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Catalytically active acid sites associated with the silica-niobia interface were probed with a series of over-
coated SiO2 on Nb2O5 (SiO2/Nb2O5) mixed oxide materials prepared by deposition of tetraethyl orthosil-
icate onto niobic acid (Nb2O5�nH2O) or calcined niobia (Nb2O5). NH3 TPD and pyridine DRIFTS studies
indicated that the speciation of acid sites in the materials evolved as a function of SiO2 loading, impacting
the quantity and stability of Brønsted sites. Catalyst activity was highly dependent on SiO2 loading in the
liquid phase hydroalkoxylation of dihydropyran with n-octanol. At SiO2 surface densities corresponding
to approximately 1 Si per 2 surface Nb, the activity of these catalysts passed through a maximum approx-
imately 20 times higher than the activity of calcined Nb2O5. Apparent reaction barriers measured over the
most active SiO2/Nb2O5 catalysts were 10 kJ/mol lower than those measured over niobic acid, suggesting
that the OH features unique to the SiO2-Nb2O5 interface were slightly more reactive than those on niobic
acid.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction

The catalytic properties of niobium-based oxides have received
increasing interest since pioneering studies by Tanabe et al. in the
19800s reported the use of NbOx as a promoter, SMSI support, and
acid catalyst [1]. In particular, hydrated niobium oxides, also
referred to as niobic acid (Nb2O5�nH2O), have been extensively
studied due to their strong Brønsted acid character, equivalent to
70% sulfuric acid, and catalytic stability in the presence of water
[2–4]. While these properties make niobic acid a promising cata-
lyst for liquid phase reactions, the material loses acidity when
heated to elevated temperatures such as might be needed for
vaporized reactants or to calcine the catalyst during a regeneration
step, limiting its commercial applications [1,5].

The inclusion of secondary oxide phases, such as WO3, ZrO2,
Al2O3, and SiO2, is one strategy to improve the Brønsted acidic
properties of bulk niobium oxides [6–8]. Among these, niobia-
silica oxides in particular have been successfully synthesized by a
wide variety of techniques. Mixed oxides have been synthesized by
routes including sol–gel, solution thermolysis, and co-
precipitation, and they have exhibited increased thermal stability
and decreased deactivation in the presence of water [9–12].
Brønsted acidity has also been identified in supported NbOx/SiO2
(e.g. niobia on silica) and NbOx/Al2O3 materials, with strong
Brønsted sites forming at sub-monolayer coverages of NbOx

[13,14]. A complicating factor in understanding NbOx/SiO2 materi-
als is that NbOx domains grow and change structure (e.g. from iso-
lated sites to monolayers) with increasing surface density, while
the niobia-silica interface also changes structure. This can make
it challenging to separate the importance of these two factors.

The acidity of the reverse materials, consisting of SiO2 deposited
on niobium oxides (SiO2/Nb2O5), is not currently known. The cat-
alytic dehydration and isomerization activity of comparable SiO2/
ZrO2 and SiO2/TiO2 materials have been studied as a function of
Si surface density [15], and we and others have examined Brønsted
acidity at the SiO2/Al2O3 interface [16–18]. Beyond improved per-
formance metrics, these materials have yielded additional under-
standing of the new active sites that arise at the mixed oxide
interfaces because the deposited SiO2 is, on its own, catalytically
inert, and because the bulk structure of the underlying metal oxide
does not depend on loading, unlike their supported oxide counter-
parts. In this work, we prepare a series of overcoated silica on nio-
bia (SiO2/Nb2O5) materials, tracking the evolution of surface
species as a function of surface SiO2 density and measuring their
activity in the hydroalkoxylation of dihydropyran with n-octanol,
which is used here as a probe reaction that requires Brønsted
acidity.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2020.10.027&domain=pdf
https://doi.org/10.1016/j.jcat.2020.10.027
https://doi.org/10.1016/j.jcat.2020.10.027
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat
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2. Experimental methods

2.1. Synthesis

SiO2 was grafted onto niobic acid (Nb2O5�nH2O, HY-340,
CBMM) by adapting a base-catalyzed methodology previously
used by some of us to deposit thin films of SiO2 onto Al2O3

and TiO2 supports [16,19]. This synthesis method was suitable
for multi-gram syntheses without specialized equipment, facili-
tating subsequent characterization efforts. In summary, 2 g of
niobic acid was taken as received and added to a solution of
6.7:1 parts ethanol (200 proof; Fisher) and NH4OH (28% in
H2O, Fisher). The niobic acid was then suspended in the solution
by sonicating at room temperature for 30 min. Following this 70,
140, or 260 lL of tetraethyl orthosilicate (TEOS, �99%, Aldrich),
corresponding to 0.6, 1.2, or 2.4 molecules / nm2 was injected
into the mixture and allowed to react for 1 h while shaking on
a gyratory plate. These conditions correspond to samples 0.6-
SiO2/Nb2O5, 1.2-SiO2/Nb2O5, 2.4-SiO2/Nb2O5, which are named
according to the surface loading of deposited metal normalized
relative to the surface area of niobic acid in units of atoms /
nm2. The SiO2 overcoat in these samples is sub-monolayer as
the Nb surface density on niobic acid is ~5 Nb atoms / nm2 [20].

