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Abstract

In heterogeneous catalysis, oxygen vacancies of metal oxides play a key role by modulating properties of coordination, electron
states, electrical conductivity, and surface property. However, the investigation of oxygen vacancies in nonmetal oxides and
their catalytic applications have rarely been reported. Here, we present oxygen vacancies-rich BPO4 hollow spheres covered by
few-layer hexagonal boron nitride (BN) with a sandwich-like structure (BN@BPO4@BN) through an in-situ growth method.
The as-prepared catalyst showed better catalytic activity and higher selectivity than that of commercial BN in the oxidative
dehydrogenation of propane to propene because of the synergetic effect between oxygen vacancies-rich BPO4 and h-BN. Oxygen
vacancies increase the adsorption amount of propane and the confined space at the interface of BN and BPO4 weakens the
adsorption of propene, benefiting the recycle of active sites. Moreover, the confined space and oxygen vacancies result in the
transformation of reaction kinetic model.

In heterogeneous catalysis, oxygen vacancies of metal oxides play a key role by modulating properties of
coordination, electron states, electrical conductivity, and surface property. However, the investigation of
oxygen vacancies in nonmetal oxides and their catalytic applications have rarely been reported. Here, we
present oxygen vacancies-rich BPO4 hollow spheres covered by few-layer hexagonal boron nitride (BN) with a
sandwich-like structure (BN@BPO4@BN) through an in-situ growth method. The as-prepared catalyst showed
better catalytic activity and higher selectivity than that of commercial BN in the oxidative dehydrogenation of
propane to propene because of the synergetic effect between oxygen vacancies-rich BPO4 and h-BN. Oxygen
vacancies increase the adsorption amount of propane and the confined space at the interface of BN and BPO4
weakens the adsorption of propene, benefiting the recycle of active sites. Moreover, the confined space and
oxygen vacancies result in the transformation of reaction kinetic model.

Keywords: nonmetal oxides, oxygen vacancies, catalysis under cover, sandwich-like hollow spheres, BN,
BPO4.

Introduction

The surface state of the catalyst is a matter of great concern in heterogeneous catalysis, and plays a key
role in improving catalytic activity and selectivity of reactions. Currently, the introduction of oxygen va-
cancy is one of the most popular strategies for modifying surface states. Oxygen vacancy is an anion defect
with unsaturated coordination, and tends to generate localized electrons that can supply a portion of en-
ergy in reaction.1 In the past decades many reports have revealed that oxygen vacancies can modulate
the coordination,2 electron states,3electrical conductivity,4 surface structure,5 and acid-base property over
catalysts.6,7 In the presence of oxygen vacancies, the optimization and further activation of adsorbed reactant
molecules is helpful for promoting catalytic performance. For example, oxygen vacancies are important sites
facilitating the adsorption of fatty acid to form aldehyde over reducible oxides such as TiO2, ZrO2, Fe2O3,
and CeO2.8-11 Liu et al.demonstrated that oxygen vacancies promote the electrical conductivity of TiOx and
offer strong metal–support interaction to enable the smaller metal particles size, achieving higher catalytic
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activity, and higher stability of supported metal nanoparticles.12 Oxygen vacancies and surface lattice hy-
droxyl constituting frustrated Lewis pair can accelerate CO2 photocatalytic reduction over oxyhydroxide.13
To date, considerable research has focused on the role of oxygen vacancies over metal oxides in catalysis.14
However, the investigation of oxygen vacancies in nonmetal oxides remains rare due to the difficulty in reduc-
ing nonmetal oxides and the limitation of the variety of nonmetal oxides. Therefore, how oxygen vacancies
affect catalytic reaction over nonmetal oxides seems interesting and desirable.

