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HIGHLIGHTS

« B/N co-doped carbon supported Mo,C
catalysts with oxygen vacancies were
prepared.

« The oxidative dehydrogenation of
flavanones to flavones was performed
smoothly.

« The synergistic effect between Mo,C
and oxygen vacancies results in good
yields.

» B-Mo,C can greatly reduce the
activation energy of flavanone
dehydrogenation.

« O vacancies could activate O, with
the dissociated H atom to generate
-OH radicals.
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ABSTRACT

Flavonoids are a type of naturally bioactive molecules, but their chemical producing methods are chal-
lenging. Herein, a simple and effective one-step pyrolysis method was developed to successfully prepare
a series of molybdenum carbide catalysts dispersed on B and N-codoped carbon materials (Mo,C@BNC-x).
Under a calcination temperature of 1000 °C, the as-prepared Mo,C@BNC-1000 served as a highly efficient
heterogeneous catalyst for oxidative dehydrogenation of flavanones into flavones, and the conversion and
yield were both 99%. Moreover, several characterizations and density functional theory calculations
showed the excellent catalytic performance of Mo,C@BNC-1000 catalyst originated from the synergistic
effect between Mo,C and the B/N co-doped carbon support with rich oxygen vacancies. In addition, the
Mo,C@BNC-1000 catalyst showed good applicability and reusability, with no significant reduction in cat-
alytic activity at least five runs. The prepared Mo,C@BNC catalyst thus triggers facile synthesis of flavones
through oxidative dehydrogenation of flavanone with green economy and high efficiency.

© 2022 Elsevier Inc. All rights reserved.
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1. Introduction

Flavones or 2-phenylchromones are one of the most ubiquitous
polyphenolic secondary metabolites existing in natural products
and their corresponding derived foods. These compounds exhibit
a wide range of biological activities, including antidiabetic, antiox-
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idant, anticancer, and chemopreventive properties [1]. However,
even via high-speed countercurrent chromatography, the content
of flavonoids isolated directly from plants in an optimized solvent
system remains very low [2,3]. Consequently, the chemical synthe-
sis of flavonoids has become a hot research topic in chemistry and
medicine, particularly the development of efficient, clean, and
cheap catalysts for their synthesis.

At present, several methodologies for synthesis of flavonoids
are reported. The most attractive route is the chalcone route
because the 2’-hydroxychalcone intermediates can be readily syn-
thesized by a base-catalyzed Claisen-Schmidt condensation of
readily available 2’-hydroxyacetophenones and benzaldehydes
[4]. However, the oxidative dehydrogenation of flavanones in the
route is still problematic. As illustrated in Scheme 1, a halogen-
based oxidant I, has to be used and suffers from the drawbacks
related to its homogeneous nature and unrecyclability [4,5]. Subse-
quently, noble metal catalysts have been reported for oxidative
dehydrogenation of flavanones by using gold nanoparticles loaded
on Mg-Al layered double hydroxide (Au/LDH) [6]; however, the
catalytic selectivity of flavone was only 76% and the Au/LDH cata-
lyst was very easily deactivated with a severe loss of catalytic per-
formance after 2 runs. Therefore, a method with excellent atomic
economy and heterogeneous efficiency for direct oxidative dehy-
drogenation of flavanones to flavones is still required.

Previous studies have revealed similarities between the elec-
tronic structure of the d orbital in the outer layer of molybdenum
carbide (Mo,C) and the platinum family [7,8]. With high electrical
conductivity and optimal hydrogen-adsorption properties, Mo,C
has intensely awakened ever-increasing attention as a nonprecious
metal candidate for efficient dehydrogenation [9-12]. However,
the limited exposed active sites have brought adverse effects on
direct employment of bulk Mo,C as catalyst [13-15]. Thereby, it
is highly anticipated to find an efficient strategy for Mo,C fabrica-
tion and boost its catalytic activity. Prospectively, hetero-atoms
(e.g. N, B or others) as dopant into carbon can modulate catalyst’s
physical and chemical properties to have good catalytic activity
and selectivity in the oxidative dehydrogenation (ODH) reactions
[16-18]. For example. Wang et al. reported that a codoped
boron-nitrogen-carbon-supported (Co—B—N—C) catalyst nanos-
tructure was superior to Co—N—C for the selective oxidation of
ethylbenzene [19]. Bordoloi et al. synthesized a mesoporous ByCN
material which displays excellent activity and selectivity in oxida-
tive dehydrogenation of propane [20]. Therefore, a rational design
of a hybrid catalyst combing both super properties of Mo,C and B,
N-codoped carbon material is a promising and attractive method-
ology for oxidative dehydrogenation of flavanone.