For higher SiO2 loadings, the above procedure was carried out
using 280 lL TEOS, corresponding to 2.5 molecules / nm2. After 1
hr shaking, the samples were re-sonicated for 30 min to re-
suspend, then an additional 120 lL TEOS was injected and allowed
to react for 1 h while shaking, to give sample 3.6-SiO2/Nb2O5. The
cycles of re-sonication and addition of 120 lL TEOS were repeated
3 and 14 additional times for samples 8.6-SiO2/Nb2O5 and 28.5-
SiO2/Nb2O5, respectively. A smaller amount of TEOS was injected
during these higher cycles to compensate for the lower OH density
expected on the SiO2 overcoat compared to the underlying niobic
acid. Note that we were unable to precisely determine the OH den-
sity of the niobic acid by thermogravimetric analysis due to its high
H2O content and thermal sensitivity.

After completing the deposition process, samples were washed
twice with 200 mL ethanol and once with 200 mL hexanes (Fisher)
before being collected by vacuum filtration. Samples were allowed
to dry with vacuum applied overnight before being collected. Cal-
cined niobic acid, referred hereafter as calcined Nb2O5, was pre-
pared by calcining as-obtained Nb2O5�nH2O at 550 �C in static air
for 3 h with a 3 �C / min ramp rate. A set of SiO2 on calcined
Nb2O5 controls were prepared by following the SiO2 deposition
procedure outlined above, but starting with calcined Nb2O5. These
controls are named using the previously described nomenclature
with an additional Nb2O5–c label. All materials were activated by
calcining at 550 �C in static air for 3 h. A 3 �C / min ramp rate
was used, as we have previously identified this parameter to influ-
ence SiO2 overcoat properties [16]. Samples were stored in a desic-
cator and were reactivated by calcining at 300 �C overnight if not
used within 30 days.
2.2. Characterization

SiO2 loadings for the series of catalysts were determined by
inductively coupled plasma optical emission spectroscopy (ICP-
OES) conducted on a Thermo iCAP 7600 in the Quantitative Bioele-
ment Imaging Center (QBIC) at Northwestern University. Samples
were digested in 48 wt% HF (Fisher), shaken at 200 rpm for 24 h,
then diluted with 1 wt% HNO3 (Fisher). [CAUTION: Store and han-
dle HF with extreme care]. Optical emission spectra were cali-
brated against a standards curve prepared by dilution of
commercial Si standard (Sigma-Aldrich). Reported values are aver-
ages of triplicates conducted for each sample.
388
Transmission electron microscopy (TEM) images were acquired
on a JEOL-2010F with an accelerating voltage of 200 kV. Samples
were prepared by dispersing solids in ethanol then mounted on a
holey carbon TEM grid. Images were recorded in both bright field
(BF) and high angle annular dark field (HAADF) modes.

BET surface area and BJH pore volumes were calculated from N2

physisorption isotherms collected at 77 K on a Micromeritics
3FLEX instrument in the REACT core facility at Northwestern
University. All materials were degassed prior to treatment by hold-
ing at 250 �C under dynamic vacuum (<5 mm Hg) overnight. BET
surface areas were estimated over a relative pressure range of
0.05 to the maximum of the Rouquerol plot [21], typically ~0.50
P/P0. BJH pore volumes were calculated from the desorption branch
of the isotherms. Pore size distributions were calculated using
Non-Local Density Functional Theory (NLDFT) with a N2 cylindrical
pore model for oxides and a regularization value of 0.2000 [22,23].

X-ray diffraction scattering patterns were acquired on a Rigaku
Ultima PXRD in the Jerome B. Cohen X-Ray Diffraction Facility at
Northwestern University. Samples were scanned with a Cu K-a
source from 5� to 90� 2-h in glass sample pans and the diffraction
patterns were identified using MDI JADE 9 fitting software (Mate-
rials Data Inc., USA).

Catalyst acid propertieswere studiedwithNH3 temperature pro-
grammeddesorption (TPD), propylamine temperature programmed
reaction (TPRx), and diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) using pyridine and NH3 as probe molecules
in the REACT core facility at Northwestern University. Typical NH3

TPD experiments involved pretreating the catalyst at 300 �C in 30
sccm of 10% O2 / 90% He for 30min before the samplewas saturated
with10%NH3 / 90%Heat 100 �C. Following this, UHPHewasflownat
30 sccm topurge physisorbedNH3 from the system, and the samples
were heated to 600 �C at 10 �C / min under the same flow NH3 des-
orption (m/z = 17) was monitored by inline MS.

Propylamine TPRx (Hoffmann elimination reaction) was used to
selectively quantify Brønsted acid sites. In a typical experiment,
samples were pretreated at 300 �C in 30 sccm of UHP He for
30 min before cooling to 100 �C for propylamine chemisorption.
Samples were saturated with propylamine (>99%, Alfa) by flowing
10 sccm UHP He through a bubbler held at 3 �C, providing ~17%
propylamine flow. Physisorbed proyplamine was purged by flow-
ing 30 sccm UHP He before samples were heated to 550 �C at
10 �C / min to catalytically decompose the propylamine to form
propylene and NH3. Desorption of propylamine (m/z = 30) and
reaction products were monitored by inline MS, with NH3 (m/
z = 17) and propylene (m/z = 41) desorption peak areas found to
be equivalent within error. Propylamine decomposition occurs at
~400 �C regardless of Brønsted strength, producing a sharp propy-
lene elution peak and limiting the possibility that propylamine
desorbs and reacts on a secondary Brønsted site [24]. We have used
the propylene signal for quantification since NH3 desorption was
significantly broadened by the chromatographic effect.

