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Oxidative dehydrogenation of ethylbenzene is considered as an alternative route to styrene because of its exothermic and irreversible 
reaction nature, but encounters low styrene selectivity due to the deep-oxidation over metal oxide-based catalysts. Herein, we re-
ported that a metal-free boron-based catalyst consisting of boron phosphate and boron nitride (BPO4/BN) exhibited high activity and 
selectivity in oxidative dehydrogenation of ethylbenzene to styrene. High selectivity of styrene (95.1%) was achieved at 27.7% 
ethylbenzene conversion level over the optimized BPO4/BN catalyst. The tetra-coordinated boron (BO4) species of BPO4 was specu-
lated to be responsible for the ODH of ethylbenzene, and a synergistic effect between BPO4 and BN can remarkably improve the cata-
lytic performance of the BPO4/BN catalyst. The optimized BPO4/BN catalyst showed a higher styrene formation rate of 4.0 mmol 
gcat

−1
·h

−1
, compared individually to BPO4 (2.8 mmol·gcat

–1
·h

–1
) and BN (0.5 mmol·gcat

–1
·h

–1
). 
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Background and Originality Content 

Oxidative dehydrogenation (ODH) of ethylbenzene is consid-
ered as an alternative route to styrene because of its exothermic 
and irreversible reaction nature. In this way, no equilibrium limita-
tion in ethylbenzene conversion can be achieved even at low 
temperatures (400—500 oC).

[1-3]
 Two types of catalysts have been 

developed and shown high activities for ODH of ethylbenzene. 
Traditional metal-based catalysts, such as mesostructured 
Ni-doped ceria,

[4]
 vanadium oxide,

[5-7]
 metal phosphate,

[8-9]
 usually 

suffer from the lower styrene selectivity due to the oxygen inser-
tion and deep-oxidation of ethylbenzene or styrene into COx.

[10]
 

The metal-free carbonaceous materials mainly including activated 
carbon, onion carbon (OLC), carbon nanotubes (CNTs) show high-
er styrene selectivity because of the active surface carbonyl 
groups.

[2]
 Considering the reaction conditions of oxidative dehy-

drogenation and the weak antioxidation property of carbon-based 
catalysts,

[11]
 we need to develop effective and antioxidative met-

al-free catalysts for ODH of ethylbenzene.  
Boron nitride (BN), one of the antioxidative metal-free mate-

rials, has been discovered as novel catalysts in the oxidative dehy-
drogenation of light alkanes.

[12-13]
 Possibly due to the low pres-

ence of defects in pure BN and the inherent differences in elec-
tronic and geometry aspects between alkylbenzene and light al-
kane molecules,

[14]
 a low styrene formation rate is usually ob-

served in ODH of ethylbenzene over BN. An efficient strategy to 
solve this problem is to fabricate hybrid catalysts with multi-com-
ponent showing specific functions. 

Metal-free boron phosphate (BPO4) possessing excellent oxi-
dation resistance and superior thermal stability has been demon-
strated as an efficient catalyst in the oxidative dehydrogenation of 
light alkanes to olefins.

[15-19]
 In the case of the oxidative dehydro-

genation of ethylbenzene, both experimental and theoretical re-
sults have confirmed that the activation of the aliphatic C—H 
bond on the ethyl group is the rate-determining step in this reac-
tion,

[20]
 and the nucleophilicity of catalyst can increase ethylben-

zene catalytic activity.
[21-22]

 Because B in BPO4 always remains in 
the +3 oxidation state, the electron density of BO4 is relatively 
larger than that of BO3. The presence of the excess electron den-
sity in BO4 is expected to perturb the binding strength of 1s elec-
tron and shift the bind energy to a lower value, which led to more 
nucleophilic of the oxygen in BO4.

[15] 
It’s reasonable to expect that 

metal-free BPO4 catalyst has the potential for oxidative dehydro-
genation of ethylbenzene. However, the preparation of BPO4 
commonly requires high-temperature calcination to form the 
crystals, which often gives rise to the formation of non-porous, 
bulk solids with low accessible surface areas. Given the sufficient 
exposure of active sites, dispersing BPO4 heat-conductive support 
would be beneficial to improve the catalytic activity. 

