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Boron-doped graphene as a metal-free catalyst for
gas-phase oxidation of benzyl alcohol to
benzaldehyde
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Boron-doped graphene samples (BGs) with tunable boron content of 0-2.90 at% were synthesized and
directly used in the gas-phase oxidation of benzyl alcohol to benzaldehyde, and showed excellent
performance. XPS results indicated that the graphitic sp?> B species (BCs) is the mainly boron dopant
species incorporated in the graphene lattice, which could significantly improve the content of ketone
carbonyl groups (C=0) on the graphene. For instance, the contents of C=0 jumped from 1.93 to 4.19
at% while BCz doped into the graphene lattice was only 0.35 at%. The C=O is the active site of catalytic
reaction, so BG has significantly improved catalytic activity. Compared to the un-doped graphene (G),

the conversion of benzyl alcohol over BGs increased 2.35 times and the selectivity of benzaldehyde

Received 11th January 2018 . o o ) . . .
Accepted 12th March 2018 increased from 77.3% to 99.2%. Aerobic—anaerobic exchange experiments revealed that the superior
catalytic performance of BG was achieved only under aerobic conditions. The study of the boron-doped

DOI: 10.1035/c8ra00230h carbocatalyst may also provide guidance for the design of surface modified carbon-based catalysts for
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1. Introduction

Selective oxidation of alcohols to the corresponding aldehydes,
involving the cleavage of O-H bonds followed by a-C-H bond
activation, is one of the crucially important reactions in the
production of fine chemicals and intermediates."” The selective
oxidation dehydrogenation (ODH) of benzyl alcohol to benzal-
dehyde is a typical example. Among these, the type and struc-
ture of the catalyst have an important influence on the
formation of the target product. Over the last several years, the
most commonly used catalysts for selective oxidation of benzyl
alcohol are organometallic compounds (TEMPO, Ru(PPh;)Cl,/
TEMPO, VOPO,/TEMPO, etc),>* chromium(vi) reagents, noble
metal coordination compounds (Pd, Ru, Au, Pt, etc)*® and
stoichiometric quantities of inorganic oxidant (manganese
dioxide, Sarrett reagent, Jones reagent, etc).” However, these
catalysts are precious and can produce large amounts of toxic
pollution during the reaction process, contradicting the prin-
ciples of green chemistry and sustainable development from
both economic and environmental concepts. Consequently,
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the selective oxidation dehydrogenation of alcohols by regulating doping elements and their types.

sustaining efforts have been devoted to choosing the efficient
and environmentally catalysts for the oxidation reaction to meet
the increasingly stringent ecological standards.'*"*
Carbon-based catalysts, including graphene, carbon nano-
tubes, nanodiamond and other nanocarbon based materials,
have attracted great interest in the past decades due to their
sustainable development, eco-friendly, high specific surface
area, feasible surface modification and continuous large-
scalable preparation.”™® Additionally, compared to metal
based catalysts, carbon based materials provide additional
advantages induced by the existence of giant 7 structures in the
sp> hybridization carbon atoms, which promotes strong inter-
actions with various reactants especially for compounds with
benzene ring."” In the past several years, significant progress
has been made in the study of catalytic performance of the
carbon materials. For instance, Zhang et al. reported that
carbon nanotubes with modified surface functionality could
efficiently catalyze the ODH of n-butane to butenes with a high
selectivity, which was achieved for periods as long as 100 hours.*®
Diao et al. used reduced porous graphene oxide as a metal free
catalyst for the selective ODH of ethylbenzene to styrene, which
showed the best catalytic performance compared with other
carbon materials (routinely reduced graphene oxide, graphite
powder and oxidized carbon nanotubes) and commercial iron
oxide.” Zhang et al. described the application of nano-diamond
as a novel catalyst for direct dehydrogenation of ethylbenzene
under steam-free conditions. The unique sp>-sp® hybrid

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 XRD patterns of (a) GO, (b) G, (c) BG-1, (d) BG-2, (e) BG-3, (f)
BG-4 and (g) BG-5.

structure resulted in different behavior to other carbons, with
superior activity and stability and freedom from coke
formation.?®

