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Abstract—The synthesis of exfoliated HNb,O, nanosheet (eHNb,Os) generally starts from the mixing of K,CO; with
crystalline Nb,O; and involves a very routine procedure in subsequent multi-steps. Herein, we report for the first time
the use of niobic acid (NBA, Nb,O;-nH,0) as Nb source for the preparation of final eHNb,Os. Different from the ana-
logue derived from crystalline Nb,Os, the prepared nanosheet contains a very small amount of potassium ion and
exhibits high stability in consecutive runs for the dehydration reaction. The linkage between these two features is con-
firmed by the inferior stability of potassium-deficient eHNb,Oy samples prepared via prolonged proton-exchange.
When a series of niobate materials are examined, the remarkable finding is the higher K/Nb ratio in NBA-derived
KNb;O; than the theoretical value. This is attributed to the acidity of amorphous NBA by which the carbonate ion of
K,CO; is decomposed into CO, in the preparation of the solid mixture K,CO;-NBA. These more intercalated K" can-
not be all displaced with proton by the general ion-exchange process employed for Nb,Os-derived eHNb,O,. Conse-
quently, the proposed model suggests that the potassium ion remaining in NBA-derived eHNDb,Oy acts as a ligating
element to tie up a single, exfoliated nanosheet into several.
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INTRODUCTION

A variety of layered metal oxides, including HNb,O,, HTINDO:,
HTi,NbO,, HSr,Nb,0,,, HNbWO,, HNbMoOy, and HTaWOy, have
been transformed into the corresponding exfoliated nanosheet mate-
rials in order to make easy access of a substrate into catalytically
active sites. Owing to unique nanosheet structure, exfoliated HNb,Os
(eHNb;O;) was reported to be powerful in various applications
including acid-catalyzed reactions [1-3], and photocatalytic reac-
tions [4,5]. Furthermore, eHNDb;O; was used as a support for Pd
loading and the resulting bifunctional catalyst showed the great
performance in cascade reactions [6].

The synthesis of eHNb,;Oj followed a very routine procedure in
multi steps such as solid-state mixing, thermal treatment for the
formation of layered KNb,O,, potassium exchange with proton to
yield a layered HNb,Oy, and finally exfoliation/aggregation [7-9].
This procedure has been rarely modified so far because it was
effective in producing the nanosheet of a single atomic layer. Even
though this is understood more or less, the synthesis detail on one
or more of the aforementioned involved steps needs to be modi-
fied since the whole process is much too time consuming. We
recently demonstrated the improved exfoliation efficiency and recov-
ery of eHND,O; by effective contact between Nb,O; and K,CO;
[10]. For this purpose we contacted crystalline Nb,Os with an aque-
ous K,CO; solution prior to ball-milling, called “liquid-state mix-
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ing” to distinguish from the conventional solid-state mixing to use
solid K,COs. It led to the formation of homogeneous K,CO;-
Nb,Os mixture and the intercalation of a little more potassium ion
in the layered KNDb,Os. These positive effects resulted from facile
diffusion of K" into the crystalline lattice of Nb,O; by the liquid-
state mixing. This suggests that the efficiency in the exfoliation step
would be determined by how to achieve a high degree of such dif-
fusion in the first mixing step because high crystallinity of Nb,Os
functions as an obstacle.

In this respect, niobic acid (Nb,Os-nH,0O) needs to be consid-
ered an appropriate starting material instead of crystalline Nb,Os.
Since it is indeed amorphous and contains a large variety of hydroxyl
groups [11,12], the diffusion of K in the mixing step is expected
to proceed at a fast rate. Nevertheless, it is hard to assure whether
this will bring about a positive effect on the activity and stability of
final eHNb,O; derived from niobic acid. Thus, niobic acid was
herein used as Nb source for producing eHNb,O,. Because there
have been no associated reports so far, the liquid-state mixing we
applied for crystalline Nb,O, was used in this work as it is. The
assessment started from comparing the niobate structures obtained
in a series of preparation steps, KNb;Oq-x, HNb;O;-x and eHNb,O;-
x, where x is A or C for amorphous Nb,Os-nH,O or crystalline
Nb,Os, respectively. Several characterization works revealed that
more K* remains in eHNb;Os-A and even in HNb,O,-A. To tune
the content of K" present in eHNb,O,-A, additional treatments
were conducted. The prepared eHNb,O; samples were tested in
the dehydration of 2-heptanol as a model reaction and their stabil-
ity was evaluated in three consecutive activity runs. Consequently,
an explanation was formulated for the characteristics of a series of
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Table 1. Summary of eHNb,O, samples prepared by the liquid-state mixing method