Herein, we have shown that the hybrid metal-free catalyst 
consisting of boron phosphate and boron nitride (BPO4/BN) ex-
hibits both high activity and selectivity (>94%) in oxidative dehy-
drogenation of ethylbenzene to styrene. Compared with BPO4 (2.8 
mmol·gcat

−1
·h

−1
) and BN (0.5 mmol·gcat

–1
·h

–1
), the sample 0.16 

BPO4/BN has a higher styrene formation rate of 4.0 mmol·gcat
–1

·h
–1

. 
The tetra-coordinated boron (BO4) species of BPO4 might be re-
sponsible for the ODH of ethylbenzene, and a possible synergistic 
effect between BPO4 and BN could further improve the catalytic 
performance. 

Results and Discussion 

Catalytic performance 

The blank experiment using a quartz tube was first carried out 
to evaluate the contribution of reactor tube and gas-phase reac-
tion. It showed a 1.2% even at 535 

o
C, indicating the negligible 

effect of the quartz tube and gas-phase reaction. 
To explore the effect of the mass ratio of BPO4/BN on the cat-

alytic activity, a series of BPO4/BN samples were prepared. In all 
cases, the major product in the reaction is styrene, accompanied 
by a small amount of COx, benzene, benzaldehyde and benzofuran. 
Figure 1a showed the conversion-selectivity profiles of the 
BPO4/BN catalysts with the different mass ratios of BPO4/BN. With 
the increase of ethylbenzene conversion, the selectivity to styrene 
decreased over all tested catalysts. By altering the mass ratio of 
BPO4/BN, 0.16 BPO4/BN displayed the highest styrene selectivity 
in comparison to other supported catalysts at the same ethylben-
zene conversion under identical reaction conditions. 

 

Figure 1  (a) Conversion-selectivity profiles of BPO4/BN catalysts with the 

different mass ratios of BPO4/BN. (b) Influence of temperature on conver-

sion and selectivity over different catalysts. (c) Styrene formation rate and 

selectivity over different catalysts at 500 oC. Reaction conditions: 100 mg, 

5.6% EB, O2/EB = 1, 100 mL·g−1·min−1. (d) Catalytic stability test over the 

0.16 BPO4/BN catalyst. Reaction conditions: 100 mg, 5.6% EB, O2/EB = 0.5, 

480 oC, 100 mL·g−1·min−1. 

The catalytic performance of BPO4 and a series of supported 
samples in the ODH of ethylbenzene was tested. As shown in Fig-
ure 1b, the ethylbenzene conversion of sample BPO4 increased 
from 5.6% to 23.5% following the reaction temperature from 440 
o
C to 520 

o
C. After loading the same amount of BPO4 on a support, 

the catalysts exhibited an apparent improvement of catalytic ac-
tivity. Among the supported catalysts, 0.16 BPO4/BN showed a 
higher ethylbenzene conversion than 0.16 BPO4/SiO2 and 0.16 
BPO4/SiC catalysts when the reaction temperature was higher 
than 480 

o
C. For example, the best catalytic performance was 

obtained over the 0.16 BPO4/BN sample with ethylbenzene con-
version of 27.7% at 500 

o
C, allowing the highest yield of styrene at 

the same time. In summary, the order of the catalyst activity at 
500 

o
C is as follows: 0.16 BPO4/BN > 0.16 BPO4/SiC > 0.16 

BPO4/SiO2 > BPO4. 
Figure 1c and Table 1 further presented the styrene formation 

rate and styrene selectivity of each catalyst at 500 
o
C. Among all 

the catalysts, the ethylbenzene conversion of the 0.16 BPO4/BN 
sample was 27.7%, much higher than those for BPO4 (18.9%) and 
BN (3.8%). The styrene formation rate of the 0.16 BPO4/BN cata-
lyst at 500 

o
C was calculated to be 4.0 mmol·gcat

–1
·h

–1
, which was 

higher than those for BPO4 (2.8 mmol·gcat
–1

·h
–1

) and BN (0.5 
mmol·gcat

–1
·h

–1
). In terms of styrene selectivity, all catalysts main-

tained a similar level of >94%. For the mechanically mixed sample 
(BPO4-BN-mix), the ethylbenzene conversion of 3% at 500 

o
C was 

similar to BN, and the styrene formation rate of the BPO4-BN-mix 
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catalyst was 0.4 mmol·gcat
–1