Propene is one of the most useful building blocks in industry.15-17 Oxidative dehydrogenation of propane
(ODHP) is a preferable choice available to produce propene because of the advantages of coking-free and
no equilibrium limit.18,19 However, due to the poor propene selectivity the commercial implementation of
propene in ODHP is still not impressive even after decades of research.15 Substantial efforts have been made
on the modification of acid–base properties of catalysts to facilitate the desorption of propene from the
catalyst surface in ODHP, and thus to improve the selectivity to propene. By using alkali additives (e.g., Li,
K, Rb cations) to increase the basicity of some catalysts such as V2O5/TiO2, MoO3/TiO2,20,21MoO3/MgO–
γ-Al2O3

22and V2O5/Al2O3
23, the selectivity to propene increased with the better propene desorption.20,21

Some transition metals (e.g., Bi, Mo) have also been used as additives to modify the acid–base properties of
the vanadia–alumina based catalysts and enhance the activity of the ODHP.24 However, whatever additives
are used, both the selectivity to propene and the conversion of propane could not be improved at the same
time. From these works, the key to improving both of them lies on rapid propene desorption and higher
propane adsorption capacity. Considering the role of oxygen vacancy in modulating acid–base property, a
rational strategy is expected to construct active catalysts with oxygen vacancies for the ODHP.

Recently, Bao’s group has proposed a concept of confined catalysis under cover describing catalytic reaction
occurring in a confined space (e.g., the interface between substrate surface and neighboring 2D layer cover).25

The confined space can optimize adsorption–desorption property owing to its electron modulating ability.
Hexagonal boron nitride (BN) was often used as a cover layer to form confined space to adjust electron
structure of substrate and thus facilitated catalytic reaction.26-28 Moreover, very recently, BN acts as good
catalyst for ODHP with high propene selectivity and negligible CO2 emission compared with vanadia-based
catalysts.18,29-31In this work, we create oxygen vacancies on the surface of BPO4 hollow spheres covered by
few-layer BN with a sandwich-like structure (BN@BPO4@BN) through high-temperature reduction method.
The formation of BN@BPO4@BN sandwich-like hollow spheres generates a confined space between BPO4

and BN. Oxygen vacancies were verified by X-ray photoelectron spectroscopy (XPS) and Electron Param-
agnetic Resonance (EPR) analysis and its density (ca. 1.02×10–5 mol/m2) was evaluated by NH3–TPD and
BET. The increased activity and selectivity of the ODHP to propene were obtained for BN@BPO4@BN
compared with pure BN because of the synergetic effect between oxygen vacancies and BN. Oxygen vacan-
cies increase the adsorption amount of propane and the confined space weakens the adsorption of prope-
ne. Furthermore, the reaction kinetic model undergoes a transformation from Eley–Rideal mechanism into
Langmuir–Hinshelwood mechanism in the oxygen vacancies-rich confined space. This investigation enhances
our understanding of the role of oxygen vacancy over nonmetal oxide.

Experimental section

Preparation of BPO4 spheres

Boron oxide (B2O3) and diammonium hydrogen phosphate ((NH4)2HPO4) were mixed with a 2: 1 molar
ratio and grinded in an agate mortar. The mixture was heated at 800 oC for 2 h under ambient atmosphere.
After cooling down to room temperature, the product was obtained by grinding and washing using diluted
HCl and ultrapure water.

Preparation of BN@BPO4@BN sandwich-like hollow spheres

The as-obtained BPO4 spheres were put into a tube furnace and annealed at 900 oC for 0.5 h under NH3

atmosphere. A series of samples were prepared by prolonging anneal time to adjust the BN mass content.
Before annealing, the system was purged for 2 h with NH3 to ensure the removal of oxygen from the furnace.
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Characterization section

XRD data were obtained on an X-ray diffractometer (Bruker D8 Advance). ATR–FTIR was performed on
a Nicolet IS 50 apparatus. N2adsorption–desorption isotherm measurements were investigated at 77 K on a
Micromeritics 3 Flex 3500 instrument. SEM (Hitachi New Generation SU8100) and TEM (TECNAI F30)
were employed to study the microstructures of samples. XPS were collected using an X-ray photoelectron
spectrometer (Thermo Scientific Escalab 250). TG was carried out in flowing air atmosphere (20 mL/min)
with a thermoanalyzer (Netzsch STA 449F3) in alumina crucibles. EPR was conducted on a apparatus
(Bruker-A 300) at room temperature.