Pyridine DRIFTS experiments were performed on a Thermo
Nicolet 6700 FTIR spectrometer with a praying mantis diffuse
reflectance sample holder. Sample spectra as shown are the aver-
age of 64 scans each with a resolution of 0.5 cm�1. Samples were
diluted ~10 wt% in KBr and pretreated at 300 �C under 40 sccm
10% O2 / 90% Ar for 30 min. Following cooling to 150 �C, back-
ground spectra were obtained and 100 uL of pyridine (�99.0%,
Sigma) was injected into a heated sample loop and introduced to
the system with 40 sccm of UHP Ar carrier gas. After the pyridine
had saturated the samples, vacuum was pulled for 1 h and the final
spectra were acquired. Pyridine desorption was studied by heating
samples to 200 �C or 250 �C for 30 min under vacuum before cool-
ing to 150 �C for spectra collection. The acquired diffuse reflectance
spectra were processed by applying the Kubelka-Munk transfor-
mation with OMNIC FTIR software (Thermo Scientific).
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2.3. Catalytic reactions

Liquid phase hydroalkoxylation of dihydropyran with n-octanol
was studied with batch reactions run in excess 3,4-dihydro-2H-
pyran (DHP, molar ratio DHP:n-octanol = 2). Prior to reaction, pre-
viously calcined catalysts were re-activated by drying at 300 �C
overnight in static air. In a typical reaction, 15 mg catalyst was
weighed hot into 20 mL glass vials to minimize readsorption of
moisture. 7 mL of preheated reaction solution (0.6 mmol 1-
octanol (�99%, Sigma), 1.2 mmol DHP (97%; Aldrich), 0.6 mmol
mesitylene internal standard (98%, Sigma) in heptane (99%,
Sigma)) was then dosed and allowed to react on a heated shaker
plate at 500 rpm and 70 �C. Samples (50 lL) were taken periodi-
cally via syringe equipped with aWhatman 0.7 um glass microfiber
filter and analyzed on a Shimadzu GC 2010-plus equipped with a
MS detector and a 30 m Zebron ZB-624 capillary column. Triplicate
reactions were run for each catalyst and initial reaction rates were
calculated by quantifying the production of the tetrahydropyranyl
ether over the first 15 min of the reaction. Mass balances were
>95% based on octanol and octyl-containing products.
3. Results and discussion

3.1. SiO2 overcoating of Nb2O5�nH2O

Previously reported techniques were adapted to study the SiO2 /
bulk Nb2O5 interface which has not been investigated as thor-
oughly as its inverse, supported NbOx on bulk SiO2 [16,19]. A sum-
mary of physical characterization for the series of prepared SiO2/
Nb2O5 materials and associated controls is shown in Table 1. Sam-
ple information for additional SiO2/Nb2O5 materials used primarily
in catalyst testing is located in Supporting Information Table S1.

Thermal treatment of niobic acid at temperatures above 500 �C
has been previously shown to result in extensive structural
changes, crystallization, and a near complete loss of Brønsted acid-
ity [2,5,25]. In contrast, HAADF-STEM images of calcined 3.6-SiO2/
Nb2O5 (Fig. 1b) show the material primarily retains the original
niobic acid morphology (Fig. 1a). While we did observe some local-
ized crystallization in the sample, (Supporting Information Fig. S2),
the majority of the sample remained amorphous, as shown by
absence of a regular lattice in Fig. 1d. When comparing HRTEM
images of niobic acid (Fig. 1c) and 3.6-SiO2/Nb2O5 (Fig. 1d), we
see the SiO2 overcoat is close to 1 nm in thickness. SiO2 deposition
did not yield a perfect monolayer, which would be largely invisible
at this scale, but neither did it yield large regions of bulk SiO2.
Deposition of much larger amounts of SiO2 (shown in Supporting
Information Fig. S2) results in a less homogeneous catalyst, where
all niobic acid is encapsulated in SiO2, but some particles have sub-
stantially more SiO2 deposition than others. The structural hetero-
geneity of the high-loaded samples is not a cause for significant
concern, as these materials are poorly active for catalysis.
Table 1
Physical properties of SiO2/Nb2O5 materials.

material SiO2 content (wt%)a calculated Si surface density
(Si atom/ nm2)

niobic acid n.d. –
calcined Nb2O5 n.d. –
0.6-SiO2/Nb2O5 0.9 0.6
1.2-SiO2/Nb2O5 1.9 1.2
2.4-SiO2/Nb2O5 3.6 2.4
3.6-SiO2/Nb2O5 5.4 3.6
8.6-SiO2/Nb2O5 13.0 8.6
28.5-SiO2/Nb2O5 43.0 28.5

a Accurate to ±10% relative; b Accurate to ±5 m2/g; c TEM; d XRD; e NH3 TPD and
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Sample N2 isotherms and NLDFT pore size distributions are
located in Supporting Information Figs. S3 and S4, respectively. In
agreement with literature, calcining niobic acid at 550 �C results
in a ~85 m2 / g decrease in surface area [25]. The calcined, over-
coated materials show a monotonic drop in the BJH pore volume
with increasing SiO2 loading, but for most SiO2 loadings, they
retain more surface area than does the uncoated catalyst. The pore
size distributions (Supporting Information Fig. S4) show that SiO2

deposition partially stabilizes the 2–4 nm pores in the original nio-
bic acid, which otherwise disappear when niobic acid is calcined.