Among these carbon-based materials, graphene, a single
layer of sp>bonded carbon atoms arranged in a hexagonal
honeycomb structure, attracts extensive attention in recent
years,** due to its unique properties such as good conductivity,**
high specific surface area®® and high mobility of charge
carriers,* etc. It is regarded as a promising material for poten-
tial application in catalysis. The microstructure and surface
chemistry of nanocarbons have been thought to play important
role in carbon-catalyzed reactions. For example, C=0 func-
tional groups, locating at the prismatic edges of stacked gra-
phene sheets or at the surface defects, have been regarded as
the active centers for the ODH reactions.*®®® Furthermore,
heteroatoms doping can offer an effective method to modulate
electronic properties and surface physicochemical features of
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graphene, introduce a considerable amount of defects into the
lattice, and promote catalytic performance by introducing
electron acceptors or donors.”*°

For the chemical doping of graphene, Denis et al. demon-
strated that boron and nitrogen atoms are considered to be the
best doping elements because their sizes are closed to the
carbon atoms,*" resulting in strong valence bonds between
them. To date, nitrogen-doped graphene (NG) has been applied
to organic synthesis reaction. Long et al. reported the NG as
metal-free carbon-catalyst applied to selective oxidation of
alcohols.” Li et al. prepared NG with different doping contents,
which could efficiently catalyze the dehydrogenation of ethanol
with 100% selectivity.** However, BG is mainly applied as elec-
trode material in solar cells and lithium ion batteries.**¢ So far,
there is no report used BG as catalyst directly for organic
synthesis reaction, especially in gas-phase reaction. Theoretical
calculations indicate that O, molecular can be easily adsorbed
by boron dopant owing to the large difference of electronega-
tivity between boron and oxygen, which is the precondition for
the subsequent formation of O>~, O,~, and 0,>.* In addition,
boron can substitute carbon atom at the trigonal sites (BCs),*
whose electron accepting nature makes boron more affinitive to
oxygen compared to carbon.*®*?*® Therefore, we speculate that BG
will have certain influence on the oxidation dehydrogenation
reaction, compared to G.

Herein, boron-doped graphene was used as catalysts for
ODH of benzyl alcohols in order to demonstrate that incorpo-
rating boron is a viable method to design efficient carbon-based
catalysts for the gas-phase oxidation of benzyl alcohol. Long
et al. have been studied NG was used as catalyst for ODH of
benzyl alcohol,* what is worth mentioning that the reaction was
a liquid-phase-batch reaction. While in this work, BG was used
for the gas-phase-continuous reaction. In this study, boron-
doped graphene samples with tunable boron content of 0-

2000k

20 nm

Fig. 2 SEM, TEM and HRTEM images of the boron-doped graphene samples (BGs) and the un-doped graphene (G).
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2.90 at% were synthesized by regulating the boric acid/
graphene oxide (GO) mass ratio. It was found that the multi-
layer graphene doped with boron heteroatoms can catalyze
oxidative dehydrogenation of benzyl alcohol to benzaldehyde
efficiently with the high selectivity.

2. Experimental section

2.1. Preparation of catalysts

Graphite oxide (GO, purity of 96.0%) was supplied from Jining
Leadernano Technology Co., LTD. (Shandong Province, China).
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Fig. 3 (a) Nitrogen adsorption—desorption isotherms, (b) specific
surface area column (column graph) and pore volume (line graph) and
(c) pore size distribution plot.
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GO was prepared from natural graphite by a modified
Hummers' method.**** BGs synthesized at 1173 K were con-
ducted in argon atmosphere for 2 h with the different mass ratio
(1/1, 2/1, 3/1, 4/1 and 5/1) of boric acid/GO, and the corre-
sponding products were denoted as BG-1, BG-2, BG-3, BG-4,
BG-5. In the typical procedure, GO and boric acid were mixed
uniformly in a nickel boat, which was then placed in the center
of a corundum tube. The furnace was heated to 1173 K at
a ramping rate of 5 K min~ " with a continuous flow of argon,
then kept at 1173 K for 2 h before cooling down to room
temperature naturally. The obtained products were then
refluxed in 3 M KOH aqueous solution for 2 h to remove the
unreacted boron oxide. After filtration and water washing, the
samples were dried in a vacuum at 333 K for overnight. For
comparison, G was prepared by using the same procedure, but
neither without adding boric acid nor using 3 M KOH aqueous
solution for reflux washing.