·h
–1

. A possible synergistic effect of the 
two components in the BPO4/BN catalyst might exist. Furthermore, 
BN exhibited an EB conversion of 3.8% only at 500 

o
C and the 

tendency of EB conversion for BPO4/BN was ascending with the 
increase of BPO4/BN ratio (BPO4/BN ≤ 0.16). Therefore, we believe 
that the oxidative dehydrogenation of ethylbenzene mainly occurs 
on the surface of the catalyst and the gas-phase reaction is negli-
gible. A comparative summary of ODH of ethylbenzene is listed in 
Table 2. Compared with the reported catalysts,

[10-11,20,23]
 the 0.16 

BPO4/BN catalyst showed a higher styrene selectivity and good 
formation rate, especially the styrene selectivity is comparable to 
that of the other metal-free carbon- and boron-based catalysts. 
The abovementioned catalytic results manifested that our 
BPO4/BN sample could be used as a promising metal-free boron- 
based catalyst for styrene synthesis from the ODH of ethylben-
zene. 

Before the stability test, the reaction conditions were opti-
mized by altering the reaction temperature and the ratio of O2/EB 
at a constant space velocity (100 mL·g

−1
·min

−1
) over the 0.16 

BPO4/BN catalyst. Further, the stability test of 0.16 BPO4/BN cata-
lyst was conducted under the optimized reaction conditions (480 
o
C and O2/EB = 0.5). The evolution of the catalytic performance as 

a function of reaction time for the catalysts was compiled in Fig-
ure 1d, where no significant variations in the ethylbenzene con-
version and styrene selectivity occurred. The conversion of ethyl-
benzene approached 20% and the styrene selectivity was up to 97% 
with negligible CO2 (1%) and CO (0.5%) formation, suggesting a 
good performance of such metal-free boron-based catalyst for 
ODH of ethylbenzene to styrene. 

Structural characterization 

Figure 2a showed the XRD patterns of different mass ratios of 
BPO4/BN and the control sample BPO4 and BN. The sample BN 
showed a typical hexagonal crystal phase and high crystallinity. 
Two characteristic peaks appeared at 26.7° and 41.6°, ascribed to 
the (002) and (100) planes of hexagonal boron nitride (h-BN) 
(ICDD: 01-073-2095).

[24-25]
 The sample BPO4 showed four charac-

teristic peaks at 24.5°, 40.0°, 48.8° and 63.7°, which were respect- 

 

Figure 2  (a) X-ray diffraction patterns of BPO4/BN, BPO4 and BN catalysts. 

(b) FTIR spectra of 0.16 BPO4/BN, BPO4 and BN catalysts. (c) N2 sorption 

isotherms and pore size distributions of 0.16 BPO4/BN and BN catalysts. (d) 

TEM image of 0.16 BPO4/BN catalyst. (e) EDS mapping images of 0.16 

BPO4/BN catalyst.  

Table 1  Summary of the physical and chemical properties of boron-based catalysts and the calculated styrene formation rates at 500 oC 

Catalyst SBET/(m2·g−1) Vtotal/(cm3·g−1) Dp/nm 
Ethylbenzene  
conversion/% 

Styrene  
selectivity/% 

Styrene formation rate/ 
(mmol·gcat

–1·h–1) 

0.01 BPO4/BN 85 0.33 14.5 7.9 93.9 1.1 

0.08 BPO4/BN 50 0.25 17.7 22.2 95.2 3.2 

0.16 BPO4/BN 58 0.22 12.1 27.7 95.1 4.0 

0.24 BPO4/BN 54 0.22 12.1 22.0 94.9 3.1 

0.32 BPO4/BN 44 0.21 15.5 15.9 94.8 2.3 

BPO4 — — — 18.9 98.2 2.8 

BN 70 0.22 11.4 3.8 94.9 0.5 

BPO4-BN-mix — — — 3.1 96.1 0.4 

0.16 BPO4/SiO2 251 1.25 17.7 23.1 96.6 3.3 

0.16 BPO4/SiC 17 0.13 35.2 25.5 96.7 3.7 

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

Catalyst O2/ethylbenzene 
Space velocity/ 
(mL·g−1·min−1) 

