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Abstract
Carbon-doped boron nitride (CBN) materials are a novel  class of non-metallic catalysts
with significant potential in catalyzing the oxidative dehydrogenation of propane (ODHP)
process.  Zeolitic  imidazolate  framework  (ZIF-8)  is  a  type  of  metal-organic  framework
material  featuring  a  ZIF  skeleton.  Boron  nitride  materials  derived  from  ZIF-8  inherit  its
advantages,  including  customizable  structure,  tunable  mesoporous  properties  and  high
specific  surface  area.  The  present  work  has  developed  a  novel  synthetic  method  to
introduce  and  engineer  the  B-terminated  defect  in  ZIF-8  derived  carbon-doped  boron
nitride (CBN-Zx) through the co-pyrolysis of ZIF-8 and other typical precursors containing
boron  and  nitrogen.  The  unique  role  of  ZIF-8  precursors  was  to  produce  mesopores  in
CBN‑Zx, which contained plenty of B-terminated defects formed via the volatilization of Zn
and the  elimination  of  C  and  N species  during  the  pyrolysis  process,  and  these  defects
could  transform  into  active  boron  oxygen  (BOx)  species,  which  enhanced  the  ODHP

activity. The optimized CBN-Z0.4 catalyst exhibited high propane conversion at 23.9% in
ODHP  with  the  olefin  selectivity  at  86.1%,  which  had  reached  the  best  level  among
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boron-based catalysts in ODHP. The present work not only provides a new idea for synthesizing highly efficient
boron-based catalysts for ODHP reactions, but also sheds light on the structure-function relations, rational design
and practical applications of CBN catalysts for ODHP reactions.

INTRODUCTION
Propylene is one of the most important crucial intermediate platform molecules in modern chemical

industry, with a wide range of downstream products such as polypropylene, acrylic acid, propylene oxide,

acrylonitrile, isopropanol and isobutylene
[1,2]

. The primary conventional production route for propylene

synthesis is steam cracking and catalytic cracking of heavy oil, where propylene is a byproduct with low

efficiency
[3]

. With the rapid development of shale gas industry in recent years, the development of propane

dehydrogenation (PDH) route has emerged as a potential alternative to the conventional cracking route for

propylene production considering the atomic and energetic economy. However, PDH reaction needs to be

operated at high temperatures (> 600 °C) due to thermodynamic constraints, as well as faces catalyst

sintering and coking deactivation
[3-5]

. In contrast, oxidative dehydrogenation of propane (ODHP) reaction

attributes widespread attention due to its exothermic nature, which endows ODHP with lower reaction

temperatures and reduced energy consumption
[1,6-8]

.

Currently, research on ODHP catalysts mainly focuses on V, Cr-based metallic catalysts
[9-11]

 and carbon

materials
[12]

 or hexagonal boron nitride (h-BN)
[1,13,14]

 derived non-metallic catalysts. Among them, h-BN has

garnered widespread attention due to its elevated olefin selectivity in ODHP reactions, high antioxidation

stability and low cost
[13,15,16]

. h-BN has exhibited a remarkably high olefin selectivity of 91% in ODHP

reactions at a 14% propane conversion
[13]

, and subsequent extensive studies have indicated that edge boron-

oxygen species, namely B–O/B–OH or boron oxygen (BO
x
) sites, are pivotal active sites for ODHP. The h-BN

catalyzed ODHP reactions followed a unique pathway in which oxygen was activated into active radicals

existing on catalyst surface and also in the gas phase, and the radicals were highly selective for H‑abstraction

from hydrocarbon molecules while were inert to over-oxidizing C–H and C–C bonds, which was believed to

be the primary reason for the high selectivity in ODHP
[17-21]

. However, the high crystallinity of h‑BN due to

their inherent preparation methods limited the generation of enough active sites on h-BN, necessitating

further following processes to enrich its defects and thus enhance the catalytic activity in ODHP
[1,22,23]

.

Especially, it has been proved that boron-rich zigzag edges, such as tri-boron center (TBC) defects could

effectively enhance the catalytic performance of h-BN in ODHP via transformation into active BO
x
 species in

the presence of O
2

[24]
.

