iSCience ¢? CellP’ress

OPEN ACCESS

Selt-evolved BO, anchored on Mg,B,Os crystallites
for high-performance oxidative dehydrogenation
of propane

Dake Zhang,
Shenghua Wang,
Xingyu Lu, ..., Hui
Zhang, Wei Sun,
Deren Yang

sunnyway423@zju.edu.cn (W.S.)
mseyang@zju.edu.cn (D.Y.)

Highlights

A self-evolution method is
developed to acquire
catalytic structures from
MgB,

The catalyst is ultra-stable
for high-throughput
oxidative dehydrogenation
of propane

The catalyst exhibits 60%
propane conversion with
43.2% olefin yield at 535°C

The BO, corona pinned by
borate contains B-O rings
as the highly active sites

Zhang et al., iScience 26,
108135

November 17, 2023 © 2023 The
Author(s).
https://doi.org/10.1016/
j.isci.2023.108135

cccccc


mailto:sunnyway423@zju.edu.cn
mailto:mseyang@zju.edu.cn
https://doi.org/10.1016/j.isci.2023.108135
https://doi.org/10.1016/j.isci.2023.108135
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.108135&domain=pdf

iIScience ¢? CellP’ress

OPEN ACCESS

Self-evolved BO, anchored on Mg,B,05
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oxidative dehydrogenation of propane

Dake Zhang," Shenghua Wang,' Xingyu Lu,” Chengcheng Zhang,® Kai Feng,® Le He,® Hui Zhang,* Wei Sun,'>*
and Deren Yang'*

SUMMARY

Oxidative dehydrogenation of propane (ODHP) is a promising process for producing propene. Recently,
some boron-based catalysts have exhibited excellent olefin selectivity in ODHP. However, their complex
synthetic routes and poor stability under high-temperature reaction conditions have hindered their prac-
tical application. Herein, we report a self-evolution method rather than conventional assembly approaches
to acquire structures with excellent stability under a high propane conversion, from a single precursor—
MgB,. The catalyst feasibly prepared and optimized exhibited a striking performance: 60% propane con-
version with a 43.2% olefin yield at 535°C. The BO, corona pinned by the strong interaction with the borate
enabled zero loss of the high conversion (around 40%) and olefins selectivity (above 80%) for over 100 h at
520°C. This all-in-one strategy of deriving all the necessary components from just one raw chemical pro-
vides a new way to synthesize effective and economic catalysts for potential industrial implementation.

INTRODUCTION

Propene is an essential raw material for many fine chemical products. Nowadays, the primary technology of propene production depends on
steam cracking of oil-derived naphtha.'~ In addition, utilizing the low-cost shale gas, which contains abundant amount of propane, to pro-
duce propene by direct dehydrogenation is also an effective route.”” However, these processes suffer from obvious disadvantages, such as
high reaction temperature, coke formation, and frequent regeneration of catalysts.

The oxidative dehydrogenation of propane (ODHP) has emerged as a promising alternative way to gain propene owing to its exothermic
nature, low operative temperature, and coke-resistant feature.®? Compared with transition metal oxides catalysts (e.g., V,0s,'° V—I\/IgO,M
NiMoQ,'?) that often yield significant portion of the unwanted by-products CO and CO», the state-of-the-art ODHP catalysts that often incor-
porate boron have exhibited much improved selectivity to olefins. Hexagonal boron nitride (h-BN) can exemplify such novel catalysts and has
attracted considerable attention.”'® Recently, a number of spectral experiments and calculations have proved that BO,/B-(OH),O3_, species
are actually the active sites, which are derived from h-BN under the high-temperature and oxygen-abundant ODHP reaction process.'*'”
However, these active species suffer from leaching when working toward high olefin yield, due to the hot and water-rich environment.
Facing this issue, it usually takes extra effort in the process or deliberate design of the catalyst to stabilize the active sites. For example, Cha-
turbedy et al. reported that the addition of the reductive agent ammonia in the reaction feed would alleviate overoxidation of h-BN and
enhance the catalytic stability from 5 h to 100 h over ODHP at 540°C."® In another recent work, Cao et al. constructed h-BN D xIn,O3 composite
catalysts through the atomic layer deposition (ALD) process for ODHP, which improved the catalytic stability nearly five times than pristine h-
BN owing to the strong metal oxide-support interaction (SMOSI) effect between In,O3 and h-BN that could derive a BO, thin layer around the
metal oxide.'” Nevertheless, some important issues of these brilliant catalysts cannot be ignored, such as the complex synthesis route and

16,17

high-price raw materials, which are not conducive to practical application. Therefore, it is urgent but still a great challenge to explore new
materials with high activity and stability for ODHP that can be synthesized with a simple method.