Sample code” Nb source Ion-exchange period in Step 3 HCl ion-exchange in Step 4 K/Nb ratio in KNb,Og4 samples
eHNb,0;-C Nb,Os 72h X 0.32
eHNb;Os-A Nb,O5-nH,0 72h X 047
eHNb,O4-Al Nb,O5-nH,0 120h X 0.30
eHNb,04-A2 Nb,Os-nH,0 72h O (72h) 0.32

“C and A stand for crystalline Nb,Os and amorphous Nb,O;-nH,O, respectively

niobate structures derived from niobic acid.
EXPERIMENTAL

1. Catalyst Preparation

Exfoliated nanosheet samples listed in Table 1 were prepared via
the following four steps.

Step 1, liquid-state mixing: A solid Nb source of 0.029 mol Nb,
crystalline Nb,Os (Junsei Chemical Co., Ltd.) or niobic acid Nb,Os-
nH,O (HY-340 provided by CBMM in Brazil) was mixed with an
aqueous K,CO; solution (0.01 mol, 400 mL) for 30 min. Then, the
suspension was dried in a convection oven at 373 K overnight.

Step 2, ball-milling and calcination: The obtained solid mixture
(ca. 7.8 g) was placed in a polypropylene bottle of 100 cm® with ten
Zr balls of 10 mm diameter. The bottle was horizontally rotated at
a speed of 200 rpm at room temperature for 24 h. The ball-milled
material was calcined at 1,373 K for 5 h (ramping rate: 5K min™").

Step 3, proton exchange: The calcined material KNb,O; was
ion-exchanged with 60 wt% HNO; solution (150 mL) for 72h at
room temperature, followed by washing with distilled water three
times and drying at 373 K overnight. For the sample eHNb;O;-
Al, jon-exchange was performed for 120 h.

Step 4, exfoliation and aggregation: The resulting H'-exchanged
niobate (HNb;O5) was added to 2.5wt% tetrabutylammonium
hydroxide (TBAOH; used after dilution of 40 wt% solution pur-
chased from Sigma-Aldrich Co.) solution of 200 mL and stirred
for 72h under ambient condition, followed by the addition of an
aqueous HNO; solution (60 wt%, 100 mL) to recover the exfoli-
ated HNb;O; nanosheet as aggregates. The white eHNb,O; sam-
ple was collected by vacuum filtration, washed with distilled water
and finally dried at 375 K for 24 h. This dry eHNb,O; was ground
and sieved to less than 200 um. For the sample eHNb,O;-A2, addi-
tional ion-exchange with a 60 wt% HCI solution was conducted
for 72 h.

The conventional solid-state mixing method was also employed.
The aforementioned procedure was used in the same manner except
the mixing step that the physical mixture of K,COj; (0.01 mol) and
Nb source (Nb of 0.029 mol) was ground using a mortar and pes-
tle, and then ball-milled at a speed of 200 rpm at room tempera-
ture for 72 h.

2. Characterization

The Brunauer-Emmett-Teller (BET) surface area (ca. 0.2 g sam-
ple) was measured at 77 K using a Micromeritics 3-Flex after pre-
treatment at 423 K for 1 h under vacuum. Powder X-ray diffraction
(XRD) analysis was performed with a Rigaku MiniFlex 600 using
a Cu Ka radiation source with 40kV and 30 mA. Thermogravi-
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metric analysis coupled with an MS detector (TGA-MS) was con-
ducted in a NETZSCH TG209F1/QMS403C as the sample (ca.
10 mg) was heated to 1,173 K at a rate of 5K min™" in an air flow
(100 ml min™"). Also, TG analysis was used to calculate the num-
ber of water molecules in amorphous niobic acid. Transmission
electron microscope with an energy-dispersive X-ray spectrome-
ter (TEM-EDS) was operated with a JEOL JEM-2100F at a volt-
age of 200kV. Pyridine-chemisorbed FI-IR experiments were
carried out in a Thermo Nicolet 6700 spectrometer equipped with
an MCT-A detector. The pelletized sample (30 mg, 0.65 cm radius)
installed in a Specac HTHP cell was pretreated at 523K for 3h
under vacuum and cooled to 423 K. After pyridine (0.5 uL) was
injected to the chamber, the sample was exposed for 30 min and
evacuated for 30 min before pyridine-chemisorbed FI-IR spec-
trum was acquired (Figs. S1-S3).