Carbon-doped boron nitride (CBN) catalysts, which are defined as the controllable doping carbon atoms or

graphitic domains into the boron nitride (BN) matrixes, represent a novel type of boron-based non-metallic

catalytic materials in ODHP
[25-29]

, oxidative dehydrogenation (ODH) of ethylbenzene
[30-32]

 and methanol

conversion
[33]

. Carbon doping can induce and enrich defects on BN material, promoting the generation of

active boron-oxygen species on the edge of the hybrid material
[34]

. For example, using glucose as a carbon

source and thermolysis with boric acid and urea could enable the tunable content of carbon doping into the

BN matrix
[26]

. The obtained CBN demonstrated an 18.5% propane conversion and an 82.3% selectivity

towards propylene with the doping carbon content at 19.0 at.%
[26]

. CBN holds prominent application

prospects in ODHP. Synthesizing CBN with abundant defects may be the key factor in improving its active

boron-oxygen species content to enhance its catalytic performance in ODHP. CBN is typically prepared

from bottom-up methods at high temperatures (> 900 °C); conventional functionalization methods (e.g., ball

milling, ultrasonication, and plasma treatment) tend to complicate the preparation steps
[35,36]

. Consequently,

achieving the selective synthesis of boron-rich edges for active boron-oxygen functionalization in CBN

presents significant challenges.
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The objective of this study is to synthesize CBN materials with abundant boron-rich edge defects. Zeolitic

imidazolate framework (ZIF-8), a metal-organic framework (MOF) material containing ZIF skeletons,

exhibits customizable structures, tunable mesoporous nature and large surface area
[37,38]

. The inclusion of

ZIF-8 as a templating agent in the CBN precursors leads to the partial substitution of Zn for B or N atoms,

disrupting the B–N bonding, ultimately resulting in the abundant defects after elimination of Zn atoms
[39-41]

.

Herein, we propose a facile synthetic method for preparing ZIF-8 derived carbon-doped boron nitride

(CBN-Zx) nanosheet materials through co-pyrolysis of ZIF-8 with boric acid and urea, and the catalytic

activity and stability of this CBN-Zx catalysts are high in ODHP. Structural characterization results indicate

that the introduction of ZIF-8 promotes the formation of the porous structure and high specific surface area

of the CBN-Zx material. Additionally, the prepared CBN-Zx material generates abundant boron-rich edges

indicative by the B/N value from X-ray photoelectron spectra (XPS) analysis and electron paramagnetic

resonance (EPR) result. Consequently, the optimal CBN-Z0.4 catalyst demonstrates high activity in ODHP,

which is 3.7 times higher than that of pristine h-BN (propane conversion of 23.9% vs. 6.5%), outperforming

most boron-based catalysts in ODHP. Abundant B-terminated defects would slowly transform into active

BO
x
 species during the reaction, which may be the primary reason for the high activity and selectivity of the

synthesized catalyst in ODHP reaction. This study provides a valuable reference for the design and

preparation of B-rich sites of CBN catalysts shedding light on their potential practical applications in ODHP

reaction.

EXPERIMENTAL
Materials

Zinc nitrate hexahydrate (metal basis, 99.0%), urea (99.0%) and deionized water (conductivity, σ ≤ 0.5 mS/m)

were purchased from Sinopharm Chemical Reagent Co., Ltd. Additionally, 2-Methylimidazole (98.0%) was

purchased from Beijing Innochem Science & Technology Co., Ltd. Boric acid (99.99%) was purchased from

Alfa Aesar Co., Ltd. Commercial h-BN (metal basis, 99.9%) was purchased from Shanghai Aladdin Industrial

Co., Ltd. N
2
 (99.999%), He (99.999%), Ar (99.999%), Air (O

2
/N

2
 = 1/4, V/V) and C

3
H

8
 (C

3
H

8
/He = 1/4, V/V)

were purchased from Dalian Special Gases Co., Ltd. All solid reagents mentioned above were used directly

without further treatment.

Preparation of CBN and CBN-Zx

First, 1.6 g 2-methylimidazole was dissolved in 30 mL deionized water and was continuously stirred at room

temperature. Simultaneously, 3.0 g zinc nitrate hexahydrate was added into 30 mL deionized water in a

separate vessel and stirred until fully dissolved. The aqueous solution of zinc nitrate was slowly added into

the solution of 2-methylimidazole with constant agitation. Over approximately 6 h, the color of the mixture

transferred from clear to white with the formation of suspension. The resulting precipitate was separated by

centrifugation and was washed with deionized water three times to remove impurities. The resulting white

precipitate was then dried overnight at 80 °C yielding a white solid powder, which was denoted as ZIF-8.