Targeting this challenge, we endow a commercial raw material with excellent activity and stability by simply utilizing the direct oxidative
transition of MgB,, an established boron-containing chemical well known as a low-cost superconductor material and fuel for rocket
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Figure 1. Schematic illustration and structure characterizations

(A) Schematic showing the fabrication process of MgB,-x.

(B) XRD patterns of commercial MgB, and MgB,-x.

(C) FT-IR spectra of MgBy-x.
(D) XPS results of B 1s.
(E) XPS results of Mg 1s.

propulsion. After just a single step of calcination at 1000°C, the originally non-catalytic MgB; as the sole precursor evolved into a high-per-
formance catalyst. Upon oxidation at the high temperature, amorphous BO, was in situ generated, which is pinned by Mg,B,Os, exhibiting
excellent stability in a prolonged test under the high-throughput working condition. With a simple etching step, the surface area of the cata-
lyst was further enhanced nearly 15 times, fostering an excellent and stable performance under the harsh working condition for high yield: 60%
propane conversion and a 43.2% olefin yield at 535°C. Our study clearly demonstrates that highly efficient ODHP process may not always need
exquisite synthesis or regeneration of the catalysts—the simplicity of oxidizing borides endows this effective strategy with even higher po-
tential for industrialization.

RESULTS AND DISCUSSION

MgBs5 is an ionic compound, which has a unique structure with intercalated layers of Mg and B. It is worth noting that the MgB; as received was
inactive for ODHP at 520°C (Figure S1A), because there were no BO,/B-(OH),O3_, species, which have been considered as the active centers
for ODHP.?>?" The thermogravimetric analysis (TG) of MgB, indicated its stability against oxidation below 600°C (Figure S1B).

As illustrated in Figure 1A, the self-evolved high-performance boron-based catalysts were prepared by oxidation of a metal boride MgBs.
The MgB; was calcined at higher temperatures of 800°C~1100°C for 3h in air (denoted MgB,-x, where x represents the calcination temper-
ature). As illustrated in the X-ray diffraction (XRD) patterns in Figure 1B, the commercial powder mainly consists of MgB, and a bit of Mg as the
impurity. After calcination at 800°C and 900°C, the MgB;, underwent a transition upon oxidation, and Mg,B,0s and MgO crystallites were
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Figure 2. Catalytic performance

(A) Long-time conversions of the MgB,-x samples at 520°C tested for 800 min.

(B) The stabilized conversions of the boron-based catalysts at 520°C.

(C) Catalytic performance of MgB,-1000 at different temperatures.

(D) Stability test of MgB,-1000 at 520°C for 35 h. Reaction conditions for the flow tests: atmospheric pressure, C3Hg/O4/N; ratio = 6:3:11, WHSV = 12000 mL/g/h.

observed, with a slight amount of MgB; retained. When the calcination temperature reached 1000°C and above, Mg,B,Os was the main crys-
talline phase observed. Meanwhile, the Fourier transform infrared spectroscopy (FT-IR) spectra of the catalysts are shown in Figure 1C.
Compared with the FT-IR spectrum of MgB, (Figure S2), the samples calcined at high temperatures had more boron-oxygen species. The
peaks between 1,490 cm™ and 1,140 cm™" were all ascribed to the stretching vibrations of the three-coordinate boron (B-O). Four-coor-
dinate boron (B(4)-O) was also observed in the range between 1,100 cm ' and 800 cm . The presence of MgO would change the boron co-
ordination from three to four, so MgB,-800 and MgB,-900 had more (B4)-O) than MgB,-1000 and MgB,-1100. The transmission peaks in the
608-712 cm™" range corresponded to the bending mode of three-coordinate boron (B-0).7** It is worth noting that MgB,-1000 and MgB -
1100 had the obvious O-H mode at 3,200 cm ™" but MgB,-800 and MgB,-900 did not. As illustrated in Figure 1D, two B species are indicated in
the B 1s spectra: one in B-O bond (>192 eV), the other in B-B bond (<190 eV).22 Compared with B 1s of MgB,, the B-O bonds of MgB,-x
shifted to higher binding energies. Meanwhile, the B-B bonds almost disappeared when the MgB, was subjected to heating at elevated tem-
peratures. As shown in Table S1, the content results of each B 1s functional groups further confirmed that B-B bonds have transformed to B-O
bonds upon high temperature oxidation. The MgB,-1100 has the highest content ratio of B-O/B-B but also suffered from B loss. In addition,
the Mg 1s peak shifted from 1303.66 eV (Mg-B) to 1304.03-1304.20 eV (Mg-O) (Figure 1E).”’*® These results confirmed that MgB; itself has
evolved with abundant B-O sites which are beneficial for the follow-up catalytic tests over ODHP.

