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ethylbenzene†
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Oxidative dehydrogenation of ethylbenzene to styrene featured with a non-equilibrium-limit is an

alternative to the direct dehydrogenation process, but often exhibits low styrene selectivity caused by

deep-oxidation over metal oxide catalysts. Herein, we report a nonmetallic BN embedded graphitic carbon

catalyst which was synthesized by a one-step co-pyrolysis method using boric acid, urea and ammonium

iron citrate as the reactants. The obtained catalyst exhibits a high styrene selectivity of 94%. The existence

of abundant carbonyl groups and BO species could correspondingly contribute more reaction sites and

extra oxygen adsorption sites. A higher styrene formation rate of 5.8 mmol gcat
−1 h−1 is thus achieved for

our BN embedded graphitic carbon catalyst, whereas this value is 3.4 mmol gcat
−1 h−1 for sole carbon

nanotubes and 0.2 mmol gcat
−1 h−1 for BN. Such promoted reactivity for oxidative dehydrogenation of

ethylbenzene is derived from the synergetic and collaborative effect of the nonmetallic BN and graphitic

carbon catalyst.

1 Introduction

Oxidative dehydrogenation (ODH) of ethylbenzene (EB) to
styrene (ST) is considered as an alternative route to the
conventional direct dehydrogenation process since the
exothermic and irreversible reaction nature of ODH can
contribute to a higher EB conversion at relatively lower
temperatures (400–500 °C). Meanwhile, the direct
dehydrogenation process catalysed by a potassium-promoted
iron oxide catalyst was usually operated at higher
temperatures (600–650 °C) due to its endothermic nature.
Thus, the catalyst often encounters inevitable deactivation
caused by serious coke deposition. In this case, energy-
intensive consumption of superheated steam is required to
remove carbon deposits from the catalyst surface.1,2 Despite
many advantages of ODH, the ST selectivity is often lower
than that of direct dehydrogenation due to the oxygen
insertion and deep-oxidation of EB or ST to undesired
products on metal oxide-based catalysts.2,3

As a response to this problem, metal-free carbonaceous
materials4,5 have been proposed instead of metal-based
catalysts such as vanadium oxides,3,6 cerium oxides,2 and
metal phosphates7 with the aim of suppressing deep-

oxidation. Carbon-based catalysts with tunable surface
acidity/basicity groups and electron density show higher ST
selectivity compared to metal-based catalysts.8 For example,
carbon molecular sieves give a high ST selectivity (>90%) at a
high EB conversion (>80%).9 By thoroughly investigating the
structure and catalytic performance of amorphous activated
carbon and carbon nanotubes (CNTs) in this reaction system,
the carbonyl groups on the surface are considered as the
active sites to activate the reaction of ethylbenzene to
styrene.4,10 However, activated carbon with abundant
micropores and low crystallinity usually encounters
unavoidable deactivation due to coke formation in the
micropores and gasification of the carbon substrate under
oxidative conditions.8,11 In contrast, mesoporous CNTs with a
highly crystalline structure can overcome the aforementioned
problems and show good catalytic stability.12,13 But high
graphitization always means few defect sites and low
concentration of active surface oxygen groups, resulting in a
low styrene formation rate. Oxidative post-treatments like
HNO3 refluxing, O2 pre-oxidation or heteroatom modification
can be employed to enrich the oxygen groups of CNTs, but
non-selectivity and low efficiency for specific active oxygen
groups often occur.14

Fabrication of hybrid catalysts with the specific function
of different components is often employed to improve the
overall performance of catalysts.15,16 For example, a sandwich
structured MgO–rGO hybrid catalyst showed enhanced
ethylbenzene direct dehydrogenation reactivity. The special
sandwich structure facilitated the exposure of active sites and
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the alkaline MgO promoted the desorption of styrene with a
higher ST selectivity.16

Boron nitride, with superior anti-oxidation ability and
excellent thermal conductivity, has been demonstrated to be
an efficient catalyst in the oxidative dehydrogenation of light
alkanes to olefins with robust stability.17,18 And the BO
species on the BN edges are considered to play an important
role in the activation of alkane and oxygen molecules.19–24 In
the case of the oxidative dehydrogenation of ethylbenzene,
amorphous carbon (8–15 wt%) doped BN nanosheets are
found to effectively promote the formation of styrene. The
carbonyl groups and the oxygen-terminated armchair edges
are supposed to jointly serve as active sites for this reaction
and the BN edges could prevent the over-oxidation of the
adsorbed species caused by highly reactive radicals.25

Besides, some theoretical calculations also point out that B
species can reinforce the activation ability of molecular
oxygen in the oxidative dehydrogenation reaction.26 By taking
into account the advantage of the high selectivity of carbon-
based catalysts and the oxygen-rich nature of BN, it's
reasonably expected that a nonmetallic hybrid catalyst
containing graphitic carbon and BN has great potential to
achieve boosted reactivity for oxidative dehydrogenation.