3. Activity Test in the Dehydration of 2-Heptanol

Exfoliated nanosheet samples were tested in the dehydration of
2-heptanol using a stainless-steel batch reactor (100 cm’) into which
the catalyst (0.1 g) and 2-heptanol (0.086 mol) were charged. The
as-prepared catalyst samples were used without treatment or were
pretreated at 523 K in a N, flow prior to the activity test. After the
reactor inside was purged with N, for more than 3 h, the reaction
was conducted at 513K for 6h under N,, where the autogenous
pressure approached 30 barg. After cooling to ambient tempera-
ture, the product mixture was taken out, filtered through a syringe
filter (0.45 pm diameter) and mixed with an internal standard of
acetone. An aliquot of this sample was analyzed in a gas chro-
matograph (Younglin YL6100) equipped with an FID detector and
an HP-Innowax column (50 m, 0.2 mm, 0.4 pm). The conversion
of 2-heptanol was calculated by dividing the mole of 2-heptanol
consumed by the initial mole of 2-heptanol.

For consecutive activity runs, the catalyst sample was separated
from the product mixture by vacuum filtration. The collected sam-
ple was washed with acetone three times and then cleaned with
distilled water. The sample was dried at 333 K before the next reac-
tion started.

RESULTS AND DISCUSSION

1. Niobate Structures Derived from Amorphous Nb,O;-nH,0
and Crystalline Nb,O;

Since amorphous niobic acid Nb,O5;-nH,O (hereafter abbrevi-
ated as NBA) has never been utilized for the preparation of eHNb,Os,
we attempted to characterize the samples obtained in each of the
preparation steps by XRD. When the ball-milled mixture of NBA
and K,CO; was first accessed, no reflections were observed (Fig.
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Fig. 1. XRD patterns of niobate structures derived from NBA (designated as -A) crystalline Nb,O; (designated as -C). (a) Ball-milled mix-
tures. (b) Calcined KNb,O; samples. (c) Proton exchanged HNb,O, samples. The black circle in (a) represents the reflection of graph-

ite that is an internal standard.

1(a)). This is simply because NBA is amorphous and the particle
size of K,CO, decreases below an XRD detectable limit. The latter
is supported by the XRD pattern of the ball-milled mixture of crystal-
line Nb,Os and K,CO; in which all reflections correspond to
Nb,O; of T phase (PDF #27-1312). Therefore, it can be presumed
that the potassium ion is spread well on the surface of NBA.

This assumption was verified by the XRD pattern of KNb;Og-A
obtained after calcination at 1,373 K. As shown in Fig. 1(b), the
reflections of KNb;O,-A matched well with the standard reflec-
tions of KNb,;O; (PDF #1-075-2182). Also, they were similar to
the reflections of KNb;O,-C, meaning that the layered KNb;O4
structure is developed by calcination of the mixture K,CO,-NBA
at a similar level to that derived from the mixture K,CO;-Nb,O:.
Note that the peak intensity at 26 of 33.68° corresponding to the
(080) plane of KNb;O; can vary depending on the packing inten-
sity of the prepared XRD specimens. A similarity was also found
in the XRD patterns of HNb,Os-A and HNb,O,-C obtained after
proton exchange with HNO; (Fig. 1(c)). The two samples exhib-
ited the reflections at the 26 of 7.87° and 9.70° corresponding to
the (020) plane of H;ONb;O; (PDF #44-0672) and HNb,O, (PDF
#37-0833), respectively. Each of these structures is generally deter-
mined by the presence or absence of H,O molecules intercalated
within niobate interlayers [9]. Therefore, XRD results suggest that
when NBA is used as a starting material, steps such as KNb;O4
formation and proton exchange proceed analogously to the case of
using crystalline Nb,Os.

XRD patterns of the exfoliated nanosheet samples were finally
examined. They did not appear to have distinct reflections at the
intensity scale identical to that of the aforementioned samples (Fig.
2), due to the thickness of several atomic layers. However, when
the patterns of eHNb;O,-A and eHND;O5-C were blown up with
a magnification of ten, more intense reflections were observed for
eHND;O4-A compared to eHNb,O,-C and matched with those of
K;Nb,O,, (PDF #38-1499) [13]. This suggests that a very small
amount of potassium ion still remains in the structure of eHNb,O,-
A derived from NBA, different from eHNb;O;-C, although the

eHNb;04-C

Intensity (a.u.)

sNb;0;; (# 38-1499)

K
Rilkhe it 1) |II”I
1 1 1 1

15

T ||
T T
20 35 40

2 Theta (degree)

Fig. 2. XRD patterns of exfoliated nanosheet samples eHNb;O;-A
and eHNb,O;-C.
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identical procedure in all preparation steps was applied for both
samples.