The prepared materials were tested for ODHP without any further activation. Meanwhile, for the sake of fair comparison with existing cat-
alysts, the commercial h-BN and other boron-based materials that have been reported to be active for ODHP were tested under the equiv-
alent reaction conditions. The propane conversion of blank (without catalyst) was below 2.0%, which proved there was barely any spontaneous
reaction between propane and oxygen at 540°C (Figure S3). Figure 2A and Figure S4 show the long-time conversions of the various catalysts
at 520°C. Compared with MgB,-800 and MgB,-900 of which the conversion quickly dropped below 7% within 800 min, the MgB,-1000 and
MgB,-1100 catalysts exhibited excellent catalytic stability during the test. The commercial h-BN exhibited the initial propane conversion of
30% at 520°C, but it slowly decreased to 17% over a run time of 10 h, corresponding well with the catalytic activity decay also observed in the
previous works.®'? The presence of H3BOj3 was evidenced by XRD in the spent h-BN (Figure S5), which could account for the instability since
H3BO3 would be leached into a humid atmosphere. As to other common boron-containing catalysts, the propane conversion of B4C was sta-
bilized at 14% after 10 h, and with a short activation period, 15% and 19% of propane conversions were observed on SiB and NiB, respectively.
Compared with all these boron-containing compound catalysts including the extensively studied h-BN, MgB,-1000 catalyst exhibited the
highest propane conversions of around 25% at 520°C (Figure 2B). Furthermore, the ODHP performance of the best long-term performer
MgB,-1000 as a function of reaction temperature (480°C-530°C) was evaluated (Figure 2C). The propane conversion of 5% was observed
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at the relatively low temperature of 480°C, while the selectivities of propene and ethylene were as high as 88.9% and 7.25%, respectively. The
propane conversion increased with the reaction temperature. A record-high propane conversion of 38.4% was achieved for the MgB,-1000
catalysts at 530°C. The excellent stability of the best performer MgB,-1000 in terms of both conversion and selectivity was further manifested
at 520°C for a prolonged period of 35 h (Figure 2D). The propane conversion was maintained at around 23% and the selectivity of olefins
(propene and ethylene) at around 89%. Meanwhile, the carbon balance stayed at 100 + 2% during the test (Figure Sé). These results indicated
the self-evolution of MgB, was an effective strategy to construct high-performance boron-based catalysts for ODHP.

The high activity and stability of MgB,-1000 catalyst motivated us to further explore the effect of oxidation temperature. As shown in Fig-
ure S7, the boron contents of the catalysts were measured by an inductively coupled plasma optical emission spectroscopy (ICP-OES). The
MgB,-800 sample had 30.3% boron content. However, with the calcination temperature increases, the overall boron content decreases. This is
due to the evaporation of boron under the high-temperature condition.”” Therefore, the MgB,-1100 catalyst has the lowest initial catalytic
activity than the other samples. Next, we explored the possible reasons that might cause the discrepancy in the long-term catalytic perfor-
mance of the samples prepared at different temperatures. TG of the tested MgB,-800 with the poorest stability confirms that there was no
coke formation (Figure S8). Meanwhile, The XRD patterns and FT-IR spectra of the tested samples do not distinguish from those of the fresh
catalysts (Figures S9A and S9B). In addition, the Mg 1s and B 1s XPS results of the tested catalysts indicate the positions of the surface Mg-O
and B-O species were almost unchanged (Figures S10A and S10B). However, there is an obvious reduction in the boron content after the long
catalytic reaction compared with the fresh samples for MgB,-800 and MgB,-900 (Figure S7). This corresponds well with their poor stability. We
speculate some weakly bound boron escaped from their surface under the harsh reaction conditions. The scanning electron microscopy
(SEM) images (Figure S11) indeed show MgB,-800 and MgB,-900 have more collapsed morphologies with plenty of debris, while MgB,-
1000 and MgB,-1100 appear with bulky structures that are more tightly bonded. In order to confirm this speculation, as shown in Figure S12,
we intentionally treated the catalysts with water before the catalytic test. Expectedly, MgB,-800 and MgB,-900 exhibited significantly lower
propane conversions at around 4% and 10% at 520°C with this treatment, respectively. By contrast, MgB,-1000 after the water treatment ex-
hibited a 23% propane conversion, which is similar with its untreated form and a good stability over 30 h at 520°C (Figure S13). Therefore, we
speculate that during the phase transition of MgB, under high-temperature conditions, a stable phase containing surface boron species is
formed when the calcination temperature exceeds 1,000°C. To supplement, prolonging the calcination time at 1,000°C does not affect
the performance (Figure S14), so temperature is still the determining parameter.

