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ABSTRACT

Borosilicate zeolites are the active catalysts in oxidative dehydrogenation of propane (ODHP), which pro-
vide an ideal platform to explore the origin of catalytic activity for boron-containing catalysts as well as
the construction of highly active boron centers. Herein, we report that the incompletely crystallized MFI-
type borosilicate zeolite catalyst displays extraordinary performance in ODHP, exhibiting an olefin pro-
ductivity of 4.75 goiefin Ecax h™' under low reaction temperature (445 °C) and high weight-hour-space-
velocity (WHSV, 37.6 gcsus gca h™!). A combination of solid-state NMR, dual-beam FTIR, and in-situ
DRIFT measurements reveal that the boron species are anchored to the zeolite matrix in the form of open
coordination. Meanwhile, the ample Si—OH groups on the surface facilitate the formation of hydrogen
bonds with the B—OH in defective boron species and inhibit the excessive leaching of boron. During
the ODHP process, the isolated boron species would dynamically transform into aggregated ones, being
closely related to the increased catalytic activity. The B—OH groups in aggregated BOy species that hydro-
gen bond with adjacent Si—OH groups are identified as the active center and high efficiency in catalyzing

ODHP reaction at low temperature.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Boron-containing materials generally showed immense poten-
tial in oxidative dehydrogenation of propane owing to their supe-
rior catalytic activity and high selectivity to olefin, particularly by
avoiding the deep oxidation reaction of olefin [1-6]. The oxy-
genated boron sites at the surfaces of the h-BN and other bulky
and supported boron-containing catalysts are the origin for cat-
alyzing ODH reactions [1-14]. A variety of strategies have been
explored to maximize the number of oxygen-containing boron spe-
cies to enhance the catalytic performance, such as Na-assisted
high-temperature steam activation [1,7], nano-structural engi-
neering, [15-17] and synthesis of high surface area catalysts
[6,12,14,18]. Nevertheless, increasing boron loading for supported
catalysts is an straightforward route to create more active sites for
the ODH reactions [11,12,19,20]. Hence, it is highly desirable to
establish a way to prepare boron-containing catalysts with well-
dispersed and accessible active boron species.

Borosilicate zeolites with homogeneous distribution of boron
have been proved as the promising catalyst in ODHP reaction
and the micro-environment of boron species is the dominant factor
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for the catalytic properties [14,21]. The isolated B(OSi); units that
are fully incorporated into the zeolite framework are confirmed
inactive for ODHP reaction over B-MWW zeolite [22]. On the con-
trary, the defect boron sites are of the essence in catalyzing the
ODHP reaction, and the aggregated boron species are more effi-
cient in C-H bond activation of propane than the isolated species
[14,22]. Lately, the isolated boron (—B[OH. ..O(H)—Si],) in borosil-
icate MFI-type zeolite shows superior durability with olefin pro-
ductivity of 0.2 Zojefin Sear h~!, and the hydrogen bond formed
between B—OH with adjacent Si—OH facilitates the synergistic
conversion of oxygen and propane [21]. While a higher reaction
temperature (up to 560 °C) is required to achieve substantial olefin
productivity over such isolated boron sites. Our previous work
shows that the boroxol ring and the tri-coordinated planar BO3,
species in BOS (B,03/SBA-15) catalysts are responsible for the
low-temperature ODHP reaction and boron sites with more OH
groups are easier to dehydrogenate by dioxygen [12]. In the view
of the micro-environment of boron species on the zeolite catalysts,
enabling boron species to be uniformly anchored to hydroxyl-rich
MFI-type zeolite matrix in oligomeric form may be a feasible way
to construct highly active boron centers.

In this work, a series of boron-containing MFI-type zeolite
(BMFI) catalysts with different crystallinity and well-dispersed
boron species were prepared, and investigated for catalyzing the
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ODHP reaction. The crystallinity was regulated by adjusting the
hydrothermal synthesis conditions. It turned out to be that the cat-
alysts with low crystallinity exhibited superior activity and higher
productivity of olefin at low temperature. Structure characteriza-
tions revealed that the incomplete crystallization could enrich
the defect boron sites with hydrogen bonded to adjacent silanols,
which were responsible for the superior catalytic activity of the
BMFI catalysts.