1,-DMSO
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Herein, we made an attempt to highly disperse Mo,C in a
nanoscale on B,N-codoped carbon material for efficient oxidative
dehydrogenation of flavanones to flavones. A series of heteroge-
neous Mo,C-supported B—N—C catalyst (Mo,C@BNC-x) were pre-
pared by simple low-cost raw materials mixing and one-step
pyrolysis. The appropriate pyrolysis temperature for the formation
of Mo,C and catalyst endurance were studied. Reaction mechanism
of the highly active and selective catalyst was investigated by var-
ious characterizations and density functional theory (DFT)
calculations.

2. Experimental section
2.1. Materials

Phosphomolybdic acid (96.5%), urea (99%), boric acid (99.5%), D-
(+)-glucose (98%), flavanone (98%), 5,5-dimethyl-1-pyrroline N-
oxide (DMPO, 97%),1,4-benzoquinone (98%), ammonium formate
(98%), tertiary butanol (99%), butylated hydroxytoluene (99%),
and commercialized B-Mo,C powder (99%) were purchased from
Shanghai Macklin Biochemical Co., Ltd. 6-Methoxyflavanone
(98%), 4-methoxyflavanone (98%), 6-methylflavanone (98%), 4-
methylflavanone (98%), and 2-(4-chlorophenyl)chroman-4-one
(98%) were purchased from Adamas-Beta Co., Ltd. The other chem-
icals were used as purchased without further treatment.

2.2. Preparation of molybdenum carbide catalysts

The Mo,C@BNC-x samples can be synthesized by two steps
including mechanical grinding and high temperature calcination.
In a typical run, phosphomolybdic acid (1.2 g), boric acid (2.0 g),
urea (4.0 g), and D-(+)-glucose (16.0 g) were added into a 50 mL
of agate mortar, respectively. Then these four solid components
were homogeneously mixed together by vigorous grinding for
10 min. After that, the solid mixture was calcined at 1000 °C for
8 h with a heating rate of 5 °C/min under N, atmosphere. The Mo,-
C@BNC-1000 sample was finally obtained. For comparison, Mo,-
C@BNC-800 and Mo,C@BNC-900 can be prepared with similar
procedures with that of Mo,C@BNC-1000 by adjusting calcination
temperature. The reference catalyst Mo—N—C/1000 was also pre-
pared according to the preparation procedure of Mo,C@BNC-
1000, only excepting the use of raw material boric acid.

Unrecyclable
e Strong oxidants

Homogeneous, hard purification

Mo,C@BNC, O, Excellent reusability
I Grecen economy

High selectivity (99%)

Heterogeneous, convenient separation

Scheme 1. Synthesis of flavones catalyzed by various catalyst systems.
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2.3. Characterization

X-ray diffraction (XRD) patterns of Mo,C@BNC-x were obtained
on a Rigaku RINT-2200 diffractometer using a Cu Ko source. Four-
ier transform infrared (FTIR) spectra were measured by a Nicolet
6700 spectrometer. N, adsorption-desorption analysis was carried
out by Micromeritics TriStar Il 3020 at —196 °C. The morphology
and particle size of Mo,C@BNC-x were characterized by field emis-
sion scanning electron microscope (SEM, HITACHI S-3400N) and
transmission electron microscopy (TEM, JEOL JEM-2100). The sur-
face elemental information was recorded on AXIS Supra X-ray pho-
toelectron spectroscopy (XPS, Kratos Analytical) with an Al Ko
radiation source. Electron paramagnetic resonance (EPR) spectra
was recorded at room temperature on a Bruker EMXplus-9.5/12
spectrometer. Spin trapping experiments were performed in a
reaction mixture containing 100 mmol/L DMPO.