Considering that the XRD pattern of MgB5,-1000 indicates the main crystalline phase is Mg,B,0s (Figure 1B), we prepared pure Mg;B,05
phase via the reported coprecipitation and sintering process, to evaluate its catalytic performance. As shown in Figure 515, the SEM image of
Mg,B,Os shows it is mainly composed with smooth, straight nanowires. The TEM and elemental mapping images reveal the uniform distri-
bution of Mg, B, and O (Figure S16). All of the diffraction peaks fit well with Mg,B,Os (PDF#73-2232), and the FT-IR spectrum of Mg,B,05
nanowires is consistent with MgB,-1000 without OH, with abundant B-O vibrational bands (Figures S17A and S17B). However, Mg;B,Os nano-
wires were almost inactive for ODHP, with the propane conversion below 2% at 520°C (Figure S18). Therefore, it is concluded that the phase of
Mg,B,Os was not the active center.

While XRD could easily reveal the crystalline phase of Mg,B,0s, it could not show the amorphous phase. Therefore, we further studied the
structure of MgB,-1000 under electron microscopes to explore the real active sites. As shown in Figure 3A, a layer of amorphous structure is
located on the surface of MgB,-1000. Meanwhile, TEM and HRTEM (high resolution transmission electron microscope) images in Figure 3B
confirm that MgB,-1000 is actually composed of both crystalline and amorphous components. The lattice spacing of the crystalline area of
MgB,-1000in the HRTEM image was measured to be 0.269 nm that corresponds to the (1 -1 1) plane of Mg,B,0s. The selective area diffraction
patterns (SAED) also confirmed the presence of both crystalline and amorphous areas in MgB,-1000. Elemental mapping analysis of MgB,-
1000 (Figures 3C-3E) reveals that the amorphous phase is mainly composed of B and O. According to these characterization results, we spec-
ulate the crystalline Mg2B,0Os was wrapped by a layer of amorphous BO,, forming a typical strong-interaction structure, similar with the SMOSI
structure that has been recently observed between metal oxides (e.g., In,O3) and BO, Iayer.w9 The difference is that we constructed a metal
boride instead of a metal oxide to pin the BO, outer layer under the high-temperature condition. As discussed earlier, significant amount of
MgO (seen in XRD patterns) and boron oxide (seen in IR and XPS patterns) were produced when MgB; was oxidized at the relatively lower
temperatures of 800°C and 900°C: MgB, + 20, — MgO + B,03; at the meantime and especially when subjected to higher temperature heat-
ing at 1,000°C and 1,100°C, MgO evolved into Mg,B,0s: 2MgO + B,O3 — Mg,B,Os, leaving the rest of the surface boron oxide species as
the corona of BO, seen inthe TEM images.30 Given that the pure Mg,B,0s is not active for ODHP but MgB,-1000 is, we speculate that the BO,
which is the extra phase, should be the active site for ODHP. Moreover, inspired by the mechanism that metal oxide can stabilize BO, (derived
from BN) through the SMOSI pinning effect,'” we can attribute the excellent stability of MgB,-1000 to the similar strong interaction. Moreover,
the metal borate (Mg,B,Os) in this system performed even better than the metal oxide (MgO) in stabilizing BO,, as discussed about the long-
term performance comparison between MgB,-800/900 and MgB,-1000/1100.

In addition, the difference in the intensity of hydroxyl group observed in the FTIR spectra also gave us the clue that stably supported BO, is
present in MgB,-1000 (Figure 1C). Therefore, the thermal gravimetric with mass spectroscopy (TG-MS) analyses of the catalysts were conduct-
ed under N, atmosphere. As illustrated in Figure 4A, the results reveal that MgB,-800 and MgB5,-900 did not undergo -OH loss during the
process of programmed heating. However, the masses of MgB,-1000 and MgB,-1100 decreased and then the -OH and H,O signals were
observed between 100°C and 200°C. These results indicate MgB,-1000 and MgB,-1100 indeed have more -OH on the surface than MgB,-
800 and MgB,-900. Therefore, we speculate that more well-supported BO, sites were exposed after the calcination above 1,000°C and ob-
tained -OH in air. Meanwhile, the TG-MS results of the different samples under O, atmosphere had the same trend (Figure S19).
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200 nm

Figure 3. Microscopic characterizations of MgB,-100

(A) High-angle annular dark-field (HAADF) image.

(B) High-resolution TEM (transmission electron microscope) images and selected area diffraction patterns.
(C-E) The EDS (energy dispersive spectroscopy) mapping images of B, Mg, and O.