2. Experimental methods
2.1. Synthesis of BMFI catalysts

The BMFI zeolites were synthesized according to an earlier
report with slight modifications [23]. 0.433 g boric acid (Sino-
pharm) was dissolved in 4.8 g aqueous solution of tetrapropylam-
monium hydroxide (TPAOH, 25 wt%, Guangfu) and 24 mL
deionized water with stirring at room temperature. Then, 2.5 g
nano fumed silica (Aladdin) was slowed added to the mixture
and strongly stirred for an hour to obtain a gel with a molar com-
position of 1SiO,: 0.084B,03: 0.1TPAOH: 36H,0. The gel was
sealed into a 50 mL Teflon-lined stainless-steel autoclave and sub-
jected to hydrothermal treatment at 150 °C statically for several
days to obtain the zeolites with different crystallinity. After cooling
down to room temperature, the product was filtered, dried, and
finally calcined at 550 °C in air for 6 h to remove the templating
agent. The samples were labeled as BMFI-x, x for the time in
hydrothermal treatment (days). The BMFI-3.0-AT was prepared
by stirring 500 mg BMFI-3.0 in 10 mL nitric acid (15 mol/L) at
80 °C for 5 h. After cooling down to room temperature, the product
was filtered, washed, dried at 120 °C, and finally calcined at 550 °C
in air for 2 h.

2.2. Catalyst characterizations

The actual boron content of the zeolites was measured by
inductively coupled plasma optical emission spectroscopy (ICP-
OES) on Optima2000DV. Before the measurements, the sample
(10 mg) was dissolved by hydrochloric acid (1 mL) and hydrofluo-
ric acid (1 mL) mixed solution in a Teflon-lined autoclave at 150 °C
for 1.5 h. After evaporating up the solution that contained
hydrochloric acid and hydrofluoric acid, we repeatedly added
deionized water into the Teflon container and then collected the
solution into a polypropylene volumetric flask, finally fixed the
solution volume as 25 mL.

The powder X-ray diffraction (XRD) was recorded on PANalyti-
cal X'Pert3 Powder diffractometer using Cu Ko radiation (A = 0.15
406 nm). The zeolite powder was placed inside a quartz-glass sam-
ple holder for testing. The tube voltage was 40 kV, and the current
was 40 mA, and the relative crystallinity of BMFI was calculated
based on the area of the peaks of angle 20 = 22-25°,

N, adsorption-desorption isotherms were measured with an
ASAP 3000 sorption analyzer (Micromeritics). Prior to the mea-
surement, the sample was degassed by evacuation at 200 °C for
4 h. The Brunauer-Emmett-Teller (BET) method was used to calcu-
late the specific surface area (Sggr). Total pore volume (Vioral) Was
calculated from the amount of gas adsorbed at a relative pressure
P/Py of 0.99. Micropore volume (Vpicro) Was calculated using the t-
plot method.

Fourier transform infrared spectroscopy (FTIR) spectra were
recorded on a Nicolet 6700 FT-IR spectrometer equipped with a
mercury cadmium telluride (MCT) detector. The evolutions in
the hydroxyl regions under different temperatures were moni-
tored by dual-beam Fourier transform infrared spectrometry
(DB-FTIR) with a Nicolet 10 FTIR spectrometer. The spectra were
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processed by subtracting from the measured sample spectra a
background spectrum recorded in an empty IR cell in the absence
of the catalyst. In-situ Diffuse Reflectance Infrared Fourier Trans-
form (DRIFT) spectra were collected on a Bruker 70 V spectrom-
eter equipped with an in-situ reaction cell (HARRICK) and MCT
detector. The catalyst powder (~30 mg) was placed in the cell
and pretreated at 500 °C for 3 h in a flow of 30 vol% O,/N,. Sub-
sequently, the sample was maintained at 450 °C in flowing C3Hg/
0,/N, (volume ratio of 1:1.5:3.5) gas mixture. The evolution of
surface species was monitored by IR by averaging 256 scans at
a resolution of 4 cm™!.

1B MAS NMR spectra were recorded on an Agilent DD2-
500 MHz spectrometer with an 11.7 T magnet, using a 4-mm
MAS NMR probe with a spinning rate of 10 kHz. The spectra were
acquired with 600 scans per increment, a recycle delay of 3 s. The
pulse length and power were 0.425 ps and 53. Chemical shifts
were referenced to a 1 M H3BO3; aqueous solution at 19.6 ppm.
The DMFIT program was used to deconvolute the spectra and fit
the peaks [24]. The peak areas represented the number of nuclear
spins, i.e., the content of corresponding B species; therefore, the
relative amount of B species in each spectrum could be derived.
The BMFI catalysts were stored after reactions under an inert
atmosphere and packed into NMR rotors, and then conducted mea-
surements at room temperature.