Catalytic activity test

The selective oxidative dehydrogenation reaction was performed at atmospheric pressure in a fixed-bed
reactor. The catalyst (50 mg) mixed with quartz sand (200 mg, 60–80 mesh) was put into a U-type quartz
tube (4 mm inner diameter and 6 mm external diameter) between two quartz wools. Then the tube was
placed in a vertical furnace and heated up to the target reaction temperature. The feed gas consisting of
nitrogen, oxygen, and propane was controlled by a mass flow meter (Sevenstar). The product components
were analyzed on an on-line gas chromatograph (Pannatek A90) equipped with a flame ionization detector
(FID) and a Nickel reformer.

Temperature-programmed desorption (TPD) test

The test was conducted on an on-line gas chromatograph (Pannatek A90) equipped with a FID. Before the
test, the powder sample (20 mg) was pre-treated at 300 oC in N2 (20 mL/min) for 1 h in a U-type quartz
tube (4 mm inner diameter and 6 mm external diameter) between two quartz wools. Then the pre-treated
sample was cooled down to room temperature and saturated with propane or propene (10 mL/min) for
30 min. Subsequently, the system was flushed with N2 flow (20 mL/min) for 1 h to ensure the removal of
physically adsorbed propane or propene. Desorption of probe gas was performed over the temperature range
from room temperature to 800 °C at a ramping rate of 10 oC/min. The acid amount of samples was carried
out by NH3 temperature-programmed desorption–mass spectrometry (NH3 TPD–MS) on an AutoChem II
2920 apparatus.

Results and discussion

Characterization of samples

The BN@BPO4@BN samples were prepared by high-temperature reduction of BPO4 spheres under
NH3atmosphere. The X-ray diffraction (XRD) patterns of various samples were collected (Figure S1a).
The peaks at 24.5, 40.0, 48.8, and 63.7o are ascribed to BPO4 crystal (JCPDS 06-0297). No characteristic
peak corresponding to BN in BN@BPO4@BN occurs due to its low content and high dispersion. Further
information about the components was obtained by attenuated total internal reflectance Fourier transform
infrared spectroscopy (ATR–FTIR) (Figure S1b). The peaks at 1059, 909, 607, and 544 cm-1 originate from
BPO4.32 As expected, two absorption bands at 1369 and 818 cm-1 belonging to the characteristic vibration
of BN are observed in BN@BPO4@BN, revealing the formation of BN.

Field emission scanning electron microscope (SEM) and field emission transmission electron microscope
(TEM) were employed to study the microstructures of samples (Figure 1). It can be seen that BPO4 spheres
with hollow structure were obtained successfully (Figure 1a and 1c). HRTEM image (Figure 1d) from the
surface of BPO4 spheres presents that BPO4 spheres are covered by a B–P–O amorphous layer.19After
annealing the BPO4 spheres under NH3 atmosphere at 900 oC, its overall structure has no obvious change
(Figure 1b and 1e–f). In the HRTEM images (Figure 1g–h), there are clear crystal lattices of 0.36 and 0.34
nm corresponding to the (101) plane of BPO4and the (002) plane of BN,33 respectively. Obviously, the BPO4

sphere is covered by few-layer BN with a thickness of 1.5–3 nm. It is worth noting that the B–P–O amorphous
layer on the BPO4 spheres surface disappeared, which is due to the in-situ transformation of the B–P–O
amorphous layer to BN layer under NH3 gas atmosphere at high temperature.34 For more detailed information
about the inside surface of hollow spheres, a notched sphere was selected and, impressively, exhibited hollow

3
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structure with a coverage of BN on both surfaces of the BPO4 sphere (Figure S2), demonstrating the
sandwich-like hollow sphere structure of BN@BPO4@BN. The confined space is thus formed at the interface
between BN layer and BPO4sphere.35 In addition, the surface area of BPO4 spheres and BN@BPO4@BN
were measured to be 3.6 and 5.7 m2/g, respectively (Table S1). The incremental surface area after annealing
further confirms the formation of the sandwich-like hollow sphere structure.