Furthermore, a control sample (B,O3/MgO) was prepared by impregnating B,O3 (30 wt %) onto MgO (70 wt %) to verify the active compo-
nent. As shown in Figure S20A, the main phase of B,O3/MgO was MgO, but weak signals of amorphous phases were also observed, which
were ascribed to boron oxides. However, when the impregnation was conducted with a relatively high calcination temperature of 800°C
(B203/Mg0-800), the abundant MgO would react with B,O3 and turned all of it into the Mg,B,Os phase. The IR results also show the broad
B-O stretching modes of B,O3 have changed to the distinct modes corresponding with Mg,B,Os in B,O3/MgO-800 (Figure S20B). The cat-
alytic test results show a 9% propane conversion was obtained at 520°C over B,O3/MgO, but B,O3/MgO-800 was almost inactive for ODHP,
with the propane conversion of only around 2% at 520°C (Figure S20C). Meanwhile, the propane conversion of pristine MgO was also below
2%. Therefore, these results further confirmed that Mg,B,Os originated from MgO, but neither of these two species were the active center,
and the amorphous boron oxide was instead the real active site for ODHP. Note that the coarsely supported B,Oj3 through this traditional
impregnation method performed much worse than our MgB,-1000, further demonstrating the superiority of our strategy of obtaining self-
evolved structure and the BO, sites directly from a single precursor MgB.

To better understand the active sites, kinetic studies were conducted to get insights into the reaction pathway of ODHP over MgB,-1000
(Figures 4B and 4C). The reaction rate of propane consumption increased with the O, pressure, but the dependence became weaker at higher
O, pressure. The results were consistent with the reported model proposed by Hermans et al.” and Lu et al.,*" in which O, is adsorbed on the
BO, sites for further reaction. Meanwhile, a near second-order dependence of propane concentration indicated that the propane oxidation
occurs between the gaseous propane and the activated oxygen species on the BO, sites (Figure S21). In addition, the C2 selectivities are
higher than C1 (C2/C1>2) at different temperatures over MgB,-1000 catalyst (Figure 2C), indicating there also exists gas-phase reaction
routes, such as the oxidative coupling of methyl. Such reaction pathway and evidence were also observed in other boron-based catalysts
at high temperature *>~*°

For the sake of further improving the catalytic performance and revealing the features of the real active sites BO,, we explored the effect of
a simple treatment of MgB5,-1000 with HCl (denoted as MgB5-1000-HCI), which can corrode Mg,B,0s. Figure S22A and S22B show the stark
color contrast before and after etching, which indicates the evolution of structure. After HCI treatment, the material was almost amorphous,
and the previously evident signal of the Mg,B,0s phase became weak in the XRD pattern (Figure 523). The HRTEM image in Figure S24 re-
vealed that the MgB,-1000-HCl was a mixture of amorphous/crystalline phases. EDS element mapping images of MgB,-1000-HCl indicated
the relatively uniform distribution of Mg, B, and O (Figure S25). XPS survey spectrum further confirmed the MgB,-1000-HCI mainly contains
Mg, B, and O (Figure S26). These results confirmed that the MgB,-1000-HCl was composed by abundant amorphous BO, and slight amount of
crystalline Mg,B,0s. In addition, the SEM images of MgB,-1000-HCl showed the obvious rough and porous morphology, distinct from the
smooth structure of MgB,-1000 without treatment (Figure S27). Interestingly, the presence of B-H stretching vibrations at 1,617 cm™" in the
FTIR data was observed for MgB,-1000-HCl, a sign of successful reaction between boron-containing chemicals with HCI (Figure $28).%° In
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Figure 4. TG-MS characterizations and reaction order analyses over the catalysts

(A) TG-MS analysis under N, atmosphere.

(B and C) Reaction rate as a function of the partial pressure of (B) oxygen and (C) propane at 480°C, 500°C, 520°C in the ODHP over MgB,-1000, balanced by N,
WHSV = 12000 mL/g/h, 0.1MPa.

addition, the Brunauer-Emmett-Teller (BET) surface area of MgB,-1000-HCl is 102.7 m29’1, much higher than the untreated MgB,-1000 (6.8
m?g™") (Figure 529). Moreover, as shown in Figure S30, MgB,-1000-HCl possesses a much higher pore volume (0.21 cm®g™) than MgB,-1000
(0.013 cm®g™"). Therefore, MgB,-1000-HCl can provide more effective channels for gas diffusion and larger surface area for surface reaction,
which is advantageous for ODHP.

The prepared MgB,-1000-HCI catalyst was tested for ODHP. The activity of MgB,-1000-HCl reached 38% at 520°C within 200 min, with a
short activation period (Figure S31). This phenomenon is consistent with XPS results (Figure S32). Upon exposure to the reaction conditions,
the peaks <190 eV (assigned to B-H) became weak but the peak at 192.8 eV (assigned to B-O) increased, which proves surface B-H became
coordinated to oxygen over the reaction process,” and turned into active sites. Besides, the disappearance of B-H stretching mode in the IR
spectrum of MgB,-1000-HCI-Spent also proves this point (Figure S28). These results further confirmed that the BO, was the active sites over
MgB,-1000-HCl catalyst. In addition, the TG-MS further exhibited that the fresh MgB,-1000-HCl was easily oxidized (Figure S33A). However,
the spent MgB,-1000-HCl exhibited the oxidation-resistance properties, which indicates the catalyst could reach a stable structure during the
reaction process (Figure S33B).