X-ray diffraction patterns, shown in Fig. 2, confirm that the cal-
cination conditions are enough to crystallize uncoated niobic acid
into Nb2O5. With major peaks at 22.7�, 28.6�, and 36.7� 2-h, the
crystal phases present in the calcined Nb2O5 sample were identi-
fied as 80 wt% TT-Nb2O5 (hexagonal, PDF# 00-028-0317) and
20 wt% T-Nb2O5 (orthorhombic, PDF# 01-071-0336). We note the
mixed phase composition of calcined Nb2O5 is consistent with
the Nb2O5 phase progression put forth by other studies [25,26].

As expected, XRD of calcined SiO2/Nb2O5 samples does not
detect any crystalline SiO2 phases, since the calcination tempera-
tures used are significantly lower than those needed for the amor-
phous silica to cristobalite phase transformation [27]. However,
crystallization of the Nb2O5 core to TT-Nb2O5 and T-Nb2O5 phases
is observed in low SiO2 content samples 0.6-SiO2/Nb2O5 and 1.2-
SiO2/Nb2O5. At higher SiO2 loadings, the major crystalline Nb2O5

reflections at 22.7� and 28.6� are still present but secondary to
the amorphous character of the samples, indicating incomplete
crystallization of the core oxide, which is consistent with the
TEM images of 3.6-SiO2/Nb2O5 in Fig. 1.

Other reports have indicated that thin films deposited by
atomic layer deposition have similar impacts on phase transitions
in Fe2O3 and Nb2O5 systems [28–30]. We hypothesize that limited
Nb mobility at the Nb-O-Si interface is slowing Nb2O5 crystalliza-
tion [31], rather than increasing the phase transition temperature.
To investigate further, we calcined samples 2.4-SiO2/Nb2O5 and
28.5 SiO2/Nb2O5 for an additional 24 h, and indeed, XRD patterns
of both samples obtained after the additional 24 h hold show com-
plete crystallization to T-Nb2O5 and TT-Nb2O5 (Supporting Infor-
mation Fig. S5). In summary, the SiO2 deposition process creates
an overcoat of sub- to multi-layer amorphous SiO2. The presence
of this overcoat reduces the extent of the structural changes that
niobic acid undergoes at temperatures above 500 �C and slows
the core oxide’s crystallization to T- and TT-Nb2O5.

3.2. NH3 desorption and propylamine decomposition studies

After identifying the physical effects associated with SiO2 depo-
sition, we set out to quantify the surface acidity of the materials.
We first probed the strength of Brønsted sites via chemisorption
of Hammett indicators (Supporting Information Fig. S7). This
method has been extensively used to characterize the acidity of
niobic acid and Nb2O5 based materials [10,32–34]. These
BET surface area
(m2 / g)b

BJH pore volume
(cc / g)

included analysis

151 0.16 c,d,e,f,h
67 0.16 c,d,e,f,h
78 0.16 c,h
81 0.14 c,h
78 0.13 d,g
85 0.13 c,d,e,f,h
55 0.07 e,f,h
27 0.04 c,d,e,f,h

propylamine TPRx; f pyridine and NH3 DRIFTS; g Hammett indicators; h octanol



Fig. 1. Representative HAADF-STEM images of a) niobic acid, b) calcined 3.6-SiO2/Nb2O5, and HRTEM images of c) niobic acid d) calcined 3.6-SiO2/Nb2O5. Visible in d), the
deposited SiO2 is ~1 nm in thickness. Additional TEM images are located in Supporting Information Fig. S2.

Fig. 2. X-Ray diffraction patterns of SiO2/Nb2O5 materials.

Table 2
NH3 and propylamine temperature programmed desorption.

NH3 uptake Propylamine reacted

material lmol/
gNb2O5

molec./
nm2�102

lmol/
gNb2O5

molec./
nm2�102

niobic acid 83 33 25 10.
calcined Nb2O5 25 22 2 1.8
0.6-SiO2/Nb2O5 50 39 9 6.9
3.6-SiO2/Nb2O5 41 31 3 2.1
8.6-SiO2/Nb2O5 22 28 2 2.2
28.5-SiO2/Nb2O5 3 10 1 2.2

Andrew T.Y. Wolek, M.A. Ardagh, H.N. Pham et al. Journal of Catalysis 394 (2021) 387–396
experiments suggest that SiO2/Nb2O5, niobic acid, and calcined
Nb2O5 contain Brønsted sites of similar strength between
�2.4 < pKa (aq.) < �6.2. However, the limited resolution of these
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experiments led us to next quantify surface acidity via gas phase
desorption of basic probe molecules. NH3 was chosen as an appro-
priate starting probe due to its small kinetic diameter (0.26 nm)
that allows it to probe most structurally hindered sites [16,35–
37]. Temperature programmed desorption of NH3 was conducted
for select SiO2/Nb2O5 samples to study the evolution of acid sites
as SiO2 loading was increased. Total acidity counts are listed in
Table 2 on a mass and surface area basis.

