values obtained by the two methods, the
same tendency of increasing the specific surface areas with
the amount of polymer used as template could be observed,
meaning that, although the BET method is not entirely suit-
able for assessment of A, of microporous materials, it can
be applied to comparison of apparent A, of materials with
similar isotherm shapes [28], as seen in Fig. 2a.

The same behavior of A, obtained by BET, was observed
for the nanocomposites, although with lower values than
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EELS spectra
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Fig.3 HRTEM and EELS spectrum of NbSiPEG3 nanocomposite

those of the silica xerogel. The increase in the concentra-
tion of PEG used as template increased A, values of the
composites from 317 m? g~! in the nanocomposite without
adding PEG to 795 when 5% PEG was used as template.
However, the A values obtained by the DFT method showed
a different trend, since the NbSiPEG3 sample showed a
lower A, value than the NbSiPEG1 and NbSiPEGS5 sam-
ples. This difference can be attributed to the fact the BET
method does not adequately measure the real specific surface
area of materials that have microporosity [28], making it an
unsuitable method for comparing materials with different
types of isotherms, as seen in Fig. 2b. The V , values have
the same tendency of increasing than As measured by DFT.
The sample NbSiPEG3, where spinodal decomposition took
place, has a smaller pore volume obtained by gas adsorption
than other nanocomposites because this technique measured
only of pores smaller than 98 nm in diameter, approximately,
excluding the larger macropores showed by SEM images
(Fig. 1c) of NbSiPEG3, which is a limitation of gas adsorp-
tion technique in quantifying macroporosity. The total poros-
ity of the NbSiPEG3 sample is twice the total porosity of
the NbSiPEG1 and NbSiPEGS5 nanocomposites, measured
by their apparent densities.

The lack of evidence of spinodal decomposition in the
pure silica monoliths, in all PEG concentration ranges, sug-
gests that the ammonium salt used as a precursor to Nb,O5
plays an important role in the phase separation of the NbSi-
PEG3 sample. Ammonium salts can induce phase separa-
tion in aqueous solutions of PEG, forming aqueous biphasic
systems [28]. The presence of ammonium cations around the

oxygen of the polymer weakens the hydrogen bond between
the polymeric chain and the water, favoring the hydropho-
bicity of the polymer that causes phase separation [11]. In
the case of NbSiPEGI, the amount of polymer was low to
induce phase separation and, in the case of NbSiPEGS, the
higher content of polyethylene glycol would require a higher
ammonium ion concentration to occupy more solvation sites
of the PEG and decrease the miscibility of PEG +silica in
the water, which triggers the phase separation. As the phase
separation did not occur in those samples, PEG acted only
as a steric hindrance as described for the silica, leaving pores
in the gel after calcination.

3.3 HRTEM

When aqueous biphasic systems are formed, the salt concen-
tration is generally higher in the aqueous phase [10]. To be
sure that spinodal decomposition did not affect the homoge-
neity of the dispersion of Nb,Os nanoparticles in the silica
matrix, since the salt used to induce the phase separation was
the precursor to the oxide, a microstructural characterization
of the NbSiPEG3 sample was carried out by HRTEM and
EELS spectroscopy.

HRTEM images of the nanocomposite (Fig. 3) show
the nanocrystalline particles of Nb,O5 with size of about
8 +2 nm dispersed in the silica matrix. These Nb,O; crystal-
lites remained approximately with the same size as the previ-
ous published work [15], with d spacing of 3.55 ;\, obtained
by fast Fourier transform, with planes (— 112) of mono-
clinic phase — card# 30-871. EELS spectroscopy confirms
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the formation of Nb,O5 phase inside silica matrix, where
the double peak at O K edge (528 eV) shows the octahedral
coordination of the niobium (V) (M, 5 edge at 350 eV).

4 Conclusion

Silica and niobium pentoxide/silica monoliths with different
textural properties were produced using PEG 10,000 as a
template during the synthesis. In silica monoliths, under the
conditions of synthesis used, the polymer was responsible
for the creation of pores by steric hindrance during the dry-
ing and calcination process, leading to a transparent material
with micro and mesopores. By increasing the concentration
of the polymer, a monotonous increase in specific surface
area and total pore volume was observed. Silica xerogels
achieved 863 m? g~! by BET which seems to be overesti-
mated by the presence of microporosity, as revealed by a
smaller.

The nanocomposites showed a tendency of increase A
and Vp as the concentration of PEG increases, similar to
silica xerogels, with the exception of the NbSiPEG3 sample,
with 3% of PEG. The synergy between the amount of ammo-
nium salt used as the precursor of niobium pentoxide and the
phase separation induced by the polymer (PEG 10,000), led
to the occurrence of spinodal decomposition as a mechanism
of pore formation, leading to a formation of the white mono-
lith, with an interconnected macroporous channel of pores
3 um width. The high specific surface area achieved, and the
possibility of adapt the nanocomposite porous structure as
desired, with micro, meso and macropores, makes the mate-
rial synthesized by the proposed route a promising candidate
for applications in flow processes such as chromatography
or flow reactors.
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