2.2. Characterizations

The structure and purity of the products were identified by XRD,
which was carried out on a D8 Advance X-ray generator (Bruker
AXS Company, Germany) by using Cu Ka1 radiation. The X-ray
intensity was measured over a 26 diffraction angle from 5° to 60°
with a step size of 0.02° min~'. The morphologies of catalysts
were observed by scanning electron microscopy (SEM) (S-4800
FESEM, Hitachi Ltd., Japan) and transmission electron
microscopy (TEM) (TECNAI G2 F20, FEI Company, USA). The
SEM and TEM images were obtained at an accelerating voltage
of 10 and 200 kv, respectively. Brunauer-Emmett-Teller (BET)
(Autosorb-iQ, Quantachrome, America) surface area analysis
was done by nitrogen adsorption-desorption isotherms at
liquid nitrogen temperature of 77 K. X-ray photoelectron spec-
troscopy (XPS) (ESCALAB250, Thermo Electron Corporation,
USA) was employed to analyze the surface composition of
synthesized materials.

2.3. Measurement of catalytic performance

The ODH experiments were carried out at atmospheric pressure
using 100 mg of each catalyst in a fixed-bed stainless steel
reactor. The reactor was heated at 10 K min~ " up to the reaction
temperature under 40 mL min~ " nitrogen, and after that the
feed comprising benzyl alcohol (BA), oxygen (1o /nps = 2) in
nitrogen (ny,/npa = 6.2) was dosed in the reactor at a total flow
of 40 mL min~". The ODH reactions were studied under rela-
tively gentle conditions (473 and 523 K). The liquid-phase
product collected after cooling by ice water were sampled peri-
odically and analyzed by High Performance Liquid Chroma-
tography (HPLC, Agilent 1260, USA) equipped with an Agilent
Zorbax SB-C18 column. The reaction tail gas was monitored by
an on-line Gas Chromatograph (Techcomp GC7980, China)
equipped with a thermal conductivity detector (TCD) and
a Porapak-Q column. Blank experiments without carbon cata-
lyst showed that reaction conversion were negligible (<0.2%).

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) XPS survey spectrum for the un-doped graphene (G) and BG samples with various boron dopant concentrations, (b)—(f) high resolution
B1ls spectra of the BG samples with various boron dopant concentrations, samples.

Table 1 The deconvolution analysis of carbon functional groups, oxygen functional groups and boron functional groups on these samples

O B

Sample O/C® C (at%)’ O (at%)’ B (at%)’ C=O0 (at%)° 0O-C=0O (at%)° C-O-C/C-OH (at%)° -BC; (at%)° BC,O (at%)° BCO, (at%)

G 0.18 84.89 15.11 — 1.93 7.15 6.03 — — —
BG-1 0.24  80.26 19.19 0.55 4.19 6.65 8.35 0.35 0.20 —
BG-2 0.23 80.01 18.38 1.61 4.28 7.63 6.47 0.71 0.90 —
BG-3 0.22  80.11 17.86 2.03 4.75 5.83 7.28 1.18 0.85 —
BG-4 0.22  79.66 17.44 2.90 5.04 7.50 4.90 1.67 0.80 0.43
BG-5 0.21  81.51 16.82 1.67 4.33 6.47 6.02 0.77 0.61 0.29

“ The ratio of surface O and C content. ” Surface carbon, oxygen and boron contents were determined by XPS. ¢ The content of various oxygen
species and boron species obtained by deconvolution analysis.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 11222-11229 | 11225
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(a) High resolution O1s spectra of the un-doped graphene (G) and boron-doped graphene samples (BGs) and (b) the relationship between

the content of the graphitic sp? B species (BCz) and ketone carbonyl groups (C=0) over different samples.