2.4. Catalytic reaction

The oxidative dehydrogenation of flavanone was conducted in a
25 mL stainless steel autoclave. In a typical run, 0.05 g Mo,C@BNC-
1000 catalyst, 0.06 g flavanone, and 6 mL ethanol were added into
the batch reactor. And then the reactor was pressured with O,.
Afterward, the reactor was heated to 180 °C for 10 h under
1.8 MPa O,. After the reaction, the catalyst was first separated from
the reaction mixture by filtration. the recycled catalyst was
washed with ethanol three times and used for the next run after
drying. The liquid products were analyzed qualitatively through
gas chromatography-mass spectrometry (GC-MS, 1300 GC-ISQ,
Thermo Trace). Quantitative analysis of the liquid products was
identified by a gas chromatograph (GC, Thermo Trace 1310)
equipped with a capillary column TG-5HT (30 m x 0.25 mm x O.
25 pm) using internal standard trimethylbenzene. The tempera-
tures of the injector and detector were 280 °C and 250 °C, respec-
tively. The column temperature increased from 50 °C to 280 °C at
10 °C/min and held at 280 °C for 4 min.

2.5. Calculation details

DFT calculations were implemented utilizing generalized gradi-
ent approximation (GGA) functional in the form of PBE in CASTEP
package [21-24]. The convergence criterion of energy, maximum
force and maximum displacement for geometry optimization was
set as 1.0 x 107> eV/atom, 0.03 eV/A and 0.001 A respectively. A
custom energy cutoff of 400 eV was adopted for the plane wave
basis set. SCF tolerance of 1.0 x 107® eV/atom were applied in
the computations. (101) facet of B-Mo,C was selected as the rep-
resentative surface for flavanone dehydrogenation. The periodic
surface model was cleaved from bulk B-Mo,C in a 3 x 4 supercell
with nine-layer atoms using a vacuum slab with thickness of
15 A. Top three-layer atoms in the supercell were relaxed to repre-
sent the bare surface. The k-point mesh of Brillouin zone was set to
be 1 x 2 x 1 for geometry optimization and transition state search
of flavanone dehydrogenation on (10 1) surface of B-Mo,C. Further-
more, according to the dehydrogenation pathway of flavanone on
the B-Mo,C (101) surface, relative energies for direct dehydro-
genation of flavanone without catalysis were calculated. All transi-
tion states were located by performing complete LST/QST
calculations [25,26].

A layer of graphene is often employed as the simplified acti-
vated carbon model for DFT related calculations in literatures
[27-29]. Considering a similar size with the p-Mo,C (101) surface
model, a two-layer graphitic carbon structure was created as the
carbon material model for DFT calculations. For the B/N-doped car-
bon material model, atomic substitution and oxygen vacancy
defect were constructed near the pre-set dehydrogenation sites
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to explore the possible effects of B/N doping and oxygen vacancy
on flavanone dehydrogenation. For the graphitic carbon model, a
6 x 6 supercell with 15 A thick vacuum slab was created by cleav-
ing the (001) surface of bulk graphite and the top carbon layer was
relaxed. Considering the weak interaction force between graphite
layers and molecules, DFT-D correction (Grimme method) and a
larger k-point density of 3 x 3 x 1 was employed to ensure suc-
cessful convergences. Other calculation conditions were set the
same as the B-Mo,C (101) surface model. The constructed struc-
tures of the three carbon material models are shown in Figs. S1-S3.

3. Results and discussion
3.1. Characterization results

The Mo,C@BNC-x samples were firstly characterized by XRD, as
shown in Fig. 1. It is found that the typical characteristic peaks
were observed at 34.4°, 37.9°, 39.5°, 52.2°, 61.7°, 69.6°, and 74.7°
for Mo,C@BNC-900 and Mo,C@BNC-1000 samples, which belongs
to the (100), (002),(101),(102),(110),(103), and (112) crystal
planes of B-Mo,C (JCPDS No. 35-0787), respectively [30,31]. Mean-
while, the Mo,C@BNC-800 exhibited relatively weak diffraction
peaks of Mo,C nanoparticles because of the low annealing temper-
atures of 800 °C [32]. These results show the successful preparation
of B-Mo,C nanoparticles encapsulated in these three Mo,C@BNC-x
samples. Notably, the characteristic peaks of B-Mo,C crystals were
not found in the XRD patterns of Mo—N—C/1000 sample without
using boric acid as the precursor material. This finding suggests
that the precursor material boric acid is very essential to promote
the formation of B-Mo,C nanocrystals in the Mo,C@BNC-x sample.