The activity test was then performed using the prepared exfoli-
ated nanosheet samples because we could hardly forecast how much
the potassium ion remaining in eHNb;O,-A affects the activity
and stability in the dehydration reaction. The as-prepared samples
eHND;O5-A and eHNb,O,-C were tested in the dehydration of 2-
heptanol at 513K for 6h under N,. In the first run, the fresh
eHND;O5-C was superior by ca. 15% to fresh eHNb;O,-A (Fig.
3(a)). However, the consecutive runs revealed that the conversion
of 2-heptanol decreased to 72.1% for eHNb;O4-C whereas it was
maintained around 80% for eHNb;Oz-A. To understand these
activity results, the per-gram-based amount of Brensted acid sites
(BAS) was measured by pyridine-chemisorbed FT-IR experi-
ments for fresh samples as well as spent samples after the first and
second reaction runs (Fig. 3(b)). For fresh samples, the amount of
BAS was higher in eHNb,O;-C (8.5 umol g ') than in eHNb,O,-

Korean J. Chem. Eng.(Vol. 36, No. 6)
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A (6.1 umol g '), which explains the better activity of fresh eHNb,Oj-
C. Moreover, the BAS amount of eHNb,O;-C decreased as it was
repeatedly used, but such a decrease was not found in eHNb,O,-
A. These acidity results are consistent with what we obtained in
consecutive activity runs. Nevertheless, the inferior stability of
eHND;0,-C compared to eHNb;Os-A was an unexpected finding.
Thus, additional activity tests were conducted after the as-pre-
pared catalyst samples were subjected to thermal pretreatment at
523 K because their structures may be changed at the reaction
temperature of 513 K. Note that such pretreatment caused the sin-
tering of exfoliated nanosheets resulting in the decrease in the BAS
amount (cf. Figs. 3(b) and 4(b)). It was observed once again that
eHNb,O,-A experienced a negligible activity loss, whereas the activ-
ity of eHNb,O;-C in the third run dropped to 67% of the initial
activity (Fig. 4(a)). Similarly; a significant loss in the BAS amount
was observed in eHNb,O,-C but not in eHNb;O;-A (Fig. 4(b)).
Additionally, the BET surface area of the fresh and spent cata-
lyst samples was measured. Figs. 3(b) and 4(b) clearly show that
the BET surface area of eHNb,O,-C decreased as the reaction run
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was repeated, whereas that of eHNb;Os-A was changed negligibly
in the consecutive runs, as found in the BAS amount. When the
conversion of 2-heptanol was plotted against the BAS amount and
BET surface area of all fresh and spent catalyst samples tested in
this work, the activity was observed to be in a linear relationship
with the two catalyst properties, depending on the sample pretreat-
ment condition (Fig. $4). This suggests that both the BAS amount
and BET surface area affect the catalytic activity of eHNb;O, samples.
2. Removal of Potassium ion in HNb,Os-A and eHNb,O;5-A
From the above results, it was presumed that the potassium ion
remaining in eHNDb;O,-A influences the activity and stability in
the reaction. Thus, we examined the presence of potassium ion in
the layered HNb,O,-A by TEM-EDS. As presented in Fig. 5(a), there
was no potassium detected in the K mapping image of HNb,O;-
C. However, some local spots were seen in the corresponding image
of HNb,O;-A, where the atomic percentage of K was 0.11%. Addi-
tionally, layered KNb;Oj samples were characterized by TEM-EDS
(Fig. 5(b)). The densities of K and Nb elements were higher for
KND;O5-C due to thick particles. The interesting finding was the
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different atomic K/NDb ratios in KNb;O,-C (0.32) and KNb,Og-A
(0.47). Since the theoretical K/NDb ratio is 0.33, the higher value of
KNb;O;-A indicates that potassium ions are more intercalated into
the structure of KNb,Oj derived from NBA.

For confirmation, conventional solid-state mixing was employed
for preparing the layered KNb;Og-A and HND;Og-A samples. In
their TEM-EDS images, the atomic percentage of K in HNb;Os-A
was estimated to be 0.12% (Fig. S5) and the atomic K/Nb ratio
was 0.52 (Fig. S6). Consequently, the standard ion-exchange period
of three days with an HNO; solution is not enough to displace all
potassium ions present in KNb,O;-A by protons because more inter-
calated potassium ions are present in this sample compared to
KNb;O;-C. This is an unexpected result that originates from the
use of NBA.