'H MAS NMR experiments were carried out at 499.8 MHz
using a 4 mm MAS NMR probe with a spinning rate of 10 kHz,
64 scans, and 4 s pulse delay. The pulse length and power were
2.6 ps and 61. Hexafluoroisopropanol was used as the standard
sample for 'TH MAS NMR quantification. The chemical shifts were
referenced to tetramethylsilane. Prior to measurement, the sam-
ple was dehydrated at 400 °C for 10 h at 10~ Pa and then trans-
ferred to a 4 mm MAS rotor in a glove box without exposure to
air.

2.3. Catalytic reaction

Selective oxidation of propane studied in a fixed bed reactor (I.
D. = 8 mm, length = 42 cm) packed with 50 mg catalyst (the height
of catalyst bed is ~3 mm) and heated to 400-550 °C under atmo-
spheric pressure. The feed gas contains C3Hg/O,/N, with a volume
ratio of 1:1.5:3.5 at a fixed total flow rate of 96 mL/min. Before
reaction, each BMFI catalyst was pretreated to stabilize the coordi-
nation environment of boron species under reaction conditions.
Reactants and products were analyzed using an online gas chro-
matograph (Techcomp, GC 7980) equipped with a GDX-102 and
molecular sieve 5A column. A TCD was used to detect O,, N,
C3Hg, C3Hg, CHy, CO, and CO,. The conversion was defined as the
number of moles of carbon converted divided by the number of
moles of carbon present in the feed. Selectivity was defined as
the number of moles of carbon in the product divided by the num-
ber of moles of carbon reacted. The turnover frequency (TOF) was
calculated based on the hypothesis that B[3]* were the active sites.
The quantity of B[3]? species was calculated from the results of ''B
MAS NMR spectra and ICP-OES. The carbon balance was checked
by comparing the number of moles of carbon in the outlet stream
to the number of moles of carbon in the feed. Under our typical
evaluating conditions, the carbon balance was generally higher
than 95%.

The mass and heat transfer diffusion limitation have been ruled
out for the highest propane reaction rate based on Weisz-Prater
criterion and Mears criterion [25,26] as shown in Supplementary
Material.

The reaction rate of propane r(CsHg) and TOF were calculated as
follows:

r(CsHs) = F(CsHg) x X(CsHs)/[(m(cat) x C(B)/M(B)].
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TOF (h™") = F(CsHg) x X(C3Hs) [ [(m(cat) x C(Bactive) | M(B)].

where F(C3Hg) is the molar flow rate of C3Hg at the inlet of the reac-
tor, X(C3Hg) represents the conversion of C3Hg, m(cat) is the weight
of catalyst, C(B) is the content of boron atoms on the catalyst, C(B,..
tive) 1S the content of active boron atoms on the catalyst, and M(B) is
the molar mass of boron atom.

3. Results and discussion
3.1. Structure and property of BMFI catalysts

The structural variations of BMFI catalysts were characterized
using different means. The XRD patterns of the BMFI catalysts crys-
tallized at different periods of time after calcination were shown in
Fig. 1a. All samples exhibited typical diffraction peaks at 20 of 23.1,
23.3, 23.7, 24.0, and 24.4°, indicating the strong characteristic of
MFI framework structure [23]. No additional peaks of B,O; were
observed, revealing the uniform dispersion of boron species. The
relative crystallinity of BMFI catalyst was calculated based on the
areas of peaks ranging from 22 to 25° in the XRD pattern. Highly
crystalline BMFI catalyst was obtained at long periods of crystal-
lization time. For instance, three days of crystallization afforded
16% of relative crystallinity and it increased to 49% when the crys-
tallization time was extended to 3.5 days. The relative crystallinity
was sharply increased and remained constant when the crystal-
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lization process lasted for more than 4 days (Fig. 1b). Fig. 1c
showed the IR spectra of as-synthesized samples obtained at dif-
ferent crystallization times. The peak at ~926 cm™! can be attrib-
uted to the Si—O—B vibration [27], and the peak that appeared at
~1405 cm™~! was attributed to the asymmetric stretching vibration
of BO3 unit [28] which can be the evidence for the incorporation of
boron atoms into the zeolite matrix. As shown in Fig. 1d and
Table S1, the textural properties of BMFI catalysts were highly
dependent on the relative crystallinity. The apparent surface area
of the zeolite samples varied from 163 to 456 m?/g. High crys-
tallinity afforded a large micropore area, confirming the crystalline
structure was gradually assembled with time.