Herein, we report a BN embedded mesoporous graphitic
carbon (BN-GC) nonmetallic hybrid catalyst synthesized by a
facile one-step co-pyrolysis method without further complex
oxidative post-treatments. BN-GC hybrids with abundant
oxygen functional groups and BO species exhibit improved
catalytic performance in the oxidative dehydrogenation of
ethylbenzene to styrene with a 5.8 mmol gcat

−1 h−1 ST
formation rate compared to sole carbon nanotubes (3.4
mmol gcat

−1 h−1) and BN (0.2 mmol gcat
−1 h−1).

2 Experimental
2.1 Chemical reagents and synthetic methods

All chemical reagents were employed as received without any
purification. Urea (99.0%), ammonium ironĲIII) citrate (CP)
and boric acid (99.5%) were purchased from Sinopharm
Chemical Reagent Co. Ltd.

Urea, boric acid and ammonium ironĲIII) citrate with molar
ratios of 120 :2 : 1, 120 :5 : 1, 120 :10 :1, and 120 :20 :1 were mixed
into pale yellow powder and then pyrolyzed in a tube furnace at
900 °C in an Ar atmosphere (40 mL min−1) for 2 h. Then the as-
obtained black powders were washed with 6 M HCl to remove
the Fe residues, and then washed with deionized water to neutral.
After drying at 50 °C for 24 h, the obtained hybrids were named
BN-GC-0.2, BN-GC-0.5, BN-GC-1, and BN-GC-2, respectively.

For comparison, one pure BN sample and one CNT
sample were prepared. For BN preparation, urea and boric
acid with a molar ratio of 6 : 1 were mixed and then calcined
in a tube furnace at 1000 °C in a N2 atmosphere for 1 h. Then
the white powder was washed with hot deionized water (80
°C) for 4 h and dried at 50 °C for 24 h to obtain sample BN.
The CNT sample was obtained by purifying commercial

multiwall CNTs with acid washing with 6 M HCl for 24 h and
deionized water washing.

In order to demonstrate the effect of co-pyrolysis, one
sample (named BN-CNT-mix) was prepared by mechanically
mixing the CNT and BN samples, in a mass ratio of CNT
powders and BN being 7 : 3 according to thermogravimetric
analysis.

2.2 Catalyst characterization

X-ray powder diffraction (XRD) measurements were performed
on an X'Pert-3 powder diffractometer using Cu Kα radiation (λ
= 0.15406 nm). Fourier transform infrared (FTIR) spectra were
collected using a Thermo Scientific Nicolet 6700 spectrometer
by dispersing samples in KBr pellets. Transmission electron
microscopy (TEM) images were recorded on a Tecnai G2 F30 S-
Twin, operating at an accelerating voltage of 300 kV. Nitrogen
adsorption isotherms were measured at 77 K with a Tristar
3000 adsorption analyser (Micromeritics). All samples were
degassed at 200 °C for 6 h until the pressure was below 5 Pa
before the measurements. The Brunauer–Emmett–Teller (BET)
method was used to calculate the specific surface areas (SBET).
Total pore volumes were calculated from the amount adsorbed
at a relative pressure P/P0 of 0.99. X-ray photoelectron
spectroscopy (XPS) data were obtained with a PHI 5000
Versaprobe spectrometer equipped with an Al Kα X-ray source.
The binding energies of elements were calibrated using the C
1s photoelectron peak at 284.6 eV. Thermogravimetric analysis
(TGA) was performed from 40 to 800 °C with a heating rate of
10 °C min−1 under an air flow, using a STA 449 F3 Jupiter
thermogravimetric analyser (NETZSCH).