The CBN-Zx (x = 0.2, 0.4 g) catalysts were prepared via co-pyrolysis of boric acid, urea and ZIF-8. In a

typical synthetic approach, 0.6 g boric acid and 6.1 g urea were dissolved in 40 mL deionized water.

Subsequently, a certain amount of (0.2 or 0.4 g) ZIF-8 was added into the solution, and the mixture was

stirred at 80 °C to evaporate water. The resulting white crystalline powder was then annealed at 950 °C for

3 h with a heating rate of 5 °C·min
-1
 under the protection of argon to obtain the CBN-Zx catalysts (x = 0.2 or

0.4 g). For the comparisons in terms of structure and catalytic performance, CBN samples were also

synthesized following the similar procedure as described above without using ZIF-8. The obtained samples

were named CBN, CBN-Z0.2 and CBN-Z0.4, respectively.
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Characterizations of the catalysts

X-ray diffraction (XRD) patterns were obtained using a Bruker D8 ADVANCE diffractometer equipped with

a rotating anode using Cu Kα radiation (40 kV, 40 mA) in the 2θ range of 10°-90° with a scan rate of 10°

min
-1

. The XPS analysis was performed on an ultra-high vacuum (UHV) ESCALAB 250, and the data was

acquired by a monochromatized Al Kα X-ray source. The binding energies were referenced to the C 1s peak

of environmental carbon at 284.6 eV. The transmission electron microscopy (TEM) was recorded on a FEI

Tecnai G2 T12 microscope with an accelerating voltage of 120 kV. The scanning electron microscope (SEM)

was employed for FEI Nova NanoSEM 450. N
2
 adsorption–desorption isotherms were acquired with a

Micrometrics ASAP 2020 instrument, following a degassing process at 120 °C for 12 h under vacuum

conditions. The thermogravimetric analysis (TGA) experiments were performed in a TG-DSC NETZSCH

STA 449 F3 instrument. The Fourier transform infrared spectroscopy (FTIR) was conducted with a Thermo

Nicolet iS10 ATR-FTIR system. The ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS) was

performed on the UV-2450 spectrophotometer. The spectra were recorded in the 400-4,000 cm
-1
 range with

32 scans at a resolution of 4 cm
-1
. The EPR was obtained from an ESR5000 EPR spectrometer (Germany).

Activity evaluation of the catalysts in oxidative dehydrogenation of propane

The ODHP reaction was performed in a fixed bed quartz tube reactor with a 10 mm outside diameter, which

operated in plug flow mode. First, 100 mg catalyst was mounted into the middle of the reactor (thermostatic

heating zone) with a certain amount of quartz wool as cover and holder at the top and bottom of the catalyst

powder to keep the same gas hour space velocity (GHSV). The reactant mixture contained 10 kPa C
3
H

8
 and

15 kPa O
2
 with the balance being He at a total flow rate of 25 mL·min

-1
. All the reactants and products (CH

4
,

C
2
H

4
, C

2
H

6
, C

3
H

6
, C

3
H

8
, He, CO, CO

2
) were analyzed by gas chromatography (Agilent 7890B) with the flame

ionization detector (FID) and thermal conductivity detector (TCD). The conversion of reactant (Con),

selectivity (S) and yield (Y) of propylene were determined from Equations (1)-(3), respectively.

The capital letters N and F represent the number of carbon atoms in a reactant or product and the flow rate

(input or output) of each component, respectively. The lower letter (including p, i) represents the product

and count symbol. The carbon balance of the reaction system with all catalysts is 100% ± 5%.