Temperature/ 
oC 

Ethylbenzene 
conversion/% 

Styrene selectivity/ 
% 

Styrene formation rate/ 
(mmol·gcat

−1·h−1) 
Reference 

0.16 BPO4/BN 1 100 500 28 95 4.0 This work 

BN-GC-0.5 1 200 425 41 94 5.8 [10] 

Carbon-doped  

BN nanosheets 
4 200 500 50 88 1.3 [23] 

D-BN 2 200 550 52 89 7.0 [11] 

CNT 0.5 200 400 29 94 3.4 [20]    
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tively assigned to the (101), (112), (121) and (213) crystal planes 
of BPO4 (ICDD: 00-014-0696).

[3]
 The XRD patterns of the BPO4/BN 

samples contained all characteristic peaks of BN and BPO4, indi-
cating that BPO4 prepared by the reaction between H3BO3 and 
B3PO4 was successfully loaded on BN. The size of BPO4 in 0.16 
BPO4/BN and 0.24 BPO4/BN catalysts was calculated to be 14.7 
and 18.4 nm using the Debye–Scherrer formula, respectively. The 
proper size of 0.16 BPO4/BN could be helpful to ensure good cat-
alytic performance. Besides, the diffraction peaks of B2O3 (ICDD: 
00-013-0570) and P2O5 (ICDD: 01-087-0952) were absent in the 
BPO4/BN samples, indicating good quality of the prepared cata-
lysts. 

Figure 2b showed the Fourier transform infrared (FTIR) spec-
tra of 0.16 BPO4/BN and the control sample. The transmittance 
peaks at 1380 cm

−1
 were attributed to the in-plane B—N stretch-

ing vibrations, and the peaks at 790 cm
–1

 were assigned to the 
out-of-plane B—N—B bending vibrations.

[26]
 The peaks located at 

1100 and 935 cm
–1

 were assigned to PO4 species and asymmetric 
stretching vibration of BO4 tetrahedra, respectively.

[27-28]
 Besides, 

a broad peak located at 3400 cm
–1

 is caused by O—H stretching 
vibration or water molecules. These results suggested that 0.16 
BPO4/BN catalysts have all characteristic groups of BN and BPO4.  

Figure 2c showed the nitrogen sorption isotherms and pore 
size distributions of sample 0.16 BPO4/BN and BN. Their isotherms 
were of type-IV with an H2 hysteresis loop, indicating the exist-
ence of mesoporous structures. Typically, the 0.16 BPO4/BN has a 
surface area of 58 m

2
·g

−1
 and a pore volume of 0.22 cm

3
·g

−1
. 

Structural properties of the loading BPO4/BN and BN were sum-
marized in Table 1. The results suggested that the load of BPO4 
has little effect on the mesoscopic structure of BN. Unfortunately,  
the nitrogen sorption isotherms and pore size distribution of BPO4 
could not be measured probably due to the low accessible surface 
areas. It might be owing to the high-temperature calcination dur-
ing the preparation of BPO4, which formed non-porous crystals. 

The TEM and EDS mapping images of 0.16 BPO4/BN were 
shown in Figures 2d and 2e, revealing that the 0.16 BPO4/BN cat-
alyst had a typical flake structure. From the magnified TEM image, 
one can see many superimposed faults at the edge of BN. The 
black parts marked with red circles were presumed to be the BPO4, 
and the grain size (14.7 nm) was consistent with the calculated 
value from the XRD pattern. The EDS mapping images displayed 
homogeneous distributions of B and N elements, while P and O 
showed light spots, being related to the BPO4 particles. 