3.2. Catalytic performance of BMFI catalysts

The catalytic performance of BMFI catalysts for ODHP reaction
was conducted in an atmospheric fixed-bed reactor at a tempera-
ture range of 400-550 °C. There was almost no measurable conver-
sion of propane in empty reactor without inert solids under
identical reaction conditions. Moreover, the effect of the remaining
volume of the reactor was tested and we found there was no
observed difference in reaction rate of propane, indicating that
the catalytic activity was originated from the BMEFI catalysts
(Fig. S1). As shown in Fig. 2, the BMFI catalysts with the crys-
tallinity of 16% (BMFI-3.0) to 49% (BMFI-3.5) were highly active
in ODHP reaction at the temperature above 400 °C and maintained
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Fig. 1. (a) XRD patterns and (b) relative crystallinity of the BMFI catalysts synthesized over different periods. The crystallinity of the solid product was calculated based on the
areas of the peaks ranging from 22° to 25° and the BMFI zeolite synthesized at 150 °C for 5 days was chosen as the standard for the calculation. (c) FT-IR spectra and (d) N,
sorption isotherms of BMFI catalysts. N, sorption isotherms of BMFI-3.0, BMFI-3.3, and BMFI-3.5 were vertically shifted an additional 300, 200, and 100 cm® g~' (STP) for easy

view.
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Fig. 2. (a) Influence of temperature on the propane conversion over BMFI catalysts. (b) Time on stream profiles of propane conversion and olefin (C3Hg + C;H,4) selectivity over
BMFI-3.0 (440 °C), BMFI-3.3 (460 °C), and BMFI-3.5 (540 °C) catalysts. (c) Comparison of reaction rate of propane for ODHP as a function of C3Hg conversion over BMFI and

several representative catalysts (Table S2). The units of 1{C3Hg) are molcsyg molmkeath™

! for metal oxide catalysts (No. 1-6) and molcsyg molib.onh™

! for boron-containing

catalysts (No. 7-17). (d) Products distribution and conversion of BMFI-3.0 catalyst. Reaction condition: m,, = 50 mg, gas feed: C3Hg/0,/N, with a molar ratio of 1/1.5/3.5; flow

rate of 96 mL/min.

stability in catalytic activity and zeolite structure during the test
(Fig. 2a, b, Fig. S2). The BMFI-3.0 shows a propane conversion of
18.0% at 445 °C. Raising the crystallinity from 16% (BMFI-3.0) to
33% (BMFI-3.3), the propane conversion decreased from 18.0% to
7.1% at 445 °C. While with further increase of crystallinity to 49%
(BMFI-3.5) and 100% (BMFI-5.0), the propane conversion greatly
decreased to 5.4% and 0.4% at 510 °C, showing the significant influ-
ence of the crystallinity toward the catalytic activity. To reach the
same propane conversion of ~18%, the BMFI-3.5 catalyst required a
reaction temperature of 550 °C, while the conversion was only 1.4%
for BMFI-5.0 at 550 °C. The apparent activation energies of propane
over BMFI catalysts were quite similar (from BMFI-3.0 to BMFI-5.0
were 174, 182, 187, and 178 kJ/mol, respectively), indicating that
the active sites of the BMFI catalysts were essentially identical
(Fig. S3). Therefore, the stronger response to the temperature for
the propane conversion over the BMFI-3.0 catalyst may be corre-
lated with a large number of active boron species. A large number
of active sites involved in the catalysis over the BMFI-3.0 catalyst
allowed it to achieve an equivalent conversion at lower reaction
temperatures (at least by 100 °C compared to BMFI-3.5 and
BMFI-5.0). Moreover, high olefin productivity (4.75 Zoiefin Ecax h™1)
were obtained for the BMFI-3.0 catalyst at low temperature
(445 °C) and high WHSV of 37.6 gcspug g h™! (Table S2). In the
view of catalytic efficiency of boron atoms, BMFI-3.0 catalyst
exhibited a reaction rate of ~210 molcsns molsaon h™! (Fig. 2c,
Table S2), which was remarkably higher than that of the reported
metal oxide and other boron-based catalysts used in the ODHP
process. From the TOF comparison, it could be found that the
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BMFI-3.0 exhibited highest performance (428 h™' at 445 °C) among
the supported boron-based catalysts and borosilicate zeolite cata-
lysts. These results suggested that the boron species on the BMFI-
3.0 catalyst possessed higher ability to activate propane, showing
excellent catalytic activity at a boron content of only 0.85 wt%.