RESULTS AND DISCUSSION
Morphology and chemical structure characterizations of the catalysts

Scheme 1 depicted the synthetic procedure for porous CBN-Zx via a pyrolysis strategy with boric acid, urea

and ZIF-8 precursors, and the details could be found in the experimental section. Specifically, different

amounts of ZIF-8 were added to a solution of boric acid and urea, followed by recrystallization and

calcination to yield CBN-Zx nanosheets, which could then be applied directly in ODHP reaction. For

comparison, CBN was also prepared using the same method, except for the absence of ZIF-8. To elucidate

the crystal phase and chemical structure of the commercial h-BN and the as-prepared CBN and CBN-Zx

catalysts, XRD, FTIR and UV-Vis DRS measurements were performed. The XRD patterns [Figure 1A]

showed that all catalysts exhibited two broad reflections at around 26.0° and 43.6°, which could be assigned

as the (002) and (100) crystal planes of the layered borocarbonitride (BCN) structure, respectively
[26,28]

.

Commercial h-BN exhibited higher crystallinity [Figure 1A] than the prepared CBN-Zx or CBN catalysts.

FTIR spectra [Figure 1B] of CBN, CBN-Z0.2 and CBN-Z0.4 exhibited two prominent adsorptions at 803 and

1,390 cm
-1
, corresponding to the out-of-plane bending vibration and in-plane transverse stretching vibration

                                                                                                 

(1)  

(2)  

(3)  
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Figure 1. (A) XRD patterns, (B) FTIR spectra, (C) UV-Vis DRS of h-BN, CBN and CBN-Zx catalysts. TEM images of (D) CBN, (E) CBN-Z0.2
and (F) CBN-Z0.4, respectively. XRD: X-ray diffraction; FTIR: Fourier transform infrared spectroscopy; UV-Vis DRS: ultraviolet-visible
diffuse reflectance spectra; h-BN: hexagonal boron nitride; CBN: carbon-doped boron nitride; CBN-Zx: ZIF-8 derived carbon-doped boron
nitride; TEM: transmission electron microscope.

Scheme 1. Schematic illustration of CBN-Zx synthesis and the ODHP reaction on CBN-Zx catalysts. CBN-Zx: ZIF-8 derived carbon-doped
boron nitride; ODHP: oxidative dehydrogenation of propane.

of B–N–B and B–N, respectively
[42]

 and another absorption bond at around 1,600 cm
-1
 was attributed to C=N

bond vibration, which confirmed the ternary hybrid system of B, C and N elements in the synthesized

materials
[26]

. In comparison, only B–N and B–N–B vibrational mode peaks could be observed in the FTIR

spectra in commercial h-BN catalyst [Figure 1B]. The FTIR spectra of ZIF-8 and CBN-Z0.4 precursors were

also provided in Supplementary Figure 1. Several prominent peaks of ZIF-8 reflected the ordered

coordination structure of Zn-2-MeIm (Zn-N nodes) and the formation of repetitive units, confirming the

successful synthesis of ZIF-8 [Supplementary Figure 1A]
[43,44]

, and the FTIR spectra of the precursor for CBN-

Z0.4 showed features that correspond to boric acid and urea [Supplementary Figure 1B]
[45]

. In the UV-Vis

DRS [Figure 1C], the characteristic peaks at 219 and 257 nm were attributed to the σ and unpaired electron

transitions in BN, respectively
[28]

. Additionally, the band at 330 nm corresponded to the formation of C–N

bonds or the weak π interactions of sp
2
 hybridized C=C

[46,47]
. No absorption signal between 330 nm was

observed for h-BN. The UV-Vis DRS result was consistent with the FTIR spectra, showing that C has been

doped into BN structure.

https://file.oaecenter.com/published/pdf/a58188fc7751d4efffd202688329cae3/1768443174/cs4075-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/a58188fc7751d4efffd202688329cae3/1768443174/cs4075-SupplementaryMaterials.pdf
https://file.oaecenter.com/published/pdf/a58188fc7751d4efffd202688329cae3/1768443174/cs4075-SupplementaryMaterials.pdf
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The morphologies of CBN and CBN-Zx catalysts were characterized through TEM and SEM measurements.

Figure 1D-F and Supplementary Figure 2A-C revealed that the CBN, CBN-Z0.2 and CBN-Z0.4 catalysts

exhibited a similar nanosheet-like structure. Notably, pores with different sizes were observed in CBN-Z0.2

[Figure 1E] and CBN-Z0.4 [Figure 1F] compared with CBN showing no obvious pore structure [Figure 1D].