The surface chemistry of the 0.16 BPO4/BN catalyst was de-
termined by XPS measurement. The survey spectrum (Figure 3a) 
revealed that P, B, N and O elements were the primary surface 
species and the relative atomic contents were respectively around 
1.3%, 50.2%, 36.3% and 9.9%. As shown in Figure 3b, the B 1s 
spectrum was deconvoluted into two modes at 190.5 and 192.1 
eV, accordingly assigned to B—N and B—O.

[29]
 N—B was the main 

component. The N 1s spectrum (Figure 3c) was deconvoluted into 
one peak near 398.0 eV, corresponding to the N—B bond. The P 
2p spectrum (Figure 3d) was deconvoluted into one peak near 
135.0 eV, corresponding to the P—O bond in the PO4 tetrahedra 
(as there was no phosphorus oxide phase detected in XRD). 

Active sites of catalysts 

In order to explore the active sites of catalysts, the spent and 
fresh catalysts were further investigated. As shown in Figure 4a, 
the 0.16 BPO4/BN-spent catalyst retained all the XRD diffractions 
of the fresh sample and the average size of BPO4 only changed 
from 14.7 to 15.6 nm after the ODH process, indicating that the 
general structure was well maintained. The Fourier transform 
infrared (FTIR) spectra of 0.16BPO4/BN-spent also suggested that 
catalyst had good structural stability after reaction (Figure 4b). 

XPS showed that the atomic percentages of P in the fresh and 
spent BPO4 catalysts were 10.2% and 8.1%, respectively (Figure 

 

Figure 3  XPS analysis of 0.16 BPO4/BN sample: (a) survey, (b) B 1s, (c) N 

1s, and (d) P 2p. 

 

Figure 4  (a) X-ray diffraction patterns and (b) FTIR spectra of fresh and 

spent 0.16 BPO4/BN catalysts. (c) The deconvolution of the P 2p spectra: 

fresh and spent BPO4 catalysts. (d) NH3-TPD profiles for BPO4 and BN. (e) 

Ethylbenzene conversion and styrene selectivity as function of reaction 

time in ethylbenzene ODH over fresh BPO4 catalyst. Reaction conditions: 

100 mg, 5.6% EB, O2/EB = 0.5, 480 oC, 100 mL·g−1·min−1.  

4c). NH3-TPD experiments were carried out to analyze the number 
and strength of the acid sites of BPO4. Almost no acid sites of 
BPO4 catalyst were observed (Figure 4d). It is generally believed 
that the acidity of phosphate groups could lead to the formation 
of active coke on the catalyst, causing an increase in catalytic ac-
tivity and styrene selectivity during the induction period.

[4,30]
 

However, in our cases, no significant induction period and the 
increase in styrene selectivity were observed under the reaction 
condition (Figure 4e). Therefore, we inferred that the phosphorus 
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species on the surface of the BPO4 catalyst was not directly relat-
ed to the catalytic activity. 

The role of boron was further studied. For 0.16 BPO4/BN sam-
ples (Figure 5a and Table 3), the concentration of the total surface 
oxygen in the fresh and spent 0.16 BPO4/BN catalysts were 9.9% 
and 12.8%, respectively. And B2O3 was not detected from XRD 
analysis (Figure 4a). The concentration of the total surface boron 
slightly reduced, but the content of B—O (tetra-coordinated bo-
ron and tri-coordinated boron) increased from 12.6% to 18.0% 
and the total content also changed from 6.3% to 8.8% after the 
reaction, suggesting the emergence of oxygen functionalization. 
The concentration of carbon in the spent 0.16 BPO4/BN catalyst 
was only 3.8%. The small amount of carbon deposition indicated 
that most of the catalytic activity in the reaction stemmed from 
the boron component of the catalyst, especially in the early stage 
of the ODH process. These results implied that the B—O groups 
should be responsible for the ODH of ethylbenzene. 

 

Figure 5  The deconvolution of the B 1s spectra: (a) fresh and spent 0.16 

BPO4/BN catalysts and (b) fresh and spent BPO4 catalysts. 

In order to explore the different chemical environments of 
boron, the fresh and spent BPO4 samples were investigated by 
XPS measurement. The B 1s spectrum of BPO4 revealed three 

different boron chemical environments (Figure 5b and Table 3), 
which could be respectively attributed to tri-coordinated boron 
(BO3, 193.4 eV), tetra-coordinated boron (BO4, 191.7 eV) and bo-
ron suboxides (BxOy, 1.5<x/y<3, 189.3 eV).