3. Results and discussion

3.1. Characterization

3.1.1 XRD. Fig. 1 shows XRD patterns of BGs with different
boron doping contents and the un-doped graphene sample. XRD
pattern (a) of GO reveals an intense and sharp reflection centered
at about 11°, corresponding to a c-axis interlayer spacing of
0.81 nm.** After the thermal processing in Ar atmosphere at 1173 K
for 2 h, the characteristic peak of GO disappears while two broad
diffraction peaks at 26.26° (d = 0.34 nm) and 43.00° (d = 0.21 nm)
appear for G (Pattern b) and BG (Pattern c-g), confirming the
successful conversion of GO to graphene.*” Furthermore, it
suggests that GO cannot be completely and uniformly exfoliated by
the interlayer expansion along the c-axis direction at such
a temperature, leading to the formation of multilayer graphene
nanosheets.” The diffraction peaks of the BG with different boron
doping contents and G are very similar, indicating that the boron
doping content cannot influence the crystal phase structure of BG.

3.1.2 SEM, TEM and HRTEM. The morphology and micro-
structure of these as-prepared BGs and G were investigated further
by SEM, TEM and HRTEM. As displayed in Fig. 2, all samples
exhibit the typical multilayer nanosheets structure of graphene,
which is also confirmed by XRD results. Meanwhile, TEM images
also indicate that the BGs still remains the nanosheet structure of
the G. Both of them can suggest that the two-dimensional struc-
ture of BG is efficiently retained after being doped with boron.
Moreover, HRTEM characterization further indicates that both of
BG samples and G are the multilayer nanosheets graphene.

3.1.3 BET. Brunauer-Emmett-Teller (BET) specific
surface area of BGs and G were measured at 77 K from the
nitrogen adsorption and desorption isotherms and the results
are shown in Fig. 4. The isotherm profile displays a typical II
characteristic with a distinct hysteresis loop observed in the
range of 0.45-0.98 p/p, (Fig. 3a). G give a specific surface area
of 269.71 m> g~ ' while the specific areas of BGs are from
122.98 to 205.56 m> g~ ', respectively (Fig. 3b). Barrett-Joyner-
Halenda (BJH) analysis indicates that the pores are mainly
“mesoporous structure” with a pore size distribution of 15-
25 nm centered at about 19 nm (Fig. 3¢). This phenomenon is
probably attributed to that GO cannot be completely and
uniformly exfoliated by the interlayer expansion at 1173 K,

11226 | RSC Adv., 2018, 8, 11222-11229

leading to the formation of interspace between the nano-
sheets. Apparently, the specific surface areas of all samples
were much lower than the theoretical value (2630 m> g™ ) for
the graphene,*® and this can be attributed to the aggregation of
nanosheets under high temperature (1173 K).**

3.1.4 XPS. The survey spectra in Fig. 4a show the presence of
carbon, oxygen and boron. GO was annealed in Ar atmosphere at
1173 K, and the obtained G shows a weak O1s signal and no B1s
signal in the XPS spectrum (Fig. 4a). After reaction with mixing
boric acid at the temperature, the weak B1 signals could be dis-
cerned from the XPS spectrum. It shows 2.90 at% atomic
percentage of boron doped in these BG samples. The presence of
Bils peak (~192 eV) instead of the original B peak (188 eV) indi-
cates the incorporation of boron into graphene framework
successfully.*

In addition, the atomic contents of C, O, and B elements in
these samples calculated from XPS spectra are summarized in
Table 1. Interestingly, it is noted that the oxygen atomic
percentage of the BG samples is higher than G and the oxygen
content increases steadily with increasing boron content.
Noticeably, the content of boron atoms in the BG samples
increases with increasing of the mass ratio of boron acid and
GO, and reaches the highest value of 2.90% for BG-4. Further
increasing the mass ration to 5 : 1 does not improve the content
of boron in BG, suggesting the boron-doping reaction is
completed after increasing the mass ration of 4 : 1.%¢

The effect of the precursors mass ratio on boron species was
further analyzed by deconvoluting the B1s spectra. As shown in
Fig. 4b-d, the high-resolution B1s peak can be fitted into two
peaks centered at 191.28 and 192.60 eV, which indicates that
there are two types of B species present in these BG nanosheets.
However, Fig. 4e-f show that the B1ls peak can be fitted into
three peaks centered at 191.28 and 192.60 eV, and 193.50 eV,
indicating that there are three types of B species present in BG-4
and BG-5 nanosheets. According to the literatures,”*"*® the
binding energies of 191.28, 192.60 and 193.50 eV are attributed
to BC;, BC,0 and BCO,, respectively. In addition, it can be seen
from Table 1 that the BC; are predominant in these B species,
and a maximum content of 1.67 at% for BC; species can be
obtained upon the mass ratio at 4 : 1 (BG-4).