Fig. 2 illustrates the FTIR spectra of these three Mo,C@BNC-x
samples. The characteristic peaks at 1600, 1390, and 1197 cm™!
were discovered and assigned to the C=N stretching vibration,
the in-plane B-N stretching vibration, and B—O stretching vibra-
tion [33], respectively. This indicates that boron and nitrogen ele-
ments has successfully co-doped in the Mo,C@BNC-x samples.
Moreover, the porosities and surface areas of Mo,C@BNC-x sam-
ples were further determined by N, adsorption-desorption at
—196 °C. It is seen from Fig. S4 that all these three Mo,C@BNC-x
samples displayed very low N, adsorption capacities. As a result,
their surface areas were very small (less than 10 m?/g), verifying
the nonporosity of Mo,C@BNC-x samples.

Fig. 3 displays the SEM images of Mo,C@BNC-x samples. It can
be seen that the primary particles of Mo,C@BNC-800 and Mo,-
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Fig. 1. XRD patterns of Mo,C@BNC-x samples.
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Fig. 2. FTIR spectra of Mo,C@BNC-x samples.

C@BNC-900 interconnected with each other to form a very dense
framework, respectively (Fig. 3A,B). As the annealing temperature
further increased to 1000 °C, a uniform and loose nodular structure
was obtained for Mo,C@BNC-1000 (Fig. 3C,D). For comparison, the
reference sample Mo—N—C/1000 showed a very smooth surface
morphology without nodular structure (Fig. S5), which reconfirms
that the precursor boric acid is essential to generate highly dis-
persed B-Mo,C nanoparticles on B/N-codoped carbon frameworks.
As shown in Fig. 4A, the TEM image of Mo,C@BNC-1000 indicated
that the Mo-based dots with an average size of 22.15 + 0.68 nm
were highly dispersed and encapsulated in the support B/N-
codoped carbon frameworks. The HRTEM image of Mo,C@BNC-
1000 (Fig. 4B) also showed that the lattice spacing of Mo,C was
measured to be 0.23 nm, corresponding to the (101) plane of crys-
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tallized B-Mo,C nanoparticles [34,35]. This finding reconfirmed the
formation of crystallized B-Mo,C nanoparticles in Mo,C@BNC-
1000, which agrees well with the XRD results.

The XPS measurements of Mo,C@BNC-x samples were per-
formed to analyze the elemental compositions and chemical
valence states. It is shown that the Mo, C, B, N, and O elements
were detected in the full-scan spectra (Fig. S6). The Mo 3d XPS
spectra (Fig. 5) could be deconvoluted into three types of Mo spe-
cies, corresponding to Mo?* at 228.6 + 0.2 eV, Mo*" at 229.8 + 0.1
eV, and Mo®" at 232.8 + 0.1 eV, respectively [36]. More importantly,
it is found that the surface low-valence Mo?* percentage in Mo,-
C@BNC-1000 was greatly higher than those in Mo,C@BNC-800
and Mo,C@BNC-900. That is to say, the higher the carbonization
temperature was, the more the content of Mo?* species had. Thus,
it is demonstrated that high annealing temperature can effectively
induce more crystallized B-Mo,C nanoparticles in Mo,C@BNC-
1000, which is in agreement with the XRD patterns of Mo,-
C@BNC-x.

In addition, Fig. 6 shows the high-resolution XPS spectra of O 1s
in the Mo,C@BNC-x samples. It is indicated that the small deconvo-
luted peak located at around 530.8 eV could be associated with the
lattice oxygen in Mo,C@BNC-x, while the large deconvoluted peak
located at around 532.4 eV was corresponding to the surface
adsorption oxygen. It is believed that the proportion of the
absorbed oxygen species in XPS spectra can determine the forma-
tion of surface oxygen vacancies [37]. Then the relative intensity
ratio values of O 1s (adsorption oxygen)/O 1s (lattice oxygen) were
calculated to be 1.67, 1.42, and 1.05, respectively, for Mo,C@BNC-
800, Mo,C@BNC-900, and Mo,C@BNC-1000. This suggests that
increasing annealing temperature would be conducive to generate
surface oxygen vacancy. In addition, EPR spectroscopy was further
performed to verify oxygen vacancies on the surface of Mo,-
C@BNC-x samples. It is seen from Fig. 7 that an obvious EPR signal
at g = 2.0027 was observed for Mo,C@BNC-1000, which is assigned
to oxygen vacancies [38]. In contrast, the signal of oxygen vacan-
cies was not detected for Mo,C@BNC-800 and Mo,C@BNC-900.