As shown in Figure 5A, because most of the inactive Mg,B,0s was excluded and the MgB,-1000-HCl has the larger surface area, the cat-
alytic performance of MgB,-1000-HC| outperformed the untreated MgB,-1000. The higher the reaction temperature, the greater the differ-
ence. MgB,-1000-HCl was with slightly higher activation energy (E,) for the ODHP reaction (Figure 5B), and therefore it requires higher tem-
peratures to better show its full potential. Most importantly, the MgB,-1000-HCl also retained excellent stability at 520°C. As shown in
Figure 5C, the propane conversion was still around 38% and the olefins selectivity was maintained above 80% even after 100 h. Meanwhile,
the carbon balance stayed at 100 + 3% during the test (Figure S34). The XRD pattern of MgB,-1000-HCI-Spent was also consistent with the
fresh sample, indicating the activation indeed happened in the amorphous phase (Figure S35). By adjusting the catalytic tests with different
feed gas (C3Hg: O,) ratios, as high as 60% propane conversion was achieved for MgB,-1000-HCI at 535°C (Figure S36A). Meanwhile, the
selectivities of propylene and ethylene were 47.8% and 24.7%, respectively, resulting in the maximum olefins yield of 43.2% at 535°C
(Figure S36B). Moreover, the sample showed great long-term stability, measured at 535°C for 50 h. As shown in Figure S346C, the propane
conversion was always around 60% and the olefins selectivity was maintained above 70%, with the carbon balance kept at 100 + 3% during
the test (Figure S36D). Compared with other typical boron-based catalysts for ODHP (Figure 5D), there is a rare precedent that boron-based
catalysts can work long time at a high propane conversion (>35%). Although Zhou et al.® reported BS-1 catalyst exhibited a 43.7% propane
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Figure 5. Catalytic evaluation of MgB,-1000-HCI

(A) Propane conversion as a function of reaction temperature over MgB,-1000 and MgB,-1000-HCI.

(B) Arrhenius plots.

(C) Stability test during 100 h operation at 520°C over MgB,-1000-HCI.

(D) Comparison of MgB,-1000-HCI with the established OPDH catalysts at their reported stabilized state. See Table S2 for specific values. Reaction conditions:
0.1MPa, C3Hg/O4/N; ratio = 6:3:11, WHSV = 12000 mL/g/h.

conversion over 210 h and Cao et al.'? reported h-BN 70In,0O3 showed a 41.3% propane conversion over 120 h, the reaction temperatures
were harsh: 570°C and 566°C, respectively. Therefore, the catalyst of MgB,-1000-HCl with the excellent stability at a high propane conversion
of 60% possesses huge potential for actual large-scale industrial production.

The excellent catalytic stability of MgB5,-1000-HCI motivated our investigation of the structure. As illustrated in Figure 6A, the basic coor-
dination modes of B atoms with O atoms include BOj3 plane triangle (including six-membered boroxol ring and nonring BO3) and BO, tet-
rahedron, respectively, defined as B-O ring, B(3-O and B4)-O, which are bound together in various ways to form multifunctional boron-oxygen
network (BO,).***" The existence of B(3-O (1380 em™ ") and B)-O (1078 ecm™") vibrations were identified in MgB,-1000-HCl using FT-IR spec-
troscopy (Figure S28). Interestingly, after tested for ODHP reaction, the vibration intensity of B4-O was significantly decreased but that of B3)-
O was increased. It is noteworthy that a new peak was formed at 1240 cm ™", which might be ascribed to B-O ring."*** Thus, we speculate that
B4)-O could be transformed into B(3-O and B-O ring under the high-temperature reaction process. To further prove the point, we investigated
the structures of MgB,-1000-HCl fresh and spent with ''B magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy. The
spectra of MgB,-1000-HCI-Fresh could be classified into two boron species Bi)-O and B)-O with chemical shifts at 11.8 and —3.2 ppm,
respectively (Figure 6B). No boroxol ring was detected in the fresh sample, consistent with the FT-IR result. In contrast, the new peak appeared
at17.7 ppm in the spectrum of MgB,-1000-HCI-Spent (Figure 6C), which could be assigned to boroxol ring.**~*¢ The relative abundance of the
three types of boron species for fresh and spent catalysts was summarized in Table S3. It can be seen the B-O ring was increased at the cost of
B(3-O and B)-O. Considering the fact that propane conversion increased from 8% to 38% during the reaction process (Figure 531), it can be
inferred that there were dynamic transformations among the three boron species and the boroxol ring was vital for the high conversion of
propane under harsh reaction conditions over MgB,-1000-HCI.