The products of propane ODH reaction consisted of C3Hg, C;Hy,
and CO, and a small amount of CO, (Fig. 2d). All catalysts exhibited
identical trends of the olefin selectivity at the same conversion and
slightly decreased with increasing temperature (Fig. S4a). For
BMFI-3.0 catalyst, the selectivity of light olefin (C3.3) remained
above 80%, e.g., the C5_3 selectivity reached 85.3% at 430 °C (C5:
73.8%, C3: 11.5%), 81.3% at 440 °C (C3: 64.3%, C3: 17.0%), and
80.4% at 445 °C (C3: 60.3%, C3: 20.1%). Except for light olefin, CO
was the main C; product that may be formed by the gas phase rad-
ical reaction through the C-C bond cleavage of propane [29,30].
This deduction could be verified by a control experiment with a
feed gas of C3Hg/02/N,, propylene conversion of <4%, only 1/5 of
propylene conversion over the catalyst under the same conditions
was obtained (Fig. S4b). Therefore, the C; product is likely gener-
ated from propane other than propylene. Moreover, the influence
of WHSV showed that high flow rate contributed to the inhibition
of CO4 formation and improved the selectivity of olefin (Fig. S5).
This could be attributed to the shortened contact time of reactants
under high WHSV and reducing its deep oxidation.

Kinetic experiments were performed to gain insights into the
reaction mechanism of propane ODH over the BMFI-3.0 catalyst.
The oxygen conversion showed a similar trend to propane with
the temperature while exhibiting higher apparent activation
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energy of 195 kJ/mol. (Fig. S6a, b). The sample BMFI-3.0 showed
about 0.5 dependence with respect to oxygen partial pressure, this
meant that the hydrogen abstraction of propane could readily hap-
pen after oxygen activation on the BMFI-3.0 catalyst under ODHP
conditions (Fig. S6¢). It was worth noting that the effect of propane
partial pressure was estimated to be 1.54 over BMFI-3.0 catalyst,
suggesting a different catalytic behavior compared with h-BN
and other boron-containing catalysts (Fig. S6d). As known, the
ODH reaction catalyzed by boron-based catalysts involved both
surface and gas-phase reactions. Moreover, the rate of the homoge-
neous gas-phase reaction was the function of reaction tempera-
ture, i.e. high reaction temperature, high reaction rate. Thus, the
low propane reaction order on BMFI-3.0 catalyst may be due to
the limited contribution of gas-phase reactions to the ODHP pro-
cess at low reaction temperature (e.g. 420 °C). This deduction could
be verified by the reaction order of propane on the BMFI-5.0 cata-
lyst, which showed a higher value of 1.86 at 540 °C (Fig. S6d).
Moreover, compared with the linear correlation between propane
conversion and residence time on BMFI-3.0, the propane conver-
sion super-linearly increased with the longer residence time on
BMFI-5.0 catalyst (Fig. S7). These results suggested that the surface
activation of propane was more favorable during the low-
temperature ODHP process over BMFI-3.0 catalyst.

3.3. Evolution of the active boron species

To gain a better understanding of the structure of catalysts and
the origin of catalytic activity, solid-state NMR and IR spectroscopy
of BMFI-3.0 and BMFI-5.0 catalysts were collected. Fig. 3 showed
B MAS NMR spectra of BMFI-3.0 and BMFI-5.0 catalysts. The
spectra could be classified into three components of trigonal boron
species with the chemical shift at ca. 16.8-17.6, 13.9-15.1, and
10.1-11.6 ppm which were accordingly denoted as B[3]?, B[3]",
and B[3]°[11,12,14,22,31,32]. These peaks were characterized by
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quadrupolar lineshape with a quadrupole coupling constant (Cq)
at 2.3-2.6 MHz [12,32]. The !'B shift isotropic chemical shift of
trigonal boron species was found to correlate with the number of
B—0—Si bonds that could be used to identify the different boron
coordination environments [32,33]. As the previous reports, site
B[3]? could be ascribed to aggregated boron species that were rich
in terminal B—OH groups [12,14]. Considering that the catalysts
have been calcined at 550 °C, the B[3]® species may be anchored
in the zeolite matrix in the form of boroxol ring or chain-type
BO, which was the preferred structure of aggregated “BO species”
at high temperature [11,12,34]. Site B[3]° was attributed to defect
boron species in the framework balanced by single or double
hydroxyl groups due to the similar chemical characteristic of B
(OSi),(OH) and B(0Si)(OH), [11,22,31]. Site B[3]° was attributed
to the B(0Si); that was fully incorporated into the zeolite frame-
work. The relative abundance of the three types of boron species
for BMFI-3.0 and BMFI-5.0 catalysts showed close dependence
with crystallinity and their contents were summarized in
Table S3. The proposed structure of three types of boron species
was shown in Fig. S8.