To further shed light on the surface chemical composition of BPO4 spheres and BN@BPO4@BN, XPS analysis
was performed. There are P, B, O, N elements in both BPO4 spheres and BN@BPO4@BN (Figure S3a,b).
In the N 1s core-level spectrum (Figure 2a), as expected, the main peak at 398.1 eV attributed to N–B bond
was detected in BN@BPO4@BN,33,36 indicating the formation of BN. B–N bond can also be found at 190.6
eV in the B 1s core-level spectrum (Figure S3c). The P 2p core-level spectrum of BPO4 spheres (Figure 2b)
is composed of a spin–orbit doublet with peaks at 135.2 and 134.3 eV, associated with P5+ cations.37 The
broader full-width at half-maximum of the P 2p core-level spectrum for BN@BPO4@BN can be decomposed
into P5+and P4+ components. It is obvious that P4+cations come from BPO4 surface, which could be caused
by the introduction of oxygen vacancies under NH3 atmosphere at annealing process.38

EPR is a sensitive and effective method to detect oxygen vacancies. For BN@BPO4@BN (Figure 2c), the
signal at g = 2.0027 is assigned to the oxygen vacancy of BPO4.39,40 This result is a compelling evidence for
the formation of oxygen vacancies on the surface of BPO4.

In order to measure BN mass content in BN@BPO4@BN, thermogravimetric analysis (TG) was carried out
in air flow. According to the oxidation equation of BN (), we can obtain the increment at the end of oxidation
process (Figure 2d). Therefore, the mass fraction of BN in BN@BPO4@BN was measured to be 5.5 wt%.

Catalytic activity and kinetics

The various samples were used to catalyze selective oxidation of propane to propene. BN@BPO4@BN shows
13.6% propane conversion far more than that of BPO4 spheres (1.6%) and blank comparison (0.9%) (Table
1). While for commercial BN with the same BN mass (2.75 mg) contained in BN@BPO4@BN used for
the reaction, BN@BPO4@BN has a better propane conversion than commercial BN with the almost same
selectivity. From Table 1, it is evident that BN is the source of catalytic activity for ODHP. When increasing
commercial BN mass (5 mg) to obtain the similar conversion as BN@BPO4@BN, the propene selectivity
falls from 75.3% to 73.0%. As a whole, BN@ BPO4@BN with the same BN content gains an advantage over
commercial BN, embodied in the higher propene selectivity at the same propane conversion level.

The apparent activation energy of BN@BPO4@BN and commercial BN was measured at below 10% propane
conversion. BN@BPO4@BN has a lower apparent activation energy (186 kJ/mol) than that of commercial BN
(239 kJ/mol) (Figure 3a). The obvious decrease of activation energy reveals the change of reaction mechanism
and the key role of oxygen vacancies.41 According to Hermans’ report, Eley–Rideal mechanism is applicative
in the ODHP for BN catalyst and there is a tendency to reach a platform of C3H8 consumption rate limit
with the increase of O2 partial pressure.18However, obviously, the trend of the reaction rate goes up and then
down (Figure 3b). Therefore, the reaction follows Langmuir–Hinshelwood mechanism over BN@BPO4@BN
catalyst (Scheme 1), that is, the dissociative C3H8 is adsorbed and reacts with O2 on the catalyst surface.
The adsorbed C3H8 could originate from the positive effect of BPO4 support with oxygen vacancies.