Thus, two control eHNb;O; samples were prepared. First, KNb,O;-
A was ion-exchanged with a 60 wt% HNO; solution for 120h
(longer than the standard period). The so-obtained HNb,O; was
exfoliated and aggregated in an identical manner to eHNb,O;-A,
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producing the sample eHNb;Os-Al. Second, eHNb,O4-A was
ion-exchanged again with a 60 wt% HCI solution, resulting in the
sample eHNb,O,-A2. The XRD patterns of these control samples
show the negligible reflections of K;Nb,O,, like eHNb,O5-C (Fig.
6). This means that ion-exchange needs to be conducted deliber-
ately when eHNb,O; is derived from NBA.

The dehydration activity and stability of these two control sam-
ples were examined after thermal treatment at 523 K. Surprisingly,
the conversion of 2-heptanol in three consecutive runs decreased
from 76.1% to 58.1% for eHNb;O,-Al and from 79.3% to 63.2%
for eHNb,O;-A2 (Fig. 7(a)). Although these conversion values are
different from those obtained with eHNb,O-C, the activity declines
were very similar to one another. The BAS amount also decreased
as eHNDb,0,-A1 and eHNb;O;-A2 were used repeatedly (Fig. 7(b)).

(a) 100 Ball-milled K;CO;-Nb,05
i Ball-milled K,CO,-NBA
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Therefore, it is believed that the catalyst stability of eHNb;Os-A is
associated with the potassium ion remaining in its nanosheet struc-
ture.
3. Tracing the Origin of the Potassium Ion Present in eHNb,O;
The higher K/Nb ratio in KNb,O4-A explains the diffusion of
more potassium ion into NBA in the ball-milling step. Thus, the
thermal decomposition behavior of K,CO,-Nb,Os and K,CO;-NBA
mixtures obtained after ball-milling was investigated by TGA-MS
analysis. The weight loss at 1,173 K was measured to be similar at
ca. 12.0% for both mixtures (Fig. 8(a)). However, the derivatives of
TG curves were different from each other, along with the mass
fragments of m/z=18 and 44 corresponding to H,O and CO,,
respectively (Fig. 8(b)). The mixture K,CO;-Nb,O; showed two
decomposition peaks in the ranges 300-450 and 700-900 K of which

Ball-milled K,CO,-NBA
r\ Un-milled K,CO,-NBA

MS current for m/z = 18 (a.u.)
(‘n"e) p¥ = Z/w 10oj JUBLIND SN

I 1 L T 1 I I I
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Temperature (K)

Fig. 8. Thermal decomposition of ball-milled K,CO;-NBA (green), ball-milled K,CO;-Nb,O; (orange) and un-milled K,CO;-NBA (blue)
mixtures. (a) TG curves and their derivative (DTG) curves. (b) MS currents for m/z=18 and 44 corresponding to H,O and CO,,

respectively.

“Liquid-state mixing”

Niobic acid
(Nb;Os iH;0)

Exfoliated HNb,Og-A

Layered KNb,Og-A
Fig. 9. Schematic for the preparation of eHNb,O;-A.
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Fig. 10. TEM images of the 523 K-pretreated eHNb,Os-A (bottom) and eHNb,O;-C (top). (a) Fresh samples. (b) Spent samples after the first

activity run. ¢ Spent samples after the third activity run.

each mainly represents the emission of H,O and CO,, respectively.
In contrast, a single, broad peak in the range 300-600 K was observed
in the decomposition of the mixture K,CO,-NBA. As clearly seen
in Fig. 8(b), this peak is ascribed to the emission of water because
of H,0O molecules existing in NBA (Nb,Os-#H,O). The remarkable
finding to note is no emission of CO, from the mixture K,CO;-
NBA, which is different from the mixture K,CO;-Nb,O, showing
CO, emission in 700-900 K [10,14]. While searching for a possi-
ble reason about no CO, emission in the former mixture, we
found that gas bubbles were generated in an aqueous K,CO; solu-
tion containing NBA (Fig. S7). Thus, the dry, un-milled K,CO;-
NBA mixture was characterized by TGA-MS analysis. As shown
in Fig. 8(b), CO, emission was not observed, meaning that the
carbonate ion was totally decomposed into CO, in the step of lig-
uid-state mixing. This is possibly due to acid-catalyzed carbonate
decomposition by the high acidity of NBA, which generally hap-
pens in acidic media.
4. Proposed Model for the Preparation of eHNb,O,-A