[31-32]
 The tetra-coordi-

nated B site has much electron density than the tri-coordinated B 
site since B always remains with a former oxidation state of +3. 
The presence of the excess electron density in BO4 is expected to 
perturb the binding strength of 1s electron and shift the bind 
energy to a lower value, which led to more nucleophilic of the 
oxygen in BO4.

[15]
 Both experimental and theoretical results have 

confirmed that the activation of the aliphatic C—H bond on the 
ethyl group is the rate-determining step in this reaction,

[18,33]
 and 

the nucleophilicity of catalyst might increase the oxidative dehy-
drogenation activity of ethylbenzene. The content of tetra-coor-
dinated boron surface species increased from 36.1% in fresh BPO4 
to 52.7% in the spent catalyst, and the total content also changed 
from 15.7% to 17.4%. On the other hand, the tri-coordinated sur-
face boron species content decreased from 61.2% in fresh BPO4 to 
44.0% in the spent sample, and the total content also changed 
from 26.6% to 14.5%. Besides, the stability of 0.16 BPO4/BN and 
BPO4 catalysts was evidenced that no significant variations in the 
conversion and product selectivity occurred. These results might 
indicate that the BO4 species were responsible for the ODH of 

ethylbenzene. Compared with BPO4, the well dispersed BPO4 on 
the BN could further improve the performance of BPO4 in the 
sample 0.16 BPO4/BN. Besides, there could be a possible synergis-
tic effect between the two components in the BPO4/BN catalyst. 

Conclusions 

We have shown that a metal-free boron-based catalyst (0.16 
BPO4/BN) is active and selective for the oxidative dehydrogena-
tion of ethylbenzene to valuable styrene. When the conversion of 
ethylbenzene reached 27.7% at 500 

o
C, the selectivity of styrene 

was up to 95.1%. The 0.16 BPO4/BN has a higher styrene for-
mation rate of 4.0 mmol·gcat

–1
·h

–1
, compared with BPO4 (2.8 

mmol·gcat
–1

·h
–1

) and BN (0.5 mmol·gcat
–1

·h
–1

). The tetra-coordi-
nated boron (BO4) species of BPO4 might be responsible for the 
ODH of ethylbenzene, and a possible synergistic effect between 
BPO4 and BN leads to the improved catalytic performance. 

Experimental 

Catalyst preparation 

All of the chemicals used in this work were employed as re-
ceived without any purification. Commercial hexagonal BN (h-BN, 
99.9%) and silicon dioxide (SiO2, 7—40 nm) were purchased from 
Aladdin. Phosphoric acid (H3PO4, 85%) and boric acid (H3BO3, 
99.5%) were purchased from Sinopharm Chemical Reagent Co., 
Ltd. Silicon carbide (SiC) was purchased from Shanghai Yao Tian 
New Nano Material Co., Ltd. 

Sample BPO4 was prepared by dissolving 0.02 mol H3PO4 and 
0.02 mol H3BO3 into 30 mL deionized water. The solution was 
placed in a rotary evaporator. After drying at 50 

o
C for 12 h, the 

collected sample was calcined at 600 
o
C for 2 h in air and then 

washed with deionized water to neutral. 
The h-BN was processed by planetary ball-milling (Pulverisette 

7, Fritsch) at 800 r/min for 15 min at room temperature and then 
washed for 2 h with deionized water at 80 

o
C.

[34-35]
 Subsequently, 

the wet sample was suction-filtered and dried in an oven at 50 
o
C 

for 12 h. In this way, the obtained sample was named BN. 
The prepared BN was impregnated using H3PO4 and H3BO3 

aqueous solution, with a theoretical BPO4/BN mass ratio of x (x = 
0.01—0.32). Then, the samples were maintained at room tem-
perature for 2 h and dried at 50 

o
C for 12 h. After that, the sam-

ples were calcined at 600 
o
C for 2 h in air and then washed with 

deionized water to neutral. The obtained samples were named x 
BPO4/BN. 