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) The conversion of benzyl alcohol (column graph) and the
selectivity of benzaldehyde (line graph) over different catalysts at 473
and 523 K, (b) the conversion of benzyl alcohol (column graph) and the
content of C=0 (line graph) over different samples at 473 and523 K,
(c) the conversion of benzyl alcohol (column graph) and the selectivity
of benzaldehyde (line graph) on aerobic—anaerobic exchange exper-
iments over BG-4 by switching BA/N,, and BA/O,/N, at 473 K. BA =
9.0%, O, = 18% with N, as balance in aerobic conditions, and BA =
9.0% with N, as balance in anaerobic conditions, total flow

40 mL min~%.

Fig. 5a displays the high-resolution O1s XPS spectra of the BGs
and G. The broad O1s peak can be divided into three peaks
centered at 531.20, 532.70, and 534.10 eV, belonging to C=0, O-
C=0, and C-O-C/C-OH groups, respectively.**** As shown in
Fig. 5b, the contents of C=0 increase with the boron incorporated
in graphene enhancing, indicating that the boron dopant (BCs) in
the lattice may contribute to the formation of the C=0 groups.

This journal is © The Royal Society of Chemistry 2018
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3.2. Catalytic performance

Fig. 6a gives the conversion of benzyl alcohol over BGs with
tunable boron content of 0-2.90 at% at 473 and 523 K. In the
control experiment without catalyst, the conversion of benzyl
alcohol detected by HPLC is no more than 0.20%. In the refer-
ence experiment with G as catalyst, the selectivity of benzalde-
hyde is 77.3% (473 K) and 85.1% (523 K), which is lower than
94.2-99.2% of BGs. It is indicated that the introduction of boron
could produce benzaldehyde with the high selectivity. As shown
in Table 2, results of the selective oxidation of alcohols to
aldehydes over different metal-based catalysts and nano-carbon
materials reported in recent years are summarized. Although
the conversion efficiency of the metal-based catalyst is relatively
high, the selectivity (no more than 82%) is generally lower than
that of the BG and other nano-carbon catalyst (not less than
97%). Moreover, BGs are compared with other nano-carbon
materials in the Table 2. The selectivity of the target products
over the BGs and other nano-carbon catalyst are both high, and
BGs have advantage in the conversion rate. In addition, the
effect of the boron doping in the graphene is the enhancement
of the conversion of raw materials. The highest catalytic activity
of 11.7% (473 K) and 21.5% (523 K) for the conversion of benzyl
alcohol can be obtained upon the boron doping content at 2.90
at% (BG-4). It can also be seen from the Fig. 6a that the amount
of B doping is different, and the catalytic performance is
different. The catalytic activities of the BGs for the aerobic
oxidation increase with increasing boron content, for instance,
the yield of benzaldehyde enhance from 5.6 to 11.0% at 473 K
(9.9 to 20.9% at 523 K) with the content of boron from 0.55 to
2.90 at%. The similar changing trend between conversion of
benzyl alcohol and the content of C=0, as shown in Fig. 6b,
indicates the C=0 groups are the active sites for the ODH
reactions, which is consistent with the literature.?****¢* More
intuitively, from the Fig. 5b, the amount of C=O0 increase with
the content of BC; enhancing. Based on these analyses, it was
inferred that, doping of boron effectively enhanced the
conversion of benzyl alcohol and the selectivity for benzalde-
hyde production. The C=O alone cannot selectively oxidize
benzyl alcohol, while only when BC; and C=0 are both present,
can a high yield of benzaldehyde be achieved.