Based upon the characterization results about a series of nio-
bate structures derived from NBA, the model can be proposed to
explain the better stability of eHNb;O,-A compared to eHNb;O;-
C (Fig. 9). When crystalline Nb,O; is used, the potassium and car-
bonate ions diffuse competitively into the lattice of Nb,O; in the
ball-milling step, followed by high-temperature calcination to result
in the K'-intercalated niobate material close to the theoretical K/
Nb ratio of KNb,Og. However, the carbonate ion would be liber-
ated into CO, upon contact of NBA with a K,CO; solution. Thus,
the potassium ion solely infiltrates into the NBA structure, lead-
ing to the over-presence of K relative to Nb in KNb;O,-A. The
standard ion-exchange process applied for KNb;Os-C is, there-
fore, not enough to fully displace the potassium ion of KNb;Og-A
by the proton; thus, prolonged exposure to a concentrated HNO;
solution is required for complete ion-exchange, as revealed in the
XRD pattern of eHNb;Og-Al. Since KNb;O;-A is subjected to the
identical ion-exchange process to KNb;O;-C, a very small amount

of potassium ion exists in the niobate interlayers of HNb;Os-A
and even in eHNb;O;-A. In contrast, the potassium ion is absent
in the molecular structure of eHNb;Os-C due to the complete
ion-exchange of KNb,O,-C.

As examined in the activity results over eHNb;Os-Al and
eHND,O5-A2, the remaining potassium ion is responsible for the
better stability of eHNb,O,-A. Thus, TEM images of fresh and spent
catalyst samples were taken. For fresh samples, the nanosheet of
eHND;O5-C looks much thin compared to that of eHNb;O;s-A
(Fig. 10). However, the TEM image of eHNb,O,-C recovered after
the third activity run shows the stacking of exfoliated nanosheets,
whereas no significant difference was found between TEM images
of fresh and recovered eHNb,O,-A. Therefore, it can be suggested
that the potassium ion acts as a ligating element to tie up a single,
exfoliated nanosheet into several.

CONCLUSION

Amorphous NBA was used for the first time as Nb source to
produce the exfoliated HNb;O, material. Due to the acidity of
NBA, KNb;Oj; obtained after ball-milling and calcination showed
higher K/Nb ratio than the analogue prepared using crystalline
Nb,Os. Hence, the ion-exchange process employed for Nb,O;-
derived KNb,O, could not remove the potassium ion perfectly,
resulting in a very small amount of the potassium ion being pres-
ent in the layered HNb;O, and moreover in the final eHNb;Os.
The remaining potassium ion was believed to play a role in ligat-
ing the single nanosheet into several, which was supported by the
better stability of NBA-derived eHNb,O; in consecutive reactions
runs as well as TEM images of spent catalysts. The proposed model
explained that all results examined in a series of niobate structures
originated from the use of NBA. Therefore, this report opens the
potential of amorphous niobic acid in the preparation of exfoliated
Nb-containing nanosheet materials and also implies the importance
of ligating elements (herein, the potassium ion) affecting their stability.
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Fig. S1. Pyridine-chemisorbed FT-IR spectra of the as-prepared (a) eHNb,O;-C and (b) eHNb,O5-A samples. From bottom to top, the spec-
trum is for the fresh sample, for the spent sample after the first run, and for the spent sample after the second run, respectively.
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Fig. S2. Pyridine-chemisorbed FI-IR spectra of the 523 K-pretreated (a) eHNb,O;-C and (b) eHNb,O;-A samples. From bottom to top, the
spectrum is for the fresh sample, for the spent sample after the first run, and for the spent sample after the second run, respectively.
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Fig. S3. Pyridine-chemisorbed FT-IR spectra of the 523 K-pretreated (a) eHNb;Os-Al and (b) eHNb;O5-A2 samples. From bottom to top,
the spectrum is for the fresh sample, for the spent sample after the first run, and for the spent sample after the second run, respectively.
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Fig. $4. Correlations of the activities and with (a) the BAS amount and (b) BET surface area of the fresh and spent catalysts samples tested in

this work.
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Fig. S7. Optical pictures of the beaker containing (a) Nb,O; or (b)
niobic acid (NBA) in an aqueous solution of K,COs.
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