Nanosheets with porous structure could expose additional active sites and may exhibit high mass transfer

efficiency
[ 4 8 ]

. Energy dispersive X-ray spectroscopy (EDS) elemental mapping of selected areas

[Supplementary Figure 3] confirmed the presence and uniform distribution of B, N, C, and O elements in

CBN-Z0.4 catalyst. Additionally, commercial h-BN exhibited a stacked nanosheet-like morphology

[Supplementary Figure 4], which was totally different from the synthesized catalysts.

N
2
 adsorption-desorption isotherms and pore size distribution [Figure 2A] were also investigated to clarify

the specific surface area and porosity of catalysts. The N
2
 adsorption-desorption isotherms of h-BN, CBN,

CBN-Z0.2 and CBN-Z0.4 samples exhibited type IV isotherms with H4-type hysteresis loops, indicating the

co-existence of mesopores and micropores. As shown in Table 1, the specific surface area of CBN-Z0.4 was

determined at 1,302.4 m
2
·g

-1
, significantly higher than that of CBN-Z0.2 (1,003.6 m

2
·g

-1
), CBN (995.1 m

2
·g

-1
)

and h-BN (42.1 m
2
·g

-1
). As shown in Figure 2A, the pore size of CBN was predominantly distributed in the

range of 8-10 nm, while CBN-Z0.2 and CBN-Z0.4 catalysts exhibited pore sizes in the range of 30-40 nm

indicating the presence of a mesoporous structure with larger pores, which was consistent the TEM results

[Figure 1D‑F]. These results demonstrated that ZIF-8-derived CBN-Zx nanosheet materials possess an

adjustable specific surface area and pore structure. The porous structure of CBN-Z0.2 and CBN-Z0.4

catalysts might originate from the volatilization of Zn and the etching of C species under high temperature

pyrolysis conditions. This observation and hypothesis were consistent with previous literature reported

results, which showed that BN nanosheets synthesized via hydrothermal methods using ZIF-8 or Zn-

containing species and boric acid could generate abundant defects, and this structure feature may benefit the

ODHP process
[39-41]

.

EPR analysis could identify unpaired electrons and characterize surface defects, which was employed to

examine the defects in h-BN and our synthesized samples (CBN and CBN-Zx). As depicted in Figure 2B, a

significant increase in EPR intensity at a g value of 2.004 was observed in CBN-Z0.2 and CBN-Z0.4 catalysts

compared with CBN and h-BN catalysts. This enhancement of EPR signal confirmed that the presence of N

vacancies (B-terminated defects) within the lattice of the material resulted in unpaired electrons, generated

free radicals and subsequently led to the appearance of magnetic resonance signals in the EPR spectrum for

the CBN-Z0.2 and CBN-Z0.4 catalysts
[24,49]

.

XPS spectra were measured to reflect the surface element composition and electronic structure of CBN and

CBN-Zx catalysts. The XPS survey spectra [Supplementary Figure 5A] demonstrated that B, N, C and O were

four main elements in all the synthesized catalysts, and no Zn species were observed [Supplementary Figure

5B], indicating that all Zn species have volatilized during the high-temperature pyrolysis process (boiling

point of Zn is 900 °C
[50]

). The elemental contents obtained from XPS analysis were summarized in Table 1.

The C content in the catalysts increased from 10.2 at.% to 13.4 at.%, while the N content decreased from

33.8 at.% to 30.0 at.% with the increasing content of ZIF-8 in precursors from 0 to 0.4 g. Interestingly, the

contents of B and O elements remained constant. The calculation of the B/N ratio revealed the following

order: CBN-Z0.4 (1.45) > CBN-Z0.2 (1.30) > CBN (1.27) > h-BN (1.23), indicating an increase in the

concentration of B centers in the catalysts with the increasing dosage of ZIF-8 in the precursors [Table 1].

Deconvolution of B 1s and N 1s XPS spectra of h-BN, CBN and CBN-Zx could provide the estimation of the

chemical state and the quantity of boron and nitrogen species [Figure 2C and D, Table 2]. As shown in

Figure 2C, the main peak at 190.6 eV corresponded to the B atom bonded with the N atom for B–N, and the

subpeak at 189.9 and 192.3 eV were assigned to B–C and B–O species, respectively
[25,26,28]

. The content of B–O

species in CBN-Z0.2 and CBN-Z0.4 samples was calculated to be 10.4 at.% and 9.9 at.%, higher than that in
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Figure 2. (A) N2 adsorption-desorption isotherms and pore size distributions; (B) EPR spectra; Deconvolution of XPS spectra (C) B 1s and
(D) N 1s of h-BN, CBN and CBN-Zx. EPR: Electron paramagnetic resonance; XPS: X-ray photoelectron spectra; h-BN: hexagonal boron
nitride; CBN: carbon-doped boron nitride; CBN-Zx: ZIF-8 derived carbon-doped boron nitride.