To gain more insight into the effect of BN mass content on the catalytic activity, the BN@BPO4@BN
samples with different annealing time (1, 3 and 5 h) were prepared to vary the BN mass content. On
increasing annealing time, no obvious change in the micromorphology was observed for the samples, but the
thickness of the BN shell increases (Figure S4 and S5). The increased thickness of BN improves the BN mass
content of the BN@BPO4@BN samples (Table S3). Moreover, the propane conversion rises rapidly and then
holds stable and even declines with the increase of BN mass content (Figure 3c). By contrast, the activity of
commercial BN with the similar mass level of BN@BPO4@BN keeps growing with increasing BN mass. For the
BN@BPO4@BN samples, the growth of conversion can be ascribed to the increased BN content18,42, whereas
the stunted growth and even downtrend is caused by the decreased interface area between BPO4and BN.43

Furthermore, by plotting propene selectivity against propane conversion (See Figure 3d) the BN@BPO4@BN
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sample shows higher propene selectivity at a similar conversion level than commercial BN.

The long-term stability of BN@BPO4@BN with 8.5 wt% BN was investigated due to the highest propane
conversion (Figure S6). It shows stable catalytic performance occurring at low O2concentration, revealing
the relative stability of oxygen vacancies under this condition. Interestingly, the selectivity to propene de-
clines with the decrease of oxygen concentration at the beginning of the reaction, which is caused by the
catalytic cracking of propane on the catalyst surface,44 further confirming the transformation of Eley–Rideal
mechanism to Langmuir–Hinshelwood mechanism.

The reason of enhanced performance

In view of the role of oxygen vacancy in modulating acid–base property closely related to the catalytic
performance, the acid site species of catalysts were investigated by pyridine adsorbed FTIR firstly (Figure
4a). Two adsorption bands at 1587 and 1440 cm–1 in BN@BPO4@BN are attributed to typical Lewis acid
sites, verifying the existence of oxygen vacancies.45 The adsorption band at 1540 cm–1 in BPO4spheres can
be ascribed to Brønsted acid sites such as surface hydroxyl.45 Both species of acid sites have adsorption
band at 1486 cm–1. The distribution and amount of acid sites were further measured by NH3–TPD (Figure
4b–d). BPO4 spheres and commercial BN have barely acid sites. By contrast, there are two NH3 desorption
peaks at ca. 140 and 380 oC for BN@ BPO4@BN corresponding to weak and strong acid sites, respectively.
The formation of acid sites in BN@BPO4@BN is due to two possibilities: 1) the introduction of oxygen
vacancies on the BPO4support could be responsible for the acid site, because oxygen vacancy is a typical
Lewis acid species;13,46 2) other acid species (e.g., hydroxyl) are introduced and bind to NH3. Interestingly,
the strong acid sites increased and the weak acid sites decreased after reaction (Figure 4b). The increase
of strong acid sites for used BN@ BPO4@BN could be due to the formation of amorphous B(OH)x O3-x

phase.42 In light of the decrease of both oxygen vacancies and weak acid sites in used BN@BPO4@BN (Figure
S7), we attribute the weak acid sites to oxygen vacancies and the strong acid sites to other acid species.
Meanwhile, the precise amount of oxygen vacancies was monitored by thermal conductivity detector (TCD)
signal and the detected spectrum was deconvoluted by Gaussian fitting (Figure 4c–d). The total amount of
acid sites is 1.94x10–4 mol/g for BN@BPO4@BN and 1.78x10–4 mol/g for used BN@BPO4@BN (Table S2),
respectively. Furthermore, the weak acid amount was estimated to be 3.88x10–5mol/g for BN@BPO4@BN
(Figure 4d). Therefore, the concentration of oxygen vacancies on the BPO4 surface was evaluated to be ca.
1.02x10–5mol/m2 that is equivalent to the concentration of Lewis acid sites by combining acid amount and
surface area (Table S1).