In addition, aerobic-anaerobic exchanges by switching BA/N,
and BA/O,/N, at 473 K experiments were carried out, and the
results were as shown in Fig. 6¢c. About 14.0% of benzyl alcohol
conversion and 94.0% of benzaldehyde selectivity are obtained
under coexistence of benzyl alcohol and oxygen, whereas quick
deactivation occurs once oxygen was removed. Fan et al. reported
that the lower benzaldehyde yield in the absence of O, implied
oxygen is necessary to shift the equilibrium toward the carbonyl
compound and accelerate the reaction.”” The reaction occurs
without added oxygen supported the so-called classic dehydro-
genation mechanism where the alcohol dehydrogenation and
oxidant reduction steps are sequential, and not coupled. There-
fore, the result convinced us that the superior catalytic perfor-
mance of boron doped graphene was achieved only under
aerobic conditions.

RSC Adv., 2018, 8, 11222-11229 | 11227
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Table 2 Results of the selective oxidation of alcohols to aldehydes over different traditional catalyst and nano-carbon materials reported in the
literature

Doping Reaction Reaction Reaction Conversion Selectivity

Reaction systems Catalyst amount (at%) Phase/solvent temperature (K) type time (h) (%) (%) Reference
Benzyl alcohol TiO,/Cu(n) — Liquid/H,O 312 Batch 6 84 63 58
to benzaldehyde
Benzyl alcohol Ru/g-C;N, — Liquid/H,O Room T Batch 4 73 72 59
to benzaldehyde
Benzyl alcohol Au/MgO — Liquid/no solvent 403 Batch 5 51 86 60
to benzaldehyde
Benzyl alcohol Au/Al, O, — Liquid/no solvent 403 Batch 5 69 65 60
to benzaldehyde
Benzyl alcohol Au/La,03 Liquid/no solvent 403 Batch 5 52 69 60
to benzaldehyde
Benzyl alcohol Au/Sm,0; — Liquid/no solvent 403 Batch 5 44 75 60
to benzaldehyde
Benzyl alcohol Au/CuO — Liquid/no solvent 403 Batch 5 27 69 60
to benzaldehyde
Benzyl alcohol NG-800° 4.16 Liquid/H,0 343 Batch 3 6.5 100 21
to benzaldehyde NG-900“ 3.48 343 3 12.8 100

NG-900° 3.48 343 3 3.5 100

NG-1000¢ 1.71 343 3 4.0 100
Ethanol NG(30:1)’ 6.61 Gas/— 473-623 Continuous — 8.0-10.7 100 32
to acetaldehyde  NG(200:1)° 6.74 — 6.2-8.9 100

NG(300:1)” 6.98 — 8.7-10.8 100
Benzyl alcohol BG-1° 0.55 Gas/— 523 Continuous — 10.1 97.8 This work
to benzaldehyde BG-2° 1.61 — 11.8 99.2

BG-3¢ 2.03 — 16.0 98

BG-4° 2.90 — 21.5 97

BG-5¢ 1.67 — 18.1 97.3

“ The three N-doped graphene samples were denoted as NG-T, where T means nitridation temperature. > The NG (x: 1) means the nitrogen-doped
graphene with different nitrogen doping contents, where x : 1 means a mass ratio between urea and graphite oxide (GO).  Boron-doped graphene
samples were synthesized with the different mass ratio (1/1, 2/1, 3/1, 4/1 and 5/1) of boric acid/GO and the corresponding products were denoted as

BG-1, BG-2, BG-3, BG-4 and BG-5.

4. Conclusions

In summary, we study surface physical and chemical property of
BGs and G and their catalytic performance in the gas-phase
oxidation benzyl alcohol to benzaldehyde, which thoroughly
revealing how the BGs enhanced the performance in the ODH
reaction. The effect of the boron doping in the graphene is the
enhancement of the conversion of benzyl alcohol and the
selectivity of benzaldehyde. The superior catalytic performance
of BGs is attributed to boron doping species (BC;) enhanced the
O, chemisorption on catalysts and further promoted forming
the active sites (C=0). It can be observed with XPS analysis, the
BC; could stimulate the increase in the amount of C=0 obvi-
ously, and thus promoted the C-H bond activation ability of BG.
This study provides a direction to the heteroatom doped on the
graphene for the oxidative dehydrogenation reaction of benzyl
alcohol. We anticipate that the heteroatom doped on the
surface microstructure of graphene can open a new and fasci-
nating route for designing highly efficient nanocarbon catalysts.
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