2.3 Catalytic testing

Oxidative dehydrogenation of ethylbenzene was carried out
in a fixed-bed quartz reactor (i.d. 8 mm, length 420 mm) in
the range of 350–500 °C under atmospheric pressure with 50
mg of catalyst. The reactant (2.8% EB, nitrogen as balance,
total flow rate 10 mL min−1) was then fed to the reactor from
a saturator kept at 40 °C. The reactants and products were
analysed using an on-line gas chromatograph (GC7900,
Techcomp) equipped with three columns: a Porapak Q 2 and
a molecular sieve 5A column for the permanent gases and a
PEG capillary column for the hydrocarbons, coupled to a
TCD and a FID, respectively. The ethylbenzene conversion,
styrene selectivity and styrene formation rate were calculated
according to the following equations:

EB Conversion = (FEBin − FEBout)/FEBin

ST Selectivity = FSTout/(FSTout + FBZout + FTOLout + FBAout + FCOxout)

ST Formation rate = (fraction of EB converted to ST (mmol))/
(weight of the catalyst (g) × time (h))
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FEB, FST, FBZ, FTU, FCOx
and FBA denote the concentrations of

ethylbenzene, styrene, benzene, toluene, COx and
benzaldehyde, respectively.

The carbon balance was checked by comparing the
number of moles of carbon in the outlet stream to the
number of moles of carbon in the feed and the carbon
balance was close to 95–100% in all runs. The EB conversion
of the blank experiment with quartz sand was lower than 1%
in the whole test temperature range which can be ignored (as
shown in Table S1†).

3 Results and discussion
3.1 Structure characterization

The BN-GC hybrid catalysts were obtained by simple one-step
co-pyrolysis of the mixture of boric acid, urea and
ammonium ironĲIII) citrate in an Ar atmosphere. Fig. 1A
shows the XRD patterns of the freshly prepared hybrid
catalysts and the control samples. The control sample BN
showed two characteristic peaks at 26.3° and 42.3°, ascribed
to the (002) and (100) planes of hexagonal boron nitride (h-
BN) (ICDD card no. 00-034-0421); whereas CNTs displayed
typical peaks at 26.0° and 42.8°, ascribed to the graphitic
structure of carbon (ICDD card no. 00-041-1487). For the BN-
GC hybrid catalysts, due to the overlapping in the (002)
planes of carbon and BN, the peak observed at 2θ = 26.0°
could be assigned to the (002) plane of either carbon or
hexagonal boron nitride. However, the peaks around 2θ = 77°
were close to the (110) plane of the carbon material,
suggesting that the main body of the BN-GC sample was
carbon. The sharp (002) peak of BN-GC around 26.0°
indicated the highly crystalline structure of all the samples.

No diffraction patterns related to B2O3 were observed.
Besides, there were also no obvious diffraction peaks of iron
species detected in the hybrid samples, indicating that
almost all the iron species were removed.

The Fourier transform infrared (FTIR) spectra of BN-GC-
0.5 and BN (Fig. 1B) both exhibited two characteristic
absorption bands at 1380 and 790 cm−1, respectively, which
were ascribed to the in-plane B–N stretching vibrations and
out-of-plane B–N–B bending vibrations of BN,27 suggesting
the existence of BN in BN-GC. Besides, a broad peak at 3400
cm−1 was attributed to the O–H stretching vibrations or water
molecules. The weak peak at 1590 cm−1 was assigned to
CN absorption,27 indicating that carbon was doped into
the BN matrix or N was introduced into the carbon structure.

The nitrogen sorption isotherms (Fig. 1C) of the BN-GC
samples were type-IV isotherms with an H2 hysteresis loop,
indicating their accessible mesoporous characteristics.
Typically, the obtained BN-GC-0.5 has a surface area of 311
m2 g−1 and a pore volume of 0.61 cm3 g−1. Such a
mesoporous structure is beneficial for the diffusion of the
reactants and products, suppressing the coke formation. The
nitrogen sorption isotherms of the CNTs and BN are shown
in Fig. S1,† and the specific surface area and pore volume are
listed in Table 1. These results suggest that all the prepared
samples have a similar specific surface area and mesoporous
structure.