The effect of oxygen vacancies on catalytic performance was confirmed by the propane conversion change vs
stream on time (Figure S7a). The propane conversion decreases with the reduction of oxygen vacancies on
the surface of BN@BPO4@BN. Meanwhile, the propene selectivity has no obvious change, showing that the
selectivity of propene is not related to the amount of oxygen vacancies.

The seemingly trivial reactant adsorption and product desorption on the catalyst surface are, in fact, the
fundamental steps in heterogeneous catalytic reaction. First, absorption is accountable for the pre-activation
of reactants,47 and appropriate adsorption strength ensures the movement of reactants on the catalyst surface.
On the other hand, the products should be quickly separated from the catalyst surface to avoid back and/or
side reactions and to accelerate the recycling of active sites.48 Hence, the adsorption of the reactant propane
(C3H8) and the desorption of the product propene (C3H6) on the catalyst surface are highly concerned in
the reaction. The adsorption/desorption performance can be tested by temperature-programmed desorption
(TPD) (See Figure 5). The similar shape and location of the propane desorption peak were observed at
ca. 472 oC for the BN-contained samples (See Figure 5a), indicating that the chemisorption peak originates
from BN. Interestingly, a larger desorption peak appears at lower temperature region for BN@BPO4@BN
compared with that of BN and BPO4 spheres, meaning that BN@BPO4@BN has a better adsorption of
propane than BN and BPO4. Since surface oxygen vacancies can serve as adsorption sites,49-51 the increased
chemisorption capacity of BN@BPO4@BN is caused by rich oxygen vacancies on BPO4 surface (Figure 2).
Moreover, the decreased chemisorption of propane in used BN@BPO4@BN indicates the reduce of oxygen
vacancies over used BN@BPO4@BN (See Figure 5a) which is also confirmed by XPS analysis (Figure S7).
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Therefore, the oxygen vacancies-rich BPO4 also act as important reaction sites. In addition, the adsorption
of propane by oxygen vacancies demonstrates that C3H8is able to enter the confined space between BN
and BPO4. Moreover, C3H6-TPD was also employed to study the chemisorption performance of propene.
BN@BPO4@BN has a desorption temperature lower than that of BN and BPO4 spheres, but similar to that
of used BN@BPO4@BN (Figure 5b). This indicates that BN@BPO4@BN has better propene desorption
performance than BN and BPO4, which could be due to the effect of the confined space between BN and
BPO4.52,53 Therefore, the confined space is favorable for the desorption of propene in the reaction. Taken
together, the enhanced chemisorption of propane and the weakened chemisorption of propene, corresponding
to the adsorption/desorption process of reactants/products in heterogeneous catalysis, makes a contribution
to the higher conversion and selectivity for BN@BPO4@BN. Besides, the synergetic effect between oxygen
vacancies-rich BPO4 and the confined space boosts the oxidative dehydrogenation of propane to propene.

Proposed reaction mechanism

Based on the above results and discussion, a schematic of ODHP to propene over BN@BPO4@BN is given
in Figure 6. Because of the better adsorption of propane by oxygen vacancies, most propane enters into
the confined space at the interface of the BN shell and the BPO4 core through pores. In the confined
space, propane molecules are bound to the oxygen vacancies on the BPO4surface and oxygen molecules are
adsorbed on the BN surface. Due to the confinement of the surfaces of BPO4 and BN, the reaction of
molecular oxygen and propane can be viewed as on the same quasi-planar surface. Then, activated oxygen
molecules react with adsorbed propane molecules instead of dissociative propane, and thus the reaction
kinetic model undergoes a transformation from Eley–Rideal mechanism on the surface of pure BN 18 to
Langmuir–Hinshelwood mechanism for BN@BPO4@BN. The generated propene molecules rapidly escape
due to the weakened adsorption intensity resulted from the confined space effect.52,53 Therefore, a synergetic
effect of oxygen vacancies and confined space occurs for ODHP.