Although niobic acid has been reported to be a promising acid
catalyst at low to moderate temperatures, heating it to elevated
temperatures is known to eliminate both Lewis and Brønsted acid
sites [1,5]. The loss of sites from moderate thermal treatment
(<300 �C) can be reversed by exposure to water vapor but becomes
irreversible once niobic acid crystalizes to Nb2O5 [32]. We observe
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a decrease of ~70% (mass basis) or ~30% (surface area basis) in total
NH3 uptake after calcining niobic acid to form crystalline T- and
TT-Nb2O5, consistent with previous reports. Interestingly, the
SiO2/Nb2O5 materials adsorb more NH3 than calcined Nb2O5 at all
but the highest SiO2 loadings, and at moderate SiO2 loadings, the
SiO2/Nb2O5 materials adsorb comparable or even slightly higher
amounts of NH3 per unit surface area than niobic acid. As SiO2

loadings are increased, the NH3 absorption generally decreases,
leading to minimal detectable acidity over 28.5-SiO2/Nb2O5, as
expected for a purely siliceous surface.

The shape of NH3 desorption profiles provides some insight into
the speciation of acid sites, since NH3 desorbs from stronger acid
sites at higher temperatures. In Fig. 3a, the raw TPD data for each
sample are fit to a series of three Gaussians centered at approxi-
mately 200 �C, 260 �C, and 370 �C. We tentatively assign these fea-
tures to weakly acidic surface hydroxyls, medium Lewis sites, and a
combination of strong Lewis + Brønsted sites, respectively [38–41].
Fig. 3b shows the relative contributions from each population as a
function of the Si surface density. Looking at the relative contribu-
tions, it is apparent that the significant decrease in total NH3

uptake in the calcined Nb2O5 sample is mainly due to the loss of
medium and strong acid sites. Interestingly, we observe an
increased amount of both medium and strong acid sites relative
to calcined Nb2O5 in the series of SiO2/Nb2O5 materials. The quan-
tity of these acid sites is maximized at sub-monolayer SiO2 load-
ings, with the number of strong acid sites in the 0.6-SiO2/Nb2O5

sample being roughly double that of calcined Nb2O5 (mass basis).
As the SiO2 loading is further increased we observe a decrease in
medium and strong acid sites until only contributions from weak
acid sites are detected over 28.5-SiO2/Nb2O5, again as we expect
for a siliceous surface. We note that we were only able to obtain
a good fit for niobic acid when fitting the strong acid feature
~60 �C higher (430 �C) than we did in the SiO2/Nb2O5 samples, sug-
gesting unique populations of acid sites on the two types of
surfaces.
Fig. 3. (Left) Raw NH3 TPD profiles for select SiO2/Nb2O5 materials and controls and d
contributions of fit components as function of SiO2 loading (mass basis). The relative fi
Information Table S6.

391
Propylamine decomposition was used as an additional basic
probe to quantify the number of Brønsted acid sites [24,35,42–
44]. Propylamine adsorbs on both Lewis and Brønsted sites, but
it only decomposes to NH3 and propylene on Brønsted acid sites
and at ~400 �C [24], meaning that the method only counts strong
sites able to retain propylamine at these elevated temperatures
[45]. In qualitative agreement with previous reports and our with
NH3 desorption results, there is a ~80% (surface area basis)
decrease in the number of Brønsted acid sites quantified by propy-
lamine decomposition when niobic acid is calcined [1,5]. Relative
to calcined Nb2O5 we observe the number of Brønsted sites in
the SiO2/Nb2O5 materials increase at low SiO2 loadings before con-
verging to comparable values. At the local maximum centered at
0.6 Si / nm2, the Brønsted site density is 3.8 times (surface area
basis) greater than that of calcined Nb2O5.

The thermal stability of these materials was tested by repeating
the propylamine decomposition experiments for a total of three
cycles. Each cycle was treated as an individual experiment with
its own pretreatment at 300 �C, propylamine saturation, and TPRx
ramp. Fig. 4 shows a progressive loss in acidity for both niobic acid
and 0.6-SiO2/Nb2O5, indicating both materials are metastable. Raw
TPRx data and tabulated data for additional samples are located in
Supporting Information Figs. S8 and S9, respectively. Niobic acid
saw the largest decrease after the first TPRx cycle, with a loss of
8.2 � 10�2 molec. / nm2, corresponding to ~82% the original
Brønsted sites. The loss of sites is due to the evolution of moisture
from the sample, since we observed a moderate water signal dur-
ing the first desorption cycle. The SiO2/Nb2O5 samples also showed
progressively fewer Brønsted sites with sequential cycles, although
none exhibited as severe a decrease as niobic acid. Critically, the
0.6-SiO2/Nb2O5 sample was more thermally stable than niobic acid,
retaining a larger absolute number of Brønsted sites in the second
and third TPRx cycles.

Together, the NH3 TPD and propylamine TPRx experiments
show that the number and distribution of acid sites in the SiO2/
ata fit overlays. Profiles were fit to m/z = 17 NH3 fragment signal. (Right) Relative
t contributions are tabulated on both mass and surface area bases in Supporting



Fig. 4. Cyclic propylamine decomposition for SiO2/Nb2O5 materials.

Andrew T.Y. Wolek, M.A. Ardagh, H.N. Pham et al. Journal of Catalysis 394 (2021) 387–396
Nb2O5 materials is highly dependent on the SiO2 loading, with low
loadings increasing the number of medium and strong acid sites
relative to calcined Nb2O5 and higher loadings leading to a
decrease in the number of these acid sites. Additionally, our cyclic
propylamine TPRx experiments suggest that Brønsted acid sites in
the SiO2 overcoated materials have increased thermal stability
compared to those in niobic acid.