The transmission electron microscopy (TEM) image
(Fig. 1D) of BN-GC-0.5 showed a typical structure of graphitic
carbon with a lattice spacing of 0.334 nm (Fig. 1D, inset). In
the co-pyrolysis process, we speculated that the dehydration
of H3BO3 to B2O3 and the pyrolysis of urea to CN gases
(C2N2

+, C3N2
+, and C3N3

+)28,29 might occur at the early stage.
B2O3 may react with the decomposed product of urea to form
BN. The metallic iron ions might be reduced to metallic iron
by CN gases and then deposited on the BN substrate, which
catalysed the growth of graphitic carbons. Finally, the BN
embedded graphitic carbon hybrid structure was formed.30

The chemical structure of the BN-GC-0.5 sample was
further investigated by X-ray photoelectron spectroscopy
(XPS) measurement. The survey spectra (Fig. 2A) revealed that
B, C, N and O elements were the primary surface species and
the relative atomic contents were respectively around 10.0%,
72.8%, 9.9%, and 7.0%. The Fe signal around 710 eV was
negligible, indicating the complete removal of the Fe residue.
This result was in accordance with that of XRD. As Fig. 2B
shows, the B 1s spectrum was deconvoluted into two modes
at ∼190.3 and ∼192.1 eV. The former peak was assigned to
B–N and the latter sub-peak was attributed to B–O,
potentially bonding on the edges.18 The C 1s spectrum
(Fig. 2C) was deconvoluted into four peaks at around ∼284.6,
∼286.0, ∼287.6 and ∼289.5 eV, corresponding to the typical
C–C/CC of graphitic carbon, CN, CO and COOR
species.30 As seen in Fig. 2D, the N 1s spectrum was divided
into four typical peaks at ∼397.8, ∼398.6, ∼399.6 and ∼400.6
eV, ascribed to N–B, and pyridinic, pyrrolic, and graphitic
nitrogen, respectively.30,31 N–B was the main component.

Fig. 1 (A) X-ray diffraction patterns of the BN-GC samples, CNTs and
BN. (B) FTIR spectra of BN-GC-0.5, CNTs and BN. (C) N2 sorption
isotherms and pore size distributions of BN-GC. (D) TEM image of BN-
GC-0.5 (inset is the high resolution image of the graphitic structure).
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These results suggested that N was doped into the graphitic
framework and some O bonded to B on the edges of BN over
BN-GC during the one-step co-pyrolysis process.

3.2 Catalytic performance

To optimize the B content of BN-GC and the reaction
conditions, the catalytic performances of the as-prepared
catalysts were evaluated. Fig. S2† shows the conversion-
selectivity profiles of the BN-GC catalysts with different B
contents. By altering the B contents, BN-GC-0.5 displayed the
best catalytic performance among the as-prepared catalysts
due to its highest ST selectivity at the same EB conversion
under identical reaction conditions. Further, the reaction
conditions were optimized by changing the ratio of O2/EB
and the reaction temperature at a constant space velocity
(200 mL g−1 min−1) over the BN-GC-0.5 catalyst. The catalytic
performance dependence for various ratios of O2/EB at 400
°C on time on stream is shown in Fig. S3A.† As the ratio of

O2/EB increased from 0.5 to 1.5, the tendency of EB
conversion was ascending first and then descending. At O2/
EB = 1, the maximum value of EB conversion (26%) was
obtained. As the reaction temperatures increased from 400
°C to 450 °C at O2/EB = 1, an optimal catalytic performance
with 41% EB conversion and 94% ST selectivity was achieved
at 425 °C (Fig. S3B†).

Fig. 3A shows the comparison of the catalytic performance
among the as-prepared BN-GC-0.5, CNT and BN catalysts at
different temperatures. A relatively low catalytic reactivity
(∼0.64 mmol gcat

−1 h−1) was observed for BN even at 465 °C,
which was consistent with a previous report.25 BN-GC-0.5
exhibited a higher EB conversion than CNTs in the whole
tested temperature range and the ST selectivity almost
maintained the same level (>90%). Fig. 3B and Table 1
present the stable catalytic performance of the as-prepared
catalysts at 425 °C after 8 h on stream. Among all the
catalysts, sample BN-GC-0.5 exhibited an EB conversion of
41%, which was much higher than those for CNTs (23%) and
BN (2%). The ST formation rate of the BN-GC-0.5 catalyst was
calculated to be 5.8 mmol gcat

−1 h−1, which was higher than
those for CNTs (3.4 mmol gcat

−1 h−1) and BN (0.2 mmol gcat
−1

h−1). In addition, the mechanically mixed sample (BN-CNT-
mix) was also evaluated under the same reaction conditions
and offered a similar conversion rate (3.2 mmol gcat