Fig. 3. SEM images of Mo,C@BNC-800 (A), Mo,C@BNC-900 (B), and Mo,C@BNC-1000 (C, D).
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Fig. 5. XPS profiles of Mo 3d in the Mo,C@BNC-x samples. Fig. 7. EPR spectra of Mo,C@BNC-x recorded at 25 °C.
3.2. Catalytic performance
Mo,C@BNC-1000 O 1s vtic perf
The oxidative dehydrogenation of flavanones to flavones is one
of the most popular procedures for the synthesis of flavones.
Therefore, the as-prepared Mo,C@BNC-x samples were employed
= | Mo,C@BNC-900
8 0.C@® surface Oxygen
g Table 1
w 2 able
§ Leaifice Cheeen Oxidative dehydrogenation of flavanone to flavone catalyzed by various Mo-based
= catalysts.
==
Mo,C@BNC-800 o
O catalyst
—_——
QT
538 536 534 532 530 528 526
Bandmg Energy Entry Catalyst Conversion of flavanone Yield of flavone
Fig. 6. XPS spectra of O 1s in the Mo,C@BNC-x samples. 1 Mo,C@BNC-1000 99% 99% (95%)
2 Mo,C@BNC-900 91% 79%
3 Mo,C@BNC-800 79% 58%
Therefore, it is shown that a B/N co-doped carbon supported Mo,C 4 Mo—N—C/1000 29;% 17%
. R . . 5 Commercialized B- 10% 9%
catalyst incorporated with rich oxygen vacancies was successfully Mo,C
prepared. 6 B-Mo,C/AC 15% 13%

Reaction conditions: flavanone (0.25 mmol), catalyst (0.05 g), ethanol (6 mL),
1.8 MPa 0,, 180 °C, 10 h. Value in parentheses is isolated yield.
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as the catalysts in oxidative dehydrogenation of flavanone
(Table 1). It is found that three Mo,C@BNC-x catalysts showed dif-
ferent catalytic activities in oxidative dehydrogenation of fla-
vanone to flavone under O, condition. The characterization
results of '"H NMR and 3C NMR (Figs. S7 and S8) confirmed the
successful catalytic synthesis of flavone through oxidative dehy-
drogenation of flavanone. The Mo,C@BNC-1000 catalyst exhibited
the best performance with a 99% conversion of flavanone and 99%
yield of flavone, respectively (Table 1, entry 1). However, the other
two catalysts Mo,C@BNC-800 and Mo,C@BNC-900 were found to
have relatively low catalytic activities for oxidative dehydrogena-
tion of flavanone to flavone, and the yields of flavone were less
than 80% (Table 1, entries 2,3). Meanwhile, the reference catalyst
Mo—N—C/1000 induced only 17% flavone yield (Table 1, entry 4),
obviously demonstrating the key catalysis of p-Mo,C in Mo,-
C@BNC-1000. Commercialized p-Mo,C and activated carbon sup-
ported commercialized B-Mo,C (B-Mo,C/AC) were also examined
to have very low yield of flavone under identical conditions
(Table 1, entries 5,6), showing the importance of the support B/
N-codoped carbon in the oxidation reaction of flavone.