3.3. DRIFTS studies of surface acid sites

IR experiments with NH3 and pyridine probes were used to
spectroscopically differentiate the types of acid sites present in
samples. Both probes gave qualitatively similar results. The NH3
Fig. 5. Pyridine DRIFTS difference spectra for SiO2/Nb2O5 materials at 150 �C. Hydroxy
indicates half scale.
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DRIFTS spectra are discussed in Supporting Information Fig. S11.
Pyridine has strong gas-phase basicity and distinct Lewis and
Brønsted acid binding modes [46], and is discussed in depth here.
IR spectra were collected in diffuse reflectance mode since signifi-
cant absorbance of IR light by Nb2O5 precluded operation in trans-
mission mode. Fig. 5 shows the hydroxyl and ring stretching
regions of the pyridine difference spectra for niobic acid and select
SiO2/Nb2O5 materials. The full pyridine DRIFTS spectra are located
in Supporting Information Fig. S10.

In the OH region of the niobic acid spectra, we observe a nega-
tive feature at 3705 cm�1 assigned to the loss of isolated Nb-OH
species following pyridine adsorption. This negative feature is no
longer present in the difference spectrum after the sample is cal-
cined to Nb2O5 at 550 �C [5,47]. The loss of this feature in the cal-
cined Nb2O5 spectra is again consistent with the evolution of water
from surface hydroxyls during thermal treatment. This feature is
also largely absent in the SiO2/Nb2O5 materials and is instead
replaced by a negative feature at 3745 cm�1, whose absolute inten-
sity is maximized at a loading of 3.6 Si / nm2. The shift from 3705
to 3745 cm�1 indicates that the surface OH species have been mod-
ified by the SiO2 deposition. We assign the feature at 3745 cm�1 to
pyridine adsorbing on Si-OH perturbed by proximity to the niobia
surface [16,48]. We separately note that materials with high SiO2

loadings likely have high absolute numbers of Si-OH groups, but
that these Si-OH groups resemble those of bulk amorphous SiO2,
which do not appreciably adsorb pyridine and thus do not appear
in the difference spectrum.

In the ring-stretching region of the spectra, we observe peaks at
1445 cm�1 and 1606 cm�1 assigned to pyridine bound to Lewis
sites [5,49]. Peaks at 1540 cm�1 and 1639 cm�1 are indicative of
protonated pyridinium ions on Brønsted sites. The band at
1488 cm�1 has been assigned to a combination of Brønsted and
Lewis binding modes [49]. As SiO2 is deposited, the Brønsted peak
at 1540 cm�1 grows in size, reaching a maximum at 3.6 Si / nm2

before decreasing in intensity at higher loadings. In contrast, SiO2

deposition decreases the Lewis binding features at 1445 cm�1
l bending region (left) and pyridine stretching and ring vibration region (right). *



Scheme 1. Proposed pseudo-bridging silanol structure. The acid site is originally in a ‘‘open” configuration with distinct Si-OH and Nb Lewis sites that ‘‘closes” upon exposure
to pyridine.
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and 1606 cm�1 relative to niobic acid and calcined Nb2O5, suggest-
ing they are either consumed or blocked by the deposition process.
Finally, pyridine begins to desorb from Brønsted and Lewis sites on
these materials at temperatures as low as 250 �C (Supporting Infor-
mation Fig. S12), indicating that pyridine is adsorbed on a range of
acid site strengths.

In aggregate, NH3 TPD, propylamine TPRx, and pyridine DRIFTS
spectra suggest that new acid sites are formed at the SiO2-Nb2O5

interface as SiO2 is deposited. In niobic acid, Lewis sites are attrib-
uted to undercoordinated NbOx species while Brønsted sites are
attributed to Nb-OH groups [32]. In SiO2/Nb2O5, we attribute Lewis
character to the fraction of the same undercoordinated NbOx spe-
cies that remain uncovered by SiO2. In contrast, the shift of the
OH stretch from 3705 cm�1 to 3745 cm�1 indicates the formation
of new Brønsted sites in SiO2/Nb2O5.

In amorphous silica alumina materials, recent DFT calculations
have provided evidence that Brønsted acidity originates from
pseudo-bridging silanols formed from neighboring Si-OH and Al
Lewis sites [50,51]. These structures exist in an ‘‘opened” state
with distinct Si-OH and Al Lewis sites that ‘‘close” to form a Si-O
(H)-Al bridge when exposed to a base. We hypothesize that analo-
gous structures are the source of Brønsted acidity in SiO2/Nb2O5.
Here, Si-OH species from deposited SiO2 domains may interact
with neighboring NbOx Lewis sites to ‘‘close” and form Brønsted
acidic Si-O(H)-Nb bridges (shown in Scheme 1) [52]. We note that
the negative 3745 cm�1 Si-OH feature is maximized at the same
SiO2 loadings as the positive 1540 cm�1 Brønsted feature, suggest-
ing that these pseudo-bridging sites remain ‘‘open” until exposed
to pyridine. Finally, we comment that a definitive assignment of
the acid site structure in these materials remains challenging given
the continuing difficulty in characterizing amorphous mixed oxi-
des [53,54].