The increase of crystallinity led to less proportion of defect
boron sites in the framework which was characterized by the
decrease in the content of B[3]* and B[3]" accompanied by the
increase in the content of B[3]°. This indicated that the long
hydrothermal synthesis time during the crystallization process
led to a high degree of boron anchoring and microporous structure
(Figs. 1a,d and 3a,b). In addition, the spent BMFI-3.0 and BMFI-5.0
catalysts showed increased content of defective boron species (B
[3]* + B[3]®) and a decrease of B[3]°. Meanwhile, the defective
boron species over spent catalysts still showed the correlation with
crystallinity, that is, low crystallinity was more favorable for the
formation of defective boron sites (Figs. 3¢,d; S9). Most likely, there
were dynamic transformations among the three trigonal boron
species. The saturated coordination B[3]° has been proved to be

BMFI-5.0 fresh

Fig. 3. ''B MAS NMR spectra with an 11.7 T magnet of fresh and spent BMFI catalysts: (a, c) BMFI-3.0, (b, d) BMFI-5.0. The top lines represent the experimental spectra, the
gray dashed lines represent the total analytical simulations of the spectra, and the overlapping individual peaks below represent the features of three types of boron species.

137



B. Qiu, Wen-Duo Lu, Xin-Qian Gao et al.

inactive in the ODHP reaction, while its conversion to the defective
boron species would result in the enhancement of catalytic activity
[12,14]. Therefore, the superior catalytic activity of BMFI-3.0 was
originated from the abundant of B[3]* and B[3]® species. Consider-
ing the decrease in B[3]° content in spent BMFI-3.0 catalyst, the B
[3]° species was regarded as the transition species, which was fur-
ther transformed into B[3]* during the ODHP reaction. Thus, B[3]*
should be responsible for catalyzing the ODHP reaction at lower
reaction temperature and can be dynamically generated from B
[3]° and B[3]".

TH MAS NMR spectroscopy was additionally used to character-
ize the hydroxyl groups of BMFI-3.0 and BMFI-5.0 catalysts. As
shown in Fig. 4 and Table S4, after deconvolution, six peaks can
be identified for both BMFI-3.0 and BMFI-5.0 catalysts. The peaks
around 1.9 and 2.2 ppm were respectively assigned to external
and internal silanol groups, while the small peak at 2.6 ppm arose
from additional Si—OH--- B[3] protons with strong interaction to
the framework B[3] units [12,31,35]. The proton form of borosili-
cate zeolites undergoes B[4] to B[3] transformation upon calcina-
tion, which brought about the formation of the internal silanol
and isolated B[3] sites. Hence, several works also assigned the peak
at 2.2 ppm to the “bridging hydroxyl” sites of Si—OH--- B[3], as its
signal weakly associated with B[3] framework sites under different
dehydration temperatures [32,36,37]. The ratio of Si—OH--- B[3]
and internal silanol in BMFI-5.0 was much higher than that for
BMFI-3.0 (37.5% vs 23.7%), it suggested a relatively high proportion
of B[3]¢ on the former catalyst. This was consistent with the results
of '"B MAS NMR, that is, higher crystallinity resulted in a higher
degree of boron anchoring. The peaks at 3.0, 3.6, and 3.9 ppm could
be assigned to the proton in isolated B-OH without hydrogen bond,
H-bonded B—OH (B—OH.--0—Si), and framework B(OSi),OH,
respectively [12,31,32,37]. The broadened H-bonded proton signal
at 3.6 ppm was observed for the BMFI catalysts. It may attribute to
the diversity of boron species adjacent to silanol, which included
the form of isolated and oligomeric [38]. Among the hydroxyl-
containing boron species, isolated B-OH only accounted for ~10%
in BMFI-3.0 and BMFI-5.0 catalysts, which suggested a large

BMFI-3.0 fresh
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amount of defective B[3] species were right next to Si—OH groups.
After the ODHP test, the signals at 2.2, 3.0, and 3.6 ppm gained
intensity due to the hydrolysis of B—O—Si, which was consistent
with the results of '"B MAS NMR. It should be noted that the signal
at 3.9 ppm was greatly reduced accompanied by the increase in
3.6 ppm. Together with the results of ''B MAS NMR, we can deduce
that the transformation of B[3]® to B[3]? occurs, and the resultant B
[3]? species was hydrogen-bonded to the adjacent silanol groups.