Table 1. Specific surface area and XPS results for h-BN, CBN and CBN-Zx catalysts

Catalysts SBET (m2·g-1)
Content (at.%)

B/Na

B N C O

h-BN 42.1 49.9 40.7 5.2 4.2 1.23

CBN 995.1 43.1 33.8 10.2 12.8 1.27

CBN-Z0.2 1,003.6 43.0 33.1 10.3 13.6 1.30

CBN-Z0.4 1,302.2 43.4 30.0 13.4 13.1 1.45

aB/N: B content/N content. XPS: X-ray photoelectron spectra; h-BN: hexagonal boron nitride; CBN: carbon-doped boron nitride; CBN-Zx: ZIF-8
derived carbon-doped boron nitride.

CBN (8.07 at.%). As shown in Figure 2D, deconvolution of N 1s XPS spectra yielded two types of N species

on the CBN surface, including N–B and N–C at 398.0 and 399.1 eV, respectively
[25,26,29]

. A new N–O species

was observed at 400.3 eV for CBN-Z0.2 and CBN-Z0.4
[51]

. The higher contents of B–O and the emergence of

N–O functional groups in CBN-Z0.2 and CBN-Z0.4 resulted from the presence of numerous B-terminated

defects and the strong promotion of O atom incorporation into the BN lattice due to carbon doping. This

was consistent with EPR results [Figure 2B]. Deconvolution of O 1s XPS spectra yielded three types of O

species on CBN and CBN-Zx catalysts [Supplementary Figure 6]. The O–B and -OH were determined as two

major oxygen-containing species that exist on the surface of CBN and CBN-Zx
[28]

. Previous studies have

indicated that B–O species and carbonyl (C=O) groups serve as the active sites for the catalytic alkane or

alcohol ODH reactions in CBN catalysts
[25,33]

. However, Supplementary Figure 6 demonstrated that there was

only a limited number of C=O groups present in all the synthesized samples, and thus B–O species were
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Table 2. XPS results of CBN and CBN-Zx catalysts before and after ODHP reactions

Catalysts O content (at.%) B–O content (at.%) BOx content (at.%)

Fresh CBN 12.8 8.1 -

Fresh CBN-Z0.2 13.6 10.4 -

Fresh CBN-Z0.4 13.1 9.9 -

Used CBN 15.2 10.2 1.4

Used CBN-Z0.2 24.4 8.4 11.0

Used CBN-Z0.4 27.1 8.6 11.5

XPS: X-ray photoelectron spectra; CBN: carbon-doped boron nitride; CBN-Zx: ZIF-8 derived carbon-doped boron nitride; ODHP: oxidative
dehydrogenation of propane; BOx: boron oxygen.

considered as the main active sites in CBN and CBN-Zx samples for ODHP. Finally, the thermal stability of

h-BN, CBN, CBN-Z0.2, and CBN-Z0.4 catalysts was evaluated via TGA [Supplementary Figure 7]. All

catalysts showed no obvious mass loss under 900 °C in air atmosphere, indicating that the porous structure

and carbon doping do not affect the thermal stability of h-BN, CBN, CBN-Z0.2 and CBN-Z0.4 samples.