−1 h−1)
compared to CNTs, suggesting a possible synergistic effect of

Table 1 Summary of the physical and chemical properties of different catalysts and the calculated ST formation rates at 425 °C

Catalysts
SBET

a

(m2 g−1)
Vtotal

b

(cm3 g−1)
Dp

c

(nm)
EB con.
(%)

ST Sel.
(%)

ST formation rate

mmol gcat
−1 h−1 μmol m−2 h−1

BN-GC-0.2 358 0.51 6.7 36 94 5.1 14.2
BN-GC-0.5 311 0.61 8.7 41 94 5.8 18.6
BN-GC-1 252 0.45 8.4 33 94 4.7 18.7
BN-GC-2 186 0.32 8.4 35 91 4.8 25.8
BN-CNT-mix — — — 23 94 3.2 —
CNTs 207 0.80 17.5 24 95 3.4 16.4
BN 252 0.16 2.4d 2 80 0.2 0.8

a The specific surface areas were calculated by the BET method. b The total volumes were estimated based on the adsorbed amount at a
relative pressure of 0.99. c The pore sizes were calculated from the adsorption branch using the BJH model. d The pore sizes were calculated
from the adsorption branch using the DFT method.

Fig. 2 XPS spectra of the BN-GC-0.5 sample: (A) survey, (B) B 1s, (C) C
1s, and (D) N 1s.

Fig. 3 Oxidative dehydrogenation of ethylbenzene over different
catalysts: (A) influence of temperature on conversion and selectivity.
Reaction conditions: 50 mg, 2.8% EB with N2 balance, O2/EB = 1, 200
mL g−1 min−1. (B) Stable catalytic performance, data obtained after 8 h
on stream. Reaction conditions: 50 mg, 2.8% EB with N2 balance, O2/
EB = 1, 200 mL g−1 min−1, T = 425 °C.
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the two components in the hybrid structure. Regarding the
styrene selectivity, it was higher than 90% over all the tested
catalysts except BN with 80% even at a low EB conversion
level, indicating the low reactivity of boron nitride itself.
Moreover, a comparative summary about oxidative
dehydrogenation of ethylbenzene is listed in Table 2.
Compared with the reported CNT catalysts, the as-prepared
BN-GC catalyst showed a higher styrene selectivity and
formation rate.

In order to further understand the enhanced catalytic
performance over the BN-GC catalysts, the spent catalysts
were investigated. It can be seen that the spent BN-GC-0.5
catalyst retained all the XRD reflections (Fig. S4†) of the fresh
sample, indicating that the general structure was well
maintained after the ODH reaction. Thermogravimetric
analysis (Fig. S5†) was used to compare the weight loss of the
fresh and spent catalysts. The identical final weight loss (72
wt%) suggested that there was no obvious coke deposition on
BN-GC-0.5. XPS was employed to explore variations of surface
compositions, as shown in Fig. 4 and Table S2.† The
concentration of the total surface oxygen in the fresh BN-GC-
0.5 and CNT catalysts was estimated from the spectra to be
7.0 at% and 1.9 at%, respectively. After the reaction, these
were increased to 9.3 at% and 2.0 at%, respectively, indicating
the regeneration of oxygen on the surface of the catalyst under
the reaction conditions.25 The deconvolution of the O 1s
spectra of the fresh and spent CNTs (Fig. 4A) revealed three
different chemical environments of oxygen species, which
could be respectively assigned to phenol groups (C–OH,∼533.7
eV), carboxylic acid, anhydride, lactone and ester groups
(OC–O, ∼532.6 eV), and carbonyl groups (CO, ∼531.1
eV).31 As for CNT-BN-0.5 (Fig. 4B), it was divided into four peaks
in addition to the B–O groups, located at ∼532.2 eV.23