Furthermore, the effect of reaction parameters such as solvent,
temperature, and time on the yield of flavone was studied in detail.
First, optimization of the reaction solvent indicated that strong
polar solvents had a positive impact on the oxidative dehydrogena-
tion of flavanone to flavone. The highest flavone yield of 99% could
be obtained in ethanol at 180 °C and 10 h (Table S1). However, the
low-polar solvent toluene induced only 62% yield of flavone. More-
over, as shown in Fig. S9a, it is demonstrated that the oxidative
dehydrogenation of flavanone to flavone was obviously accelerated
by the increase of reaction temperature from 150 to 180 °C. How-
ever, no apparent increases in the conversion of flavanone and
yield of flavone were observed at 190 °C. Thus, the optimal temper-
ature of 180 °C was chosen in the following experiments. In addi-
tion, Fig. S9b shows the time-dependent catalytic performance of
Mo,C@BNC-1000 for oxidative dehydrogenation of flavanone to
flavone at 180 °C. Both the conversion of flavanone and the yield
of flavone could greatly enhance from 4 h to 10 h. The flavanone
was found to be almost completely oxidized into flavone at 10 h.
After screening of the reaction conditions, the optimized parame-
ters were set as follows: Mo,C@BNC-1000 as the catalyst, ethanol
as the solvent, O, as the oxidant, temperature of 180 °C, and reac-
tion time of 10 h.

Inspired by the above-mentioned promising results, the com-
parison results of oxidative dehydrogenation of flavanone to fla-
vone catalyzed by Mo,C@BNC-1000 and other reported catalysts
were summarized and listed in Table S2. It can be seen that Mo,-
C@BNC-1000 showed excellent catalytic activity for highly efficient
synthesis of flavone, which is much better than the performance of
heterogeneous gold catalyst Au/LDH [6]. Moreover, the previous
homogeneous catalysis systems for oxidative dehydrogenation of
flavanone to flavone relied on using an unwelcoming I, as the oxi-
dant or adding a relatively expensive ionic liquid as the solvent
[4,5]. These progresses are still inferior to the performance of Mo,-
C@BNC-1000 catalyst. Therefore, Mo,C@BNC-1000 is considered to
be the outstanding non-noble metal heterogeneous catalyst for
highly efficient oxidative dehydrogenation of flavanone to flavone
under mild conditions (Scheme 1).

3.3. Reactive oxygen species

In order to further investigate whether reactive oxygen species
were generated in the oxidative dehydrogenation of flavanone, the
active species trapping experiments were carried out by using var-
ious radical scavengers. As shown in Table 2, both the conversion
of flavanone and yield of flavone decreased significantly by adding
free radical scavenger butylated hydroxytoluene (Table 2, entry 2),
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implying that the oxidative dehydrogenation of flavanone involves
a free radical process. Meanwhile, this reaction was inhibited obvi-
ously by adding hydroxyl radical scavenger tertiary butanol
(Table 2, entry 3). This suggests that the hydroxyl radicals would
be the reactive oxidative species. In contrast, no obvious decrease
in the conversion of flavanone and yield of flavone were observed,
when the superoxide radical quencher 1,4-benzoquinone and hole
scavenger ammonium formate were added, respectively (Table 2,
entries 4,5).

Subsequently, EPR spin-trapping was used to directly test oxy-
gen species in oxidative dehydrogenation reaction of flavanone. It
can be seen from Fig. 8 that four characteristic peaks of -DMPO-
OH adducts (sign W) with an intensity ratio of 1:2:2:1 were clearly
detected [39,40], offering conclusive evidence for the generation of
-OH radicals. Moreover, a strong six lines hyperfine pattern (sign
O) was observed and identified as the .-DMPO-CHj3 spin adduct gen-
erated as result of the interaction between the -OH free radical
with the solvent ethanol [40]. A three-line DMPOX signal (sign
#) was also detected derived from the decomposition of DMPO
to an oxidized form DMPOX [39,41]. Therefore, it is demonstrated
that the Mo,C@BNC-1000 catalyst possessing rich oxygen vacan-
cies has a good ability to activate molecular oxygen. The oxygen
vacancies in Mo,C@BNC-1000 could boost electron localization
and charge separation and promote the generation of more hydro-
xyl radicals smoothly, which results in the best catalytic perfor-
mance for oxidative dehydrogenation of flavanone.