These pseudo-bridging structures would be predicted to be
most abundant at sub-monolayer SiO2 loadings where the SiO2 –
Nb2O5 interface is significant and where undercoordinated NbOx
still persist. As discussed in the previous section, the number of
medium and strong acid sites as determined by NH3 TPD was max-
imized at moderate, sub-monolayer SiO2 loadings. Likewise, pyri-
dine DRIFTS indicates that the SiO2/Nb2O5 materials retain Lewis
sites after overcoating and annealing at 550 �C while the Brønsted
sites corresponding to the peak at 1540 cm�1 are maximized at a
SiO2 loading of 3.6 Si / nm2 due to the interaction of a Si-OH with
an adjacent, uncovered NbOx Lewis site. Finally, propylamine TPRx
shows a continuous decrease in the strongest Brønsted sites as SiO2

loading increases, suggesting that these sites may not be associated
with pseudo-bridging structures at the SiO2/Nb2O5 interface.
Scheme 2. Alcohol Tetrahydropyranylation.
3.4. Hydroalkoxylation of dihydropyran to probe Brønsted acidity

Hydroalkoxylation, or the addition of alcohols across alkenes
and alkynes, is a synthetic route that has found wide application
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in fine chemical and pharmaceutical synthesis [55,56]. Recent
work has identified several Brønsted acid catalysts capable of
obtaining high yields for both intermolecular addition and
intramolecular cyclization routes [57–59]. Molecular complexes
of Ru, Pt, La, and Ce have also been proven to be active for the reac-
tion. They are hypothesized to work by either directly activating
the alkene or promoting protonolysis of the reaction media [60–
63].

The hydroalkoxylation of alcohols with 3,4-dihydro-2H-pyran,
also known as tetrahydropyranylation (Scheme 2), is used in mul-
tistep syntheses to protect vulnerable alcohol functional groups.
The reaction has been extensively employed since its discovery
in the late 1960s and is commonly catalyzed by solid acids, includ-
ing silica-alumina, protic ion-exchange resins, and zeolites, among
other materials [55,56,64]. The reaction is easily carried out in par-
allel batch reactions, which for this work makes it very useful for
screening catalyst materials with acid character. Furthermore,
the reaction has been shown elsewhere to be sensitive to acid
strength [65,66]. The reaction is first order with respect to acid
concentration over relevant ranges (Supporting Information
Fig. S13).

We do not observe any conversion over Lewis acidic oxides such
as Al2O3 and TiO2, suggesting that Brønsted acidity is a necessary –
but perhaps not sufficient – requirement for the reaction under the
tested conditions. Cooperativity between Brønsted and Lewis sites
may also possible, since their combination has been shown to
enhance reactivity in this reaction elsewhere [55,59,67]. We have
plotted the initial reaction rate vs Si surface density in Fig. 6 to
highlight activity trends across the series of SiO2/Nb2O5 catalysts.
A tabulated summary of catalytic activities on surface area and
mass bases is located in Supporting Information Table S14. An
alternate form of Fig. 6 plotted on a mass basis is found in Support-
ing Information Fig. S15.

Niobic acid, calcined Nb2O5, and SiO2 were tested as moderate
Brønsted acid catalysts and controls. Niobic acid showed moderate
activity, reaching 45% conversion after 1 h, with an initial rate of
0.20 mmol / m2 – h. Initial rates measured over calcined Nb2O5

were an order of magnitude lower (0.02 mmol / m2 - h) as we
expected based on the loss of 82% of its Brønsted sites (surface area
basis) during thermal treatment. Negligible activity was measured
over SiO2. Since it appears neither the crystalline Nb2O5 surface nor
the SiO2 surface are highly active for this reaction, we attribute any



Fig. 7. Proportionality between tetrahydropyranylation rates (as in Fig. 6) and a
proxy for the Brønsted acid site density from pyridine DRIFTS. The latter is defined
as the fractional area of the Bronsted acid feature at 1540 cm�1 relative to the sum
of the Brønsted and Lewis features (1445 cm�1). That fraction is multiplied by the
total acidity as determined by NH3 TPD (Table 2). See Table S11 for values.
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increases in activity in the SiO2/Nb2O5 samples to the newly
formed silica-niobia interface.

Deposition of SiO2 onto niobic acid resulted in a rapid increase
in activity from 0.02 mmol / m2 - h for calcined Nb2O5 to a maxi-
mum 0.51 mmol / m2 – h in 3.6-SiO2/Nb2O5. A similar trend is
observed in the mass-normalized rates, shown in Supporting Infor-
mation Fig. S15. Notably, this value is 25.5 times greater than the
0.02 mmol / m2 - h observed over calcined Nb2O5. It is also
~150% greater than the 0.20 mmol / m2 – h measured over the par-
ent niobic acid, even though that sample had a greater quantity of
total acid sites as measured by NH3 TPD and strong Brønsted sites
as measured by propylamine TPRx. We measured similarly high
reaction rates over a series of SiO2/Nb2O5-c controls (Supporting
Information Table S14) which were synthesized by SiO2 deposition
on pre-calcined Nb2O5. The significant enhancement in activity for
sub-monolayer loadings of SiO2, independent of the phase of Nb2O5

that SiO2 is deposited on, strongly suggests new active sites are
being formed at the silica-niobia interface. Then, as SiO2 loadings
approach and exceed ~5 Si / nm2, the activity steadily decreases,
consistent with the formation of an inactive silica shell at high
SiO2 loadings. This further suggests that active sites are found at
the SiO2-Nb2O5 interface and rules out the formation of an active
overlayer formed by diffusion of Nb into the SiO2, or vice versa,
during thermal treatments.

We determined activation energies over niobic acid and 3.6-
SiO2/Nb2O5 by fitting initial rates collected at 50–70 �C to an Arrhe-
nius model (Supporting Information Fig. S16). The apparent energy
barrier is slightly lower over 3.6-SiO2/Nb2O5 than over niobic acid
(68 kJ/mol vs. 78 kJ/mol ±5 kJ/mol), indicating that although there
may be fewer acid sites in the SiO2/Nb2O5 materials as measured
by NH3 TPD and propylamine TPRx, those present are more active
for the tetrahydropyranylation reaction.