Generally, the basic carbonyl groups are considered as active
sites in the oxidative dehydrogenation reaction of
ethylbenzene.4,10 As shown in Fig. S6 and S7,† a nearly linear
relationship was obtained between the ST formation rates
and the concentration of carbonyl groups, suggesting the
important role of carbonyl groups. However, no obvious
relationship is found between the ST formation rate and B–O
groups. The activation energies of BN-GC-0.5 and CNTs based
on the Arrhenius plot were further measured to be 66 kJ
mol−1 and 68 kJ mol−1, respectively (Fig. S8†), indicating the
same active sites of these catalysts. Therefore, the higher
reaction rate observed for the BN-GC hybrid catalysts than
that for CNTs was attributed to the concentration of carbonyl

groups. It is worth pointing out that the oxygen molecules
can be activated into peroxo species by the rich π electrons in
defect sites and these can accumulate in the carbon pores,
causing the formation of covalent carbon–oxygen bonds such
as carbonyl or quinone groups.37 This could also contribute
to the total apparent reactivity. After the reaction, the total
content of CO was increased to 1.66% on the BN-GC-0.5
hybrid catalyst. However, it almost remained unchanged on
CNTs during the ODH process, probably due to the high
crystallinity with fewer defect sites of the CNTs. In addition,
as given in Fig. S9,† the doping of nitrogen atom into the
carbon matrix can also increase the electron density and
strengthen the basicity of carbon materials. This may be
beneficial for the desorption of products and suppression of
over-oxidation, leading to an improvement in catalytic
selectivity for styrene.38,39

On the other hand, the content of B–O was also increased
from 1.9% to 2.7% on BN-GC-0.5 and no B2O3 phase was
detected in the XRD data (Fig. S4†) after the ODH process,
suggesting the emergence of oxygen functionalization in BN.
This observation was consistent with the deconvolution of
the B 1s spectra (Fig. S10†). These results implied that the
B–O groups might be involved in the ODH reaction
network.25,40 It was reported that the oxygen-containing
boron species on the surface of boron nitride could activate
molecular oxygen in the ODH of light alkanes.18 And
ethylbenzene molecules could be activated by BO species
sites and these sites could be regenerated by CO2.

40 In our
case, as Fig. S11† shows, the reaction order of oxygen
observed over BN-GC-0.5 was 0.3, which was slightly higher
than that of CNTs (0.2), suggesting that the presence of BO
species in BN-GC-0.5 could adsorb oxygen molecules39 and it
could possibly participate in the reaction.41 Unfortunately,

Table 2 Comparison of the catalytic performance of CNT catalysts reported in the literature

Catalysts O2/EB SV (mL g−1 min−1) T (°C) EB con. (%) ST Sel. (%) ST formation rate (mmol gcat
−1 h−1) Ref.

BN-GC-0.5 1 200 425 41 94 5.8 This work
CNTs 1 500 550 64 54 9.3 32
CNFs 1 50 400 59 85 1.6 33
CNTs 0.5 200 400 29 94 3.4 34
oCNTs 1 55 400 46 91 1.4 35
CNT monoliths 2.5 100 400 50 90 3.5 36
Carbon-doped BN nanosheets 4 200 500 50 88 1.3 25

Fig. 4 The deconvolution of the O 1s spectra: (A) fresh and spent
p-CNTs and (B) fresh and spent BN-GC-0.5.
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there was no concrete evidence for oxygen species from the
current experimental results. Thus, we speculated that the
enhancement of the catalytic activity over the BN-GC catalysts
was probably due to the increased concentration of carbonyl
groups, and the existence of BO species might facilitate the
adsorption of oxygen and possibly be involved in the
reaction. These results revealed the existence of a synergistic
effect between carbon and BN in the oxidative
dehydrogenation of ethylbenzene.

4 Conclusions

In summary, highly crystalline nonmetallic BN embedded
mesoporous graphitic carbon was synthesized by a one-step
co-pyrolysis method without further complex oxidative post-
treatments and used as a novel nonmetallic catalyst for the
oxidative dehydrogenation of ethylbenzene. Sample BN-GC-
0.5 showed the best catalytic performance (41% EB
conversion and 94% ST selectivity) with a 5.8 mmol gcat

−1 h−1

ST formation rate compared to sole CNTs (3.4 mmol gcat
−1

h−1) and BN (0.2 mmol gcat
−1 h−1). The mesopores allowed

easy desorption of styrene, consequently avoiding the deep-
oxidation and the generation of by-products. The hybrid BN-
GC structure could provide more oxygen functional groups
on the surface of the graphitic carbon thus to promote the
conversion of ethylbenzene, and the BO species at the BN
edges could facilitate the adsorption of oxygen molecules to
accelerate the reaction cycle.
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