Fig. 5 presented DB-FTIR spectra for BMFI-3.0 catalysts at differ-
ent temperatures under O,/He atmosphere. The isolated Si—OH
and B—OH were identified to have characteristic modes at about
3740 and 3700 cm™! (Fig. 5a), confirming the abundance of coordi-
natively unsaturated sites which was consistent with the results of
XRD and "B MAS NMR [28,39]. In addition, two broad bands at
about 3530 and 3675 cm~! were observed for OH groups with
hydrogen bonds. The band at 3530 cm™' disappeared at a high
temperature of 150 °C and the band at 3675 cm™! decreased inten-
sity with increasing dehydration temperature. The 3530 cm™~! may
arise from the weak hydrogen-bonded OH groups rather than with
water since the absence of water was confirmed by the inexistence
of the bending vibration of H,0 at 1630 cm™~' [32]. Another broad
band around 3675 cm™! decreased in intensity at temperatures of
150 °C and remained nearly constant at 150-450 °C, suggesting
there was stable interaction between hydroxyls. To further verify
the origin of the interaction at the region of 3530 and
3675 cm™!, the BMFI-3.0 was washed by nitric acid to remove
the boron sites, and the corresponding DB-FTIR spectra was shown
in Fig. 5b. As a consequence, a significant loss was observed for
3700 cm~}, indicating that almost all boron was removed after
nitric acid treatment. Meanwhile, the hydroxyl interaction region
at 3530 cm™! disappeared and 3675 cm™! decreased dramatically
even at 30 °C, implicating that the boron sites were correlated with
the hydroxyl interaction region. Therefore, the band at 3530 cm™'
may be due to the weak hydrogen bonds of B—OH with adjacent
hydroxyls. Notably, the H3BO; and B,0; showed no absorption
band at 3675 cm™!, suggesting the interaction between B—OH
groups could be ruled out at the absorption band of 3675 cm™!

BMFI-5.0 fresh

Fig. 4. '"H MAS NMR spectra of fresh and spent BMFI catalysts (a, c) BMFI-3.0 and (b, d) BMFI-5.0 catalysts. The asterisks at 1-1.2 ppm represent the background of signals.
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Fig. 5. In-situ DB-FTIR spectra of (a) fresh BMFI-3.0 and (b) BMFI-3.0-AT catalysts under O,/He atmosphere at 30, 150, 250, 350, 450 °C.

[40,41]. Therefore, the band at 3675 cm~! was assigned to the
strong interaction between B—OH with adjacent Si—OH, which
was consistent with the result in Fig. 4 and earlier reports
[32,39,42]. The DB-FTIR spectra of the BMFI-5.0 were shown in
Fig. S10. In contrast to the BMFI-3.0 catalyst, both characteristic
absorption bands of isolated B—OH and Si—OH were greatly
reduced due to the saturated coordination environment. Corre-
spondingly, the loss of the absorption bands at 3675 and
3530 cm~ ! were also observed which represent the decrease of
hydroxyls and hydrogen bonds.

The surface compositions and structure evolution of the BMFI-
3.0 catalyst during the reaction were monitored by in-situ Diffuse
Reflectance Infrared Fourier Transform (DRIFT) spectroscopy. The
fresh BMFI-3.0 was purged with O,/N, for 3 h at 500 °C to elimi-
nate molecularly adsorbed H,O and other absorbates. Then, the
sample was further treated under O,/N,, C3Hg/N, and C3Hg/O,/
N, atmospheres at 450 °C, and the DRIFT difference spectra were
shown in Fig. 6. When the catalyst was exposed to O,/N, and
C3Hg/N, atmospheres, the surface composition remained
unchanged and no propane conversion was detected, which indi-
cated the boron species was stable under the condition of only oxy-
gen or propane and inactive for dehydrogenation in anaerobic
conditions (Fig. 6a). With the addition of molecular oxygen in pro-
pane (C3Hg/O,/N,), the characteristic band of hydroxyl stretching
vibration was clearly observed at 3740, 3695, and 3675 cm™! for
isolated Si—OH, B—OH [43], and the hydrogen-bonded B-OH.
Besides, the strong alkyl stretching signal at 2965 cm™! was attri-
butable to the presence of gas-phase propane [44] (Fig. 6b).

Upon increasing the reaction time, a continuous decrease of the
alkyl stretching signal was observed, indicating that there was an
activation process at the initial reaction period, during which the
catalytic activity gradually enhanced. With the promotion of pro-