Conclusions

In summary, we present a detailed study on oxygen vacancies in nonmetal oxide through rational catalyst
design. Oxygen vacancies were constructed on the BPO4 surface under the BN cover with a sandwich-like
hollow sphere structure. The density of oxygen vacancies was estimated to be ca. 1.02x10–5 mol/m2. The
as-obtained catalyst BN@BPO4@BN achieved better activity and selectivity in ODHP than commercial
BN catalyst. Oxygen vacancies and the confined space result in the transformation of the reaction kinetic
model of ODHP from Eley–Rideal mechanism (for BN only) to Langmuir–Hinshelwood mechanism, leading
to a lower activation energy of BN@BPO4@BN (186 kJ/mol) than that of commercial BN (239 kJ/mol).
Moreover, experimental results indicate that oxygen vacancies-rich BPO4 increases the adsorption amount
of propane and the confined space makes easier desorption of propene, which is helpful for the recycle of
active sites. Therefore, oxygen vacancies act as important reaction sites and there exists a synergetic effect
between oxygen vacancies-rich BPO4 and BN for ODHP. This work the application of nonmetal oxides with
oxygen vacancies in the field of catalysis.
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Figure 1. Morphology of samples. SEM images of (a ) BPO4 spheres and (b ) BN@BPO4@BN,
respectively. TEM and HRTEM images of (c –d ) BPO4 spheres and (e –h ) BN@BPO4@BN sandwich-like
hollow spheres.

Hosted file

image3.emf available at https://authorea.com/users/325457/articles/453437-nonmetal-oxygen-

vacancies-for-catalysis-under-cover

Figure 2. Component of BN@BPO4@BN. (a ) core-level N 1s and (b ) core-level P 2p of XPS spectra
for BPO4 spheres and BN@BPO4@BN. (c ) EPR spectrum of oxygen vacancies in BN@BPO4@BN. (d ) TG
curve of BN@BPO4@BN in air flow.

Table 1. Catalytic performance of various catalysts for oxidative dehydrogenation of propane to propene.

Sample Propane Cov. (%) Propene Sel. (%)

BN@BPO4@BN (50 mg) 13.6 75.2
Commercial BN (2.75 mg) 9.3 75.3
Commercial BN (5 mg) 13.9 73.0
BPO4 spheres (50 mg) 1.6 82.1
No catalyst 0.9 75.0
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Reaction conditions: 15 kPa O2, 30 kPa C3H8, N2 balance, 20 mL/min, 550 oC. 50 mg BN@BPO4@BN
contains ca. 2.75 mg BN.

Scheme 1. Different reaction models on the catalyst surface.

Hosted file

image4.emf available at https://authorea.com/users/325457/articles/453437-nonmetal-oxygen-

vacancies-for-catalysis-under-cover

Figure 3. Reaction kinetics. (a ) The apparent activation energy of BN@BPO4@BN and commercial
BN for ODHP. (b ) Rate of C3H8consumption as a function of O2 partial pressure (C3H8 partial pressure
constant at 0.2 atm). (c ) Catalytic performance of various BN@BPO4@BN samples and commercial BN
for ODHP. (d ) Selectivity to propene plotted against propane conversion for ODHP.

Hosted file

image5.emf available at https://authorea.com/users/325457/articles/453437-nonmetal-oxygen-

vacancies-for-catalysis-under-cover

Figure 4. Acid species characterization. (a ) Pyridine adsorbed FTIR for BN@BPO4@BN and BPO4.
NH3–TPD of different catalysts monitored by (b ) mass spectrometry (MS) and (c ) TCD. (d ) Deconvolution
of NH3 desorption peak for BN@BPO4@BN.

Hosted file

image6.emf available at https://authorea.com/users/325457/articles/453437-nonmetal-oxygen-

vacancies-for-catalysis-under-cover

Figure 5. Adsorption performance. (a ) C3H8-TPD and (b ) C3H6-TPD profiles for different samples.

Figure 6. Schematic of proposed reaction mechanism. E–R: Eley–Rideal mechanism. L–H:
Langmuir–Hinshelwood mechanism.
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