Finally, we calculated catalytic turnover frequencies (TOFs)
based on a number of different approaches to defining an active
site (Fig. S17). First, TOFs based on propylamine TPRx vary signifi-
cantly from material to material, arguing against the relevance of
this metric for determining catalytic active sites. The medium
Fig. 6. Tetrahydropyranylation rates for SiO2/Nb2O5 materials. Conditions: 70 �C,
500 rpm, ~15 mg catalyst in 7 mL of preheated reaction solution (0.6 mmol 1-
octanol, 1.2 mmol DHP). Red line indicates activity of as-obtained niobic acid and
dashed black line indicates activity of calcined Nb2O5. Plots of activity normalized
to mass and different measures of surface acidity are located in S15 and S17.
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and strong sites determined from NH3 TPD are also ineffective in
normalizing tetrahydropyranylation rates across the range of
SiO2 loadings. As shown in Fig. 7, tetrahydropyranylation rates do
appear to be proportional to the Brønsted sites determined from
pyridine DRIFTS. Absent the ability to quantify absolute numbers
of sites directly from pyridine DRIFTS, the number of these acid
sites is assumed to be proportional to the total acid sites from
NH3 TPD multiplied by the relative fraction of Brønsted sites seen
in the pyridine DRIFTS spectra. Critically, two trend-lines emerge,
where the specific activity (the slope of the trendline) of the
SiO2/Nb2O5 materials is higher than that of niobic acid or calcined
Nb2O5, consistent with the lower apparent activation barrier for
the SiO2/Nb2O5 materials. The structure of the putative SiO2/
Nb2O5 Brønsted site (Scheme 1) appears to be more proficient at
adsorbing and activating dihydropyran than is an acid site on bare
Nb2O5.

4. Conclusions

In this study, a series of overcoated SiO2 on Nb2O5 materials
were synthesized to create and probe acidity at the silica-niobia
interface. The deposition of SiO2 impacts the total number and
the distribution of acid sites, which are increased relative to cal-
cined Nb2O5 at low SiO2 loadings and decrease as the surface
becomes siliceous. The deposition of SiO2 also generates new fea-
tures in the pyridine DRIFTS spectra, notably silanol groups at
3745 cm�1 whose depletion is correlated with the formation of
protonated pyridine at 1540 cm�1. These features are both most
prominent at sub-monolayer SiO2 loadings, suggesting that the
Brønsted sites formed at the silica-niobia interface are pseudo-
bridging silanols formed between surface Si-OH and residual
undercoordinated, Lewis acidic Nb atoms on the uncovered the
oxide surface.

The activity of SiO2/Nb2O5 in the hydroalkoxylation of 2,4-
dihydropyran with n-octanol is also maximized at intermediate
SiO2 loadings, with a maximum activity of 0.51 mmol / m2 – h at
3.6 Si / nm2, or a Si / surface Nb ratio of ~0.5, that is significantly
higher than the activities wemeasured over niobic acid (0.20 mmol
/ m2 – h) and calcined Nb2O5 (0.02 mmol / m2 – h). Similar reaction
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rates over the series of SiO2/Nb2O5 –c controls provide strong evi-
dence that this enhanced activity is due to newly formed Brønsted
sites at the silica-niobia interface. Decreasing activity observed at
higher SiO2 loadings is likely due to the silica-niobia interface
becoming inaccessible. The hydroalkoxylation rates scale in pro-
portion to the Brønsted acidity revealed by pyridine DRIFTS, and
they remain higher for SiO2/Nb2O5 than for niobic acid or Nb2O5

even on this basis. Lastly, slightly lower apparent hydroalkoxyla-
tion activation energies over SiO2/Nb2O5 provide further evidence
that the sites located at the silica-niobia interface are more active
than those found on niobic acid.

In this work we have extended our use of overcoated materials,
previously used to study SiO2/Al2O3 and SiO2/TiO2, to demonstrate
the platform’s utility in studying the chemistry of SiO2/Nb2O5

materials. In this application, the highly tunable overcoating pro-
cess has provided additional understanding of the active sites that
form at the SiO2 – Nb2O5 interface, showing that the SiO2 loading
can be controlled to influence the properties of the composite
material. Future work is aimed toward applying this synthesis
approach to study the acidity of additional SiO2-MOx interfaces,
expand the reaction scope to higher temperature gas phase reac-
tions, and to probe the structure of surface species with solid state
NMR.
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Appendix A. Supplementary material

Additional SiO2/Nb2O5 sample information, N2 physisorption
isotherms, NLDFT micropore distributions, comparison XRD pat-
terns after secondary calcination, raw first cycle propylamine TPRx
data, Hammett Indicator experiments, cyclic propylamine TPRxn
values, full pyridine DRIFTS spectra, full NH3 DRIFTS spectra, pyri-
dine desorption DRIFTS spectra, preliminary tetrahydropyranyla-
tion over SiO2/Al2O3 catalyst, summary of catalytic data, mass-
normalized Tetrahydropyranylation rates, Arrhenius plots for
SiO2/Nb2O5 and niobic acid, NH3 and propylamine TOF plots. Sup-
plementary data to this article can be found online at https://doi.
org/10.1016/j.jcat.2020.10.027.
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