Conclusions

We converted the inactive commercial MgB; into high-performance catalysts for ODHP by a simple thermal treatment in air. Surface BO,
anchored on Mg,B,0s crystallites produced by oxidizing MgB, under high temperatures was found to be the active site for propane
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Figure 6. Schematic illustration of the different boron species and "B MAS NMR spectra characterization

(A) The proposed structure of the three types of boron species in the catalysts.

(B) "B MAS NMR spectra of MgB,-1000-HC|-Fresh.

(C) "B MAS NMR spectra of MgB,-1000-HCI-Spent. The solid lines represent the experimental spectra and the gray dashed lines represent the total analytical
simulations of the spectra.

oxidation. This self-evolved catalyst prevailed over supporting BO, on MgO for stabilizing the active sites. Moreover, the improved
sample MgB5,-1000-HCI produced by simply treating MgB,-1000 with HCI shows an unprecedented long-term high conversion of 60%
with a high olefin yield of 43.2% at 535°C, which outstands from metal-based catalysts and common boron-based catalysts. It shows
high resistance against deactivation by water, and even after the extreme treatment of immersing MgB,-1000 in water, it did not lose
its impressive catalytic performance. Furthermore, we dived into the molecular scale and pinpointed the B-O rings as the active sites
by "B MAS solid-state NMR, kinetics study, and FT-IR characterizations. As it is said “simplicity is the ultimate sophistication”, this new
strategy of deriving advanced catalytic structure with simple treatments is friendly for scalable preparation of the catalyst for practical in-
dustrial production, and our journey to locate the active component and further improve the catalyst provides useful guidance for catalysts
design at large.

Limitations of the study

Despite that the Mg-1000-HCl catalyst exhibits higher propane conversion than Mg-1000, the obtained mass of Mg-1000-HCl is lower due to
the acid etching step. In addition, the gas-phase radical pathways of ODHP reaction for MgB,-1000 are proposed but not directly probed.
Therefore, future research work can further improve the atom efficiency and illustrate the pathways with more advanced probing instruments
and experimental setups.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Magnesium boride (99% trace metals basis) Macklin CAS:12007-25-9
Boron oxide (98% purity) Macklin CAS:1303-86-2
Potassium chloride (99.8% purity) Macklin CAS:7447-40-7
Boron silicide (99.5% purity) Macklin CAS:12007-81-7
Boron carbide (99.5% purity) RHAWN CAS:12069-32-8
Nickel boride (99% metals basis) RHAWN CAS:12007-00-0
Hydrochloric acid (36.0-38.0% purity) Sinopharm Chemical Reagent Co., Ltd CAS:7647-01-0
Sodium hydroxide (>96.0% purity) Sinopharm Chemical Reagent Co., Ltd CAS:1310-73-2
Magnesium oxide (99% purity) Sinopharm Chemical Reagent Co., Ltd CAS:1309-48-4
Boric acid (>99.50% purity) Sinopharm Chemical Reagent Co., Ltd CAS:10043-35-3
Boron nitride (99.9% metals basis) TENSUS BIOTECH CAS:10043-11-5
Magnesium chloride, hexahydrate(>99.0% Aladdin CAS:7791-18-6
purity)

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Wei Sun (sunnyway423@zju.
edu.cn)

Materials availability

All materials generated in this study are available from the lead contact without restriction.

Data and code availability
e The datasets and images generated during this study are available from the lead contact upon request.
e This paper does not report original code.
e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Materials

All the chemicals purchased were used without further purification. Magnesium diboride (MgB,), Boron trioxide (B,O3), Potassium chloride
(KCI), Boron silicide (SiB) were purchased from Macklin. Boron carbide (B4C) and Nickel boride (NiB) were purchased from RHAWN. Hydro-
chloric acid (36%-38%, analytical reagent), Sodium hydroxide (NaOH), magnesium oxide (MgO) and Boric acid (H3BO3) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Boron nitride (h-BN) was purchased from Tensus Biotech. Magnesium chloride hexahydrate
(MgCly-6H,0) was purchased from Aladdin. Milli-Q water (Millipore, 18.2 MQ cm at 25°C) was used in all experiments.

Synthesis of MgB,-x (x = 800, 900, 1000, 1100) catalysts
MgBy-x catalysts were prepared by high temperature calcination in air. The purchased MgB, was put into a muffle furnace and calcined at x °C
for 3 h with a ramp rate of 10°C/min.