Performance of CBN-Zx catalysts in ODHP reaction

The catalytic performance of h-BN, CBN, CBN-Z0.2, and CBN-Z0.4 catalysts in ODHP was evaluated. The

ODHP reaction was performed under relatively gentle reaction conditions at 500 °C with the total flow rate

of 25 mL·min
-1
, eliminating diffusion limitations. In a typical blank experiment (without catalyst), the system

showed a negligible ODHP reaction activity with propane conversion of 0.5% [Supplementary Figure 8]. As

shown in Figure 3A, CBN-Z0.4 demonstrated an initial propane conversion of 18.0% and culminated in a

maximum propane conversion of 23.9% after 400 min, and the main reaction products were propylene

(73.5%), ethene (12.9%) and CO (10.8%) with slight ethane (1.5%), methane (0.2%) and CO
2
 (1.1%). The

catalytic performance could keep stable for over 900 min without obvious deactivation, suggesting its

relatively high stability. It could be observed that CBN-Z0.4 demonstrated an obvious induction period in

the ODHP reaction. Similar induction period could also be observed in the ODHP reaction over CBN-Z0.2

catalyst [Supplementary Figure 9] due to their similar structure. This phenomenon was related to the unique

structure of CBN-Z0.4 and CBN-Z0.2 with abundant B-terminated pores or defects as shown above, which

may be slowly activated into BO
x
 active sites during the reaction, leading to the induction period. However,

h-BN did not exhibit the induction period [Supplementary Figure 10]. Supplementary Figure 11 displayed

the SEM images of the used CBN-Z0.2 and CBN-Z0.4 catalysts, showing that the nanosheet structure

remained after the reaction, also suggesting the relatively high stability of these materials.

As shown in Figure 3B, the proposed CBN-Z0.2 and CBN-Z0.4 catalysts exhibited superior catalytic

performance in the ODHP reaction compared with commercial h-BN and the synthesized CBN catalysts.

CBN-Z0.4 demonstrated a high propane conversion of 23.9%, which was about 2.5 times (23.9% vs. 9.4%)

higher than that on CBN. Notably, a high total olefin selectivity of 86.4% on CBN-Z0.4 was maintained even

under a high conversion of 23.9%. The obtained CBN-Z0.4 catalyst exhibited a propylene production rate of

0.52 g
C3H6

·g
Cat

-1
·h

-1
 at 500 °C, which was higher than other catalysts [Supplementary Table 1]. Furthermore, the

propane conversion significantly increased for all catalysts at 510 °C, with the CBN-Z0.4 catalyst maintaining

the highest propylene production rate (0.66 g
C3H6

·g
Cat

-1
·h

-1
). As shown in Figure 3C, the apparent activation

energy (Ea) for ODHP was determined as 208.0, 180.6 and 174.9 kJ·mol
-1
 for CBN, CBN-Z0.2 and CBN-Z0.4,

respectively, according to the Arrhenius equation, which was lower than that on h-BN (220-230 kJ/mol)
[52,53]

.

Compared with several typical boron-based catalysts reported in the literature in Figure 3D and

Supplementary Table 2, the propylene yield on CBN-Z0.4 in ODHP process reached 17.6% under the

optimized reaction conditions (10 kPa propane, 15 kPa O
2
) surpassed most typical reported B-based ODHP

reaction systems, showing its great potential for future practical applications in ODHP.
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Figure 3. (A) Time on stream of CBN-Z0.4 in ODHP reactions; (B) Catalytic performance of h-BN, CBN and CBN-Zx in ODHP reactions;
(C) Arrhenius plots and Ea values of CBN and CBN-Zx; (D) Propylene yield as a function of propane conversion over several typical
B‑based catalysts in ODHP reactions. Reaction conditions: 100 mg catalyst (apparent activation energy test: 40mg catalyst), 500 °C,
10 kPa C3H8, 15 kPa O2, He balance total 25 mL·min-1. CBN: Carbon-doped boron nitride; ODHP: oxidative dehydrogenation of propane;
h‑BN: hexagonal boron nitride; CBN-Zx: ZIF-8 derived carbon-doped boron nitride; Ea: apparent activation energy.

Physical-chemical nature behind the high ODHP activity of CBN-Zx catalysts

The detailed physical-chemical nature behind the high activity of CBN-Zx catalysts in ODHP reaction was

unraveled in this part by linking the structural characterization and the catalytic activity evaluation results.

As shown in Table 2, the used CBN-Z0.4 catalyst demonstrated the highest O content of 27.1 at.% among all

the other catalysts, and also showed an obvious increase compared with fresh CBN-Z0.4 catalyst (13.1 at.%).

The used CBN-Z0.2 catalyst exhibited a similar increasing trend of oxygen content after ODHP reaction

from 13.6 at.% to 24.4 at.%. This was consistent with above observations and hypothesis of induction period.