3.4. Oxidative dehydrogenation mechanism

To understand the reaction mechanism in more detail, the
dehydrogenation pathway of flavanone was investigated by DFT
calculations. Energy changes of catalytic dehydrogenation of fla-
vanone on B-Mo,C (101) surface and its direct dehydrogenation
without catalysis with the same dehydrogenation sequence are
represented in Fig. 9. The optimized structures of different chemi-
cal states during DFT calculations are displayed in Figs. S10 and
S11. As well known, the dehydrogenation reaction is generally
endothermic. It can be obviously observed the direct dehydrogena-
tion of flavanone needs to cross particularly high energy barriers.
The total reaction energy for flavanone into flavone is a s high as
6.80 eV without catalysis, which is only 0.40 eV on B-Mo,C (101)
surface. In detail, removing the first H atom requires 4.43 eV for
transition state TS1, while the activation barrier to overcome on
B-Mo,C (101) surface is only 1.27 eV. Similarly, the energy barrier
(TS2) to deprive the second H atom directly is 2.6 eV which is
0.55 eV higher than that needed on B-Mo,C (101) surface. In par-
ticular, C;5H;;0,* is unstable on B-Mo,C (101) surface, easy to fur-
ther lose another H atom to form the more stable C;5H;¢0,* and
release an energy of 0.6 eV. While, the reaction energy for
CysH1105* to generate the free C;5sH;90, is as high as +4.48 eV,
which is —0.4 eV on B-Mo,C (101) surface, further indicating the
dehydrogenation reaction is difficult to carry out without catalyst.
It can be conclude that the overwhelming energy barrier for dehy-
drogenation of flavanone is greatly reduced on B-Mo,C.

Above analysis has demonstrated that B-Mo,C can greatly
reduce the activation energy of flavanone dehydrogenation. How-
ever, it is still remained uncertainty whether the B/N doped carbon
materials possess the same property as f-Mo,C demonstrating. In
order to investigate the behavior of flavanone on B/N-doped car-
bon materials, the adsorption and subsequent dehydrogenation
of flavanone on the surface of B/N-doped carbon materials was
planned to carry calculation. Considering the existing possible
inhomogeneity of B/N doping on the surface of carbon materials,
three models with different surface structures were constructed:
the carbon material without B/N doping, the carbon material
doped with B/N and the B/N-doped carbon material with O
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Table 2
Active species trapping experiments for oxidative dehydrogenation of flavanone.
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Entry Quencher Quenching group Conversion of flavanone Yield of flavone
1 - - 99% 99%

2 Butylated hydroxytoluene Free radicals 10% 10%

3 Tertiary butanol -OH 5% 3%

4 1,4-benzoquinone -0y 99% 99%

5 Ammonium formate Hole 95% 90%

Reaction conditions: flavanone (0.25 mmol), catalyst (0.05 g), ethanol (6 mL), 1.8 MPa O,, 180 °C, 10 h. The amount of quencher is 0.025 mmol.

o-DMPO-CH3CH, #-DMPO-OH ¢ DMPOX

Intensity(a.u.)

3500 3520 3540 3560

Meganetic field(G)

3460 3480

Fig. 8. The DMPO spin-trapping EPR spectra for free radical in the catalytic mixture
of flavanone, O,, solvent ethanol, and catalyst Mo,C@BNC-1000 at 25 °C.
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Fig. 9. Relative energy profiles of flavanone dehydrogenation on B-Mo,C (101)
surface (route in dark blue) and its direct dehydrogenation without catalysis (route
in red). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

vacancy on the surface. These constructed models are shown in
Figs. S12-S14. At the beginning when calculating the dehydrogena-
tion of flavanone on carbon materials, it is surprisingly found that
flavanones are difficult to adsorb on the surface of these three car-
bon material models. Obvious repulsion was observed between fla-
vanone molecule and the surface of above carbon materials, as
shown in Movies S1-S3, indicating that it is difficult for flavanone
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molecule to effectively adsorb on the carbon material surface and
go through subsequent molecule dissociation. In the calculating
procedure, even manually deprive an active H on the flavanone
away from the flavanone molecule and place it on the surface of
the carbon material in the initial structure setting, the *C;5H;,0;
that losing the H atom would still move far away from the surface
of the material after optimization. Even if the flavanone loses an
active hydrogen, the surface of the carbon material still repel it.
At the same time, *C;5H;10, will attract the H atoms that are for-
cibly pulled out, which indicates that it is difficult for flavanones to
dissociate and dehydrogenate on the surface. It is likely that the
two large benzene rings in the flavanone molecule are mutually
repelled with the benzene ring-like structure of the carbon materi-
als, which is similar to that there is always a large distance
between the top and bottom graphite layers.