Synthesis of Mg,B,0s nanowires

For a typical batch, MgCl,-6H,0 (1.524 g), H3BO3 (0.463 g) and NaOH (0.6 g) were dissolved in 50 mL of deionized water under magnetic
stirring at room temperature. The obtained product (denoted as reaction precursor) was washed with deionized water several times and dried
in an oven. 0.2g of the obtained reaction precursor was mixed with 0.08g of H3BO3 and 0.4g of KCI. The mixed product was ground to powder,
which was then transferred to a muffle furnace and calcined at 830°C for 5 h with a heating rate of 5°C/min. Finally, the calcined product was
washed with dejonized water several times and MgzB,0s nanowires were obtained.
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Synthesis of B,O3/MgO and B,03;/MgO-800
The sample was prepared by the conventional impregnation method using MgO as the support. 0.3g of B,O3 and 0.7g of MgO were dis-
solved in 20 mL of deionized water. After treatment with ultrasound for 20 min, the solvent of the mixed products was evaporated at

105°C under stirring (denoted as precursor). Then the precursor was calcined at 500°C for 3h (denoted as B,O3/MgO). Alternatively, the pre-
cursor was calcined at 800°C for 3h and the B,O3/MgO-800 was obtained.

Synthesis of MgB,-1000-HCI

300 mg of MgB,-1000 was dissolved in 10 mL of hydrochloric acid (36%-38%, analytical reagent). The mixed solution of MgB,-1000 was trans-
ferred to a shaking bed (400 rpm, 50°C) and kept for 24 h. The obtained product (denoted as MgB,-1000-HCl) was then washed with ethanol
several times and dried in a vacuum oven.

Catalysts performance evaluation

All the catalysts were tested in a flow fixed-bed quartz reactor (1.D. = 6 mm, length = 50 cm) under atmospheric pressure. The catalysts were
compressed and sieved to collect particles in 40-60 mesh. The catalysts (0.1g) were placed in the middle of the reactor and the reaction tem-
perature was controlled by a thermocouple fixed in the inner part of the reactor and directly contacted with catalysts. The feed gases including
C3Hg, Oy, N, were controlled by mass flow controllers. The total flow rate was 20 mL/min. Before performance evaluation, there were no pre-
treatment procedures in the reactor. The reaction temperature was from 480°C to 530°C.

The reactants and products were analyzed by online gas chromatography (Agilent 8860) equipped with a thermal conductivity detector
(TCD) to detect Oy, N,, CO, CO,, and a flame ionization detector (FID) to detect C3Hg, C3Hg, CoHg, CoHa, CHy et al. The conversion of propane

and selectivity of products were calculated as follows'***:

CsHg Conversion (%) = ¢ mol an(]gi ’;’?’inc_’_lc3 Ha.out) X 100% (Equation 1)
3Hg.in

| of i
Product selectivity (%) = ¢ mg :ﬁj;fgf;’;ﬁ:;dua x 100% (Equation 2)

C mol of (products+CsHs ou)
C mol of C3Hg s

Carbon Balance (%) = x 100% (Equation 3)

Where C mol represents the mole number of carbons in feed gases and effluent gases.

Characterization

The morphologies of the catalysts were analyzed by field emission scanning electron microscopy (SEM) (FEI, HITACHI S4800). Transmission
electron microscopy (TEM) images were acquired on a FEI-Tecnai F20 (200 kv). Powder XRD patterns were measured on an XRD-700 (Shi-
madzu). The actual boron content of the catalysts was measured by an inductively coupled plasma optical emission spectroscopy (ICP-
OES, Thermofisher). Fourier transform infrared spectroscopy (FT-IR) spectra were recorded by a Bruker Alpha FTIR spectrometer fitted
with a universal attenuated total reflectance sampling accessory. X-ray photoelectron spectroscopy (XPS) analysis was performed using a
Thermo Scientific k-Alpha equipped with an Al ka X-ray source (hv = 1486.6 eV) and binding energies referenced to C1s (284.8 eV). The Ther-
mogravimetric analysis (TG) or Thermogravimetric and mass-spectrometric (TG-MS) was measured using STA449-QMS403 from NETZSCH.
The specific surface areas of samples were measured using N, adsorption-desorption isotherms at —196°C on a TriStar Il 3020 instrument
from micromeritics. The samples were outgassed at 200°C before measurement.

1B Solid-State NMR Spectroscopy was recorded on a Bruker 500 MHz widebore magnet spectrometer equipped with AVANCE NEO con-
sole and 1.3 mm HXY MAS probe configured in double-resonance mode. Direct excitation ''B magic-angle spinning (MAS) spectra were
collected with a MAS frequency of 60000 Hz at room temperature by using 1D spin echo sequence for suppression of background signals
with a recycle delay of 5's. SPINAL-64 1H heteronuclear decoupling was applied during signal acquisition with an RF field of 100 kHz. All ex-
periments on the "B nucleus were referenced to the H3BO3 aqueous solution at 19.6 ppm and processed with the same Bruker Topspin win-
dow function parameters for quantitative comparison. Simulations of "B MAS NMR spectra were performed in the solid lineshape analysis
(SOLA) module included in the Topspin 4.0 software.
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