pane conversion, the ratio of the band intensities at 3740, 3695
and 3675 cm™! increased at first 50 min (Fig. S11a), hinting the
hydrolysis of B—O—Si and generated B—OH and Si—OH. After
60 min, an increase in the intensity of the Si—OH groups were still
observed, while the formation of B—OH was decreased, as evi-
denced by the decrease in the intensity of the bands at 3695 and
3675 cm™! (Fig. S11b). Besides, there was a negative broad band
at the wavenumber of 3530 cm™!, which indicated the instability
of weak hydrogen-bonding hydroxyls under ODH conditions. Con-
sidering the enhanced catalytic activity and negligible changes in
boron content, the B—OH groups may undergo structural evolution
and give rise to more active boron species during this period. As
shown in ''B MAS NMR results, the B[3]* was in aggregated form
and increased at the cost of B[3]® and B[3]¢ after ODHP reaction.
Therefore, the decrease of B—OH groups was caused by the con-
densation among B—OH that formed aggregated boron species.
The structural evolution of isolated boron to B—O—B oligomers
also resulted in the decrease of hydrogen-bonding B—OH groups
since the decrease of the proton density in B—O—B oligomers.
Moreover, we also noted that the IR signal for Si—OH
(3740 cm™!) increased in intensity accompanied with time on
stream under ODHP condition (Fig. S12). This feature suggested
that there was almost no consumption of Si—OH such as dehydra-
tion with B—OH or Si—OH. Therefore, the aggregation of B—OH
occurred mainly at the boron site on the zeolite matrix rather than
at the Si—OH groups. The abundant Si—OH on the surface were
favorable for the formation of B—OH with strong hydrogen bonds,
which inhibited excessive leaching of boron and promoted the for-
mation of aggregated boron species on the defective boron sites
[21].

These results indicated that the coordination environment of
boron species can be regulated by tailoring the zeolite crystallinity,

a b 3740, 3695
. L350 —
120
CHN, 100
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Fig. 6. In-situ DRIFT difference spectra of fresh BMFI-3.0 catalyst under (a) O,/N;, C3Hg/N; and (b) C3Hg/O,/N, atmosphere at 450 °C.
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and the abundant defect boron species could be obtained in zeolite
matrix with a low degree of crystallinity. Moreover, the isolated
boron sites with defects may serve as the anchor site to promote
the formation and stabilization of boron oligomer through the
hydrolysis-dehydration process under ODH conditions. It was
worth noting that strong interactions present between oligomer
boron species and adjacent Si—OH groups in addition to isolated
boron species.

For boron-containing catalysts, B—OH groups played a key role
in the activation of light alkane [45], and B—O—B oligomers are
more active for catalyzing ODH reaction [12,19,20]. High loading
of boron is necessary to generate highly active aggregated B—0O
units which enables the catalyst to exhibit remarkable olefin pro-
ductivity at low temperatures. In our previous work, 10 wt% B,03
was needed for supported BOS-10 catalyst to highly catalyze the
ODHP reaction at the temperature of 450 °C under 9.4 gcsns Sk h™!
[12]. Chen et al. reported boron-hyperdoped silicon catalyst with
25 at % boron concentration exhibited high olefin productivity of
1.97 Soiefin Ecat h™! under 28.2 gesns gaar h™! [19]. In addition, the
hydrogen bonds between B—OH and adjacent Si—OH was recently
proved to have positive effect in promoting the catalytic activity in
ODHP reaction [21]. Similarly, a recent work showed that the
hydrogen bond between Hf—OH and Si—OH results in the oxygen
atom at Hf—OH being more nucleophilic and facilitated the trans-
fer of a proton to the Lewis basic O atom [38]. In our work, the low
crystallinity of the zeolite allowed the boron anchored to the BMFI-
3.0 catalyst in an open coordination structure, which promoted the
exposure and formation of oligomeric boron species with defects at
only 0.85 wt% boron loading. Moreover, the B—OH groups in oligo-
meric boron species were H-bonded to the adjacent Si—OH groups.
Meanwhile, more such species were observed during ODH reac-
tion, suggesting that these species correlated with the catalytic
activity. Therefore, the high ODHP activity in BMFI-3.0 most likely
resulted from the abundant aggregated defect boron species inter-
acted with adjacent silanols through hydrogen bonds.

4. Conclusions

In this study, we have demonstrated that the relative crys-
tallinity and the coordination environment of the species of BMFI
catalysts play essential role in the catalytic activity of ODHP. The
catalyst with the crystallinity of 16% exhibited remarkable ODH
activity with a propane conversion of 18.0% and an olefin selectiv-
ity of 80.4% under a high WHSV of 37.6 gcsus gear h™! at 445 °C.
Moreover, high olefin productivity of 4.75 goefin Scar h™! was
obtained, which was much higher than most of the previously
reported catalysts at the low reaction temperature. Structural char-
acterization revealed that the B—OH in tri-coordinated aggregated
BOy species interacted with adjacent silanols through hydrogen
bonds were presently identified as the active sites being responsi-
ble for the low-temperature activity and high efficiency in catalyz-
ing ODH of propane. And the defect-rich surface offered an ideal
environment for the formation of hydrogen bonds between B—OH
and adjacent silanol groups.
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