The DFT results have proved it is almost impossible for fla-
vanone dehydrogenation on bare surface of B/N-doped carbon
materials and B-Mo,C can largely reduce the energy barriers for
the dehydrogenation procedure. The oxidative dehydrogenation
of flavanone consists of dehydrogenation and oxidation of the dis-
sociated H atoms. In former characterization, it has been demon-
strated that there are abundant oxygen vacancies on Mo,C@BNC-
1000 which has a good ability to activate molecular oxygen to pro-
duce rich hydrogen acceptors. Particularly, the carbon material is
an excellent promotor to accelerate hydrogen spillover [42,43], in
which case fast bridges would be built between oxygen vacancies
and B-Mo,C sites. The hydrogen atoms sourced from flavanone
dehydrogenation on B-Mo,C can efficiently migrate to molecular
oxygen with the generation of hydroxyl radicals and favor the
oxidative dehydrogenation progress of flavanone. These synergistic
effects might be the reason why the catalyst Mo,C@BNC-1000 can
efficiently catalyze the oxidative dehydrogenation of flavanones.

3.5. Applicability and reusability of Mo,C@BNC-1000

The oxidative dehydrogenation of flavanone derivatives with
different substituting groups was further conducted to study the
applicability of the Mo,C@BNC-1000 catalyst. As shown in Table 3,
it is found that various flavanones bearing electron-donating and
electron-withdrawing groups could be converted to the corre-
sponding substituted flavones with high yields of 70-99%. For
example, the electron-donating-OCHs group afforded the corre-
sponding substituted flavanone in 95-99% yields. However, the
electron-withdrawing effect of —Cl group had a slightly negative
impact on the oxidation reaction, which gives only 70% yield of
—Cl group substituted flavone. Finally, the reusability of the Mo,-
C@BNC-1000 catalyst was explored. As shown in Fig. 10, no obvi-
ous decline in flavanone conversion and flavone yield was
observed after 5 successive cycles, indicating good stability of Mo,-
C@BNC-1000 under optimized reaction condition. Moreover, com-
pared with the fresh catalyst, the XRD patterns of the regenerated
Mo,C@BNC-1000 catalyst showed the well preserved diffraction
peaks of B-Mo,C nanoparticles (Fig. S15). Also, TEM characteriza-
tion results of reused Mo,C@BNC-1000 catalyst (Fig. S16) further
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Table 3
Oxidative dehydrogenation of various flavanones catalyzed by Mo,C@BNC-1000.
Entry Substrate Product Conversion Yield
1 0] 99% 99%
O
"0
2 o] 98% 95%
s
O/
3 o 85% 80%
s
4 0] 88% 85%

70%

Reaction conditions: substrate (0.25 mmol), catalyst (0.05 g), ethanol (6 mL), 1.8 MPa O,, 180 °C, 10 h.
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Fig. 10. Reusability of the Mo,C@BNC-1000 catalyst in oxidative dehydrogenation
of flavanone to flavone.

demonstrated that the catalyst had no obvious change in structure
and morphology even used for up to 5 cycles.

4. Conclusions

In this work, a series of Mo,C@BNC-x catalysts was successfully
prepared using phosphomolybdic acid, urea, boric acid, and glu-
cose as precursors through a simple and effective one-step pyroly-
sis method. It is found that the as-prepared Mo,C@BNC-1000
catalyst displayed outstanding catalytic activity and stability
toward oxidative dehydrogenation of flavanones into flavones.
Several characterizations and DFT calculations demonstrated B-
Mo,C could greatly reduce the activation energy of flavanone
dehydrogenation, and simultaneously abundant oxygen vacancies
on Mo,C@BNC-1000 could activate molecular oxygen binding with
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the dissociated H atoms to generate hydroxyl radicals for acceler-
ating hydrogen spillover. The synergistic effect between Mo,C and
the B,N-codoped carbon material with rich oxygen vacancies on
Mo,C@BNC-1000 was thus considered to account for the excellent
performance in the oxidative dehydrogenation of flavanones. This
work presents an outstanding non-noble metal heterogeneous cat-
alyst for highly efficient synthesis of flavones through oxidative
dehydrogenation.
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