On the contrary, the surface O content of the used CBN catalyst showed a negligible increase after ODHP.

These O content XPS analysis results demonstrated that carbon doping with ZIF-8 facilitated the O atom

incorporation into the edge of the BN matrix, especially under ODHP reaction conditions.

Figure 4A showed the deconvolution of B 1s XPS spectra of the used CBN, CBN-Z0.2 and CBN-Z0.4

catalysts, and the peak-fitting results and corresponding surface chemical composition were summarized in

Table 2. Compared with fresh catalysts, a new signal corresponding to BO
x
 species was found at 193.7 eV for

all used catalysts
[26,28,54]

. The used CBN-Z0.2 and CBN-Z0.4 catalysts exhibited higher BO
x
 content, at

11.0 at.% and 11.5 at.%, respectively, and significantly surpassed the BO
x
 content of the used CBN catalyst

(1.4 at.%). In addition, two new peaks at 1,200 and 700 cm
-1

 could be observed in the FTIR spectra [Figure

4B] of the used catalysts, which were assigned as B–O and B–O–B vibration modes, respectively
[55]

, and this

was consistent with XPS analysis results, confirming the formation of BO
x
 in the catalysts. This trend of

increasing BO
x
 content was consistent with the change in the B/N ratio in fresh catalysts. As shown in
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Figure 4. (A) Deconvolution of B 1s XPS spectra and (B) FTIR spectra of the used CBN and CBN-Zx. XPS: X-ray photoelectron spectra;
FTIR: Fourier transform infrared spectroscopy; CBN: carbon-doped boron nitride; CBN-Zx: ZIF-8 derived carbon-doped boron nitride.

Figure 5. (A) Correlation between the B/N ratio, BOx content obtained from XPS and the reaction rate of CBN and CBN-Zx in ODHP; (B)
The schematic diagram of BOx species generation from B-terminated defects in ODHP. BOx: Boron oxygen; XPS: X-ray photoelectron
spectra; CBN: carbon-doped boron nitride; CBN-Zx: ZIF-8 derived carbon-doped boron nitride; ODHP: oxidative dehydrogenation of
propane.

Figure 5A, it was evident that a positive correlation existed among these parameters: a higher B/N ratio in

fresh catalysts corresponded to higher BO
x
 species content in the used catalytic materials, which resulted in

higher reaction rates in ODHP. The CBN-Z0.4 catalyst, characterized by the highest B/N ratio of 1.45 and

BO
x
 species content of 11.5 at.%, exhibited the highest reaction rate of 1.01 g

C3H8
·g

Cat

-1
·h

-1
. It was reasonable to

infer that the presence of edge B-terminated defects which could be transformed into BO
x
 active sites under

reaction conditions, improved the ODHP catalytic activity of the material. This observation underscores the

significance of B-terminated pores as a pivotal factor in CBN catalysts for the enhanced ODHP catalytic

activity.

Based on the results presented above, the ODHP on CBN-Zx catalysts could be elucidated as shown in

Figure 5B. Two types of B–O species included B–O sites at the edge of CBN (type I) and BO
x
 species formed
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at B-terminated defects (type II), which all contributed to ODHP reactions. The reason for the high activity

of CBN-Zx catalysts could be attributed to their unique structure, which contained plenty of B-terminated

defects resulting from the volatilization of Zn and C species during the pyrolysis of ZIF-8 containing

precursors. These B-terminated defects transformed into active BO
x
 species

[24]
, and eventually promoted the

conversion of propane, showing relatively high activity in the ODHP process.

CONCLUSIONS
In summary, we have developed a novel co-pyrolysis method for the synthesis of CBN catalysts via ZIF-8 as

part of the precursors. The unique role of ZIF-8 could introduce plenty of B-terminated defects into CBN

catalysts, and these defects could transform into BO
x
 active species under reaction conditions, and thus

enhanced the catalytic activity of the synthesized CBN catalysts. The optimized non-metallic CBN-0.4

catalyst exhibited a propane conversion at 23.9% and with the olefin selectivity at 86.4% at 500 °C, which

outperformed h-BN and most boron-based catalysts. The present study provides a new idea for designing

and synthesizing highly efficient boron-based catalysts for ODHP reactions, and the structure-function

relations in the present work may also shed light on development of other non-metallic catalysts from MOFs.
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