In order to demonstrate the synergistic effect between BPO4 
and BN, a control sample named BPO4-BN-mix was prepared by 
mixing BPO4 and BN samples (at a mass ratio of 0.08). Besides, to 
investigate the unique role of BN, SiO2 and SiC supports were used 
to prepare the 0.16 BPO4/SiO2 and 0.16 BPO4/SiC samples by the 
same preparation procedure of BPO4/BN. 

Catalyst characterization 

X-ray powder diffraction (XRD) measurements were operated 
on a PANalytical X’Pert3 powder diffractometer using Cu Kα radia-
tion (λ = 0.15406 nm). The tube voltage was 40 kV and the current 

Table 3  Chemical properties and deconvolution of B 1s for fresh and spent BPO4, 0.16 BPO4/BN catalysts 

Catalyst B (at%) N (at%) P (at%) O (at%) C (at%) 
Groups/Boron (%)  Total groups (%) 

BO3 BO4 BxOy B—N  BO3 BO4 BxOy B—N 

0.16 BPO4/BN-fresh 50.2 36.3 1.3 9.9 2.2 3.8 8.8 — 87.3  1.9 4.4 — 43.8 

0.16 BPO4/BN-spent 49.0 32.9 1.5 12.8 3.8 4.9 13.1 — 82.2  2.4 6.4 — 40.2 

BPO4-fresh 43.4 — 10.2 42.3 3.7 61.2 36.1 2.7 —  26.6 15.7 1.2 — 

BPO4-spent 33.0 — 8.1 33.0 25.5 44.0 52.7 3.3 —  14.5 17.4 1.1 —  
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was 40 mA. Fourier transform infrared spectra (FT-IR) were per-
formed using a Thermo Scientific Nicolet 6700 spectrometer 
equipped with a mercury cadmium telluride (MCT) detector. The 
powder sample was dispersed sample in KBr pellets. Nitrogen 
adsorption isotherms were measured using a Micromeritics Tristar 
3000 adsorption analyzer. Transmission electron microscopy (TEM) 
and energy dispersive X-ray spectroscopy (EDS) elemental map-
ping were recorded on a TEI Tecnai F30 electron microscope op-
erating at an accelerating voltage of 300 kV by dispersing ground 
powders in ethanol and then onto holey carbon films supported 
on Cu grids. X-ray photoelectron spectroscopy (XPS) was per-
formed on a Thermo VG ESCALAB 250 Microprobe with an Al-Kα 
X-ray source. The binding energies of elements were calibrated 
using the C 1s photoelectron peak at 284.6 eV. Temperature-pro-
grammed desorption of ammonia (NH3-TPD) was carried out on a 
Micromeritics AutoChem Ⅱ 2920 instrument. 

Catalytic reaction 

The catalytic reactions were conducted in a quartz tube fixed 
bed reactor (diameter 8 mm, length 420 mm) under atmospheric 
pressure. 100 mg catalyst was loaded and tested in the range of 
440—520 

o
C. The reactants (5.6% ethylbenzene, nitrogen as bal-

ance, total flow rate 10 mL·min
‒1

) was then injected into the re-
actor from a saturator kept at 54 

o
C. The reactants and products 

were analyzed by an on-line gas chromatograph (GC7900, Tech-
comp) equipped with a PEG capillary column connected to a flame 
ionization detector (FID) for the hydrocarbons, and a Porapak Q 2 
and a molecular sieve 5A column connected to a thermal conduc-
tivity detector (TCD) for the permanent gases. The ethylbenzene 
conversion, styrene selectivity and styrene formation rate were 
calculated as follows: 

Ethylbenzene conversion = (Fethylbenzene in–Fethylbenzene out)/ 
Fethylbenzene in х 100% 

Styrene selectivity = Fstyrene out/(Fstyrene out + FCOx out + Fbenzene out +  
Fbenzaldehyde out + Fbenzofuran out) х 100% 

Styrene formation rate = (fraction of ethylbenzene converted 
to styrene (mmol))/(weight of the catalyst (g) × time (h)) 

Among them, the carbon balance was checked and was close to 
95%—100% in all runs. 
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