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Exploring the potential catalytic applications of boron-doped
carbon materials is a fascinating challenge. Here we describe that
boron-doped onion-like carbon and carbon nanotubes as metal-
free catalysts exhibit excellent catalytic activity and stability in
nitroarene reduction under a stoichiometric amount of reductant.

Heteroatom-doped carbon materials as metal-free catalysts
have attracted extensive attention over the past few years, being
promising candidates in catalysis." For instance, nitrogen-
doped graphene or carbon nanotubes (CNTs) were shown to
be excellent catalysts for aerobic oxidation of benzyl alcohol
and cyclohexane.? Boron atoms, having a comparable atomic
size and three valence electrons for binding with carbon atoms,
could be incorporated into the carbon matrix, leading to the
formation of p-type (or hole) doped carbon materials with
desired electronic structures.> However, apart from the oxygen
reduction reaction, these boron-doped catalysts have been
rarely reported for other catalytic reactions. It is therefore
interesting to explore the potential catalytic applications of
such doped carbon materials.

Aromatic amines are important intermediates and key pre-
cursors in the synthesis of various fine chemicals and pharma-
ceuticals.’ Traditionally, nitro group reductions are carried out
using various transition metal or precious metal catalysts.®
Recently, a series of great achievements have been made in
the presence of metal-free materials using excess hydrazine
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hydrate (4-8 equiv.) as a reductant. For example, Ma and
co-workers reported that reduced graphene oxide exhibited excel-
lent catalytic performance for hydrogenation of nitrobenzene.” Su
et al. developed a class of hydrogen peroxide-oxidized CNTs and
demonstrated their validity for nitroarene reduction.® Arai et al.
studied chemoselective transfer hydrogenation of nitrobenzene
over oxygen- and nitrogen-doped activated carbon.” Nevertheless,
the undesired decomposition of hydrazine hydrate and inter-
mediate hydrogen waste products have been responsible for its
low utilization efficiency. The development of a high utilization
efficiency of hydrazine hydrate still remains a demanding task.

In this work, boron-doped onion-like carbon (B-OLC) or
CNTs (B-CNTs) were obtained via a high-temperature annealing
of nanodiamond or acid-treated CNTs in a graphite furnace
using boron acid as boron precursor, respectively. We report for
the first time that the obtained boron-doped carbon materials
can be used as efficient catalysts for nitroarene hydrogenation
and the utilization efficiency of hydrazine hydrate is close to
80% under certain conditions. For comparison, pristine OLC
and CNTs samples were tested for the same reaction.

The HRTEM images in Fig. S1A-C (ESIt) show the structures
of pristine OLC and doped OLC consisting of multilayer sp*
fullerene-like shells. The identified interlayer spacing of about
0.340 nm in the shell of OLC corresponds to the (002) of
turbostratic graphite carbons. In general, boron doping into
graphite structure leads to a slight decrease in interlayer
spacing dgy, compared to that of the host starting graphite,
depending upon the amount of doped boron atoms.*® Interest-
ingly, in the present case of B-OLC-2, dy, increases slightly
presumably because of the onion-like morphology being kept
after boron doping into the hexagonal lattice. When increasing
the content of boron, the ordering of the fullerene-like struc-
ture of B-OLC-3 may be disrupted and thus leads to the slight
decrease of the interlayer spacing (Fig. S1C, ESIT). There are no
distinctive differences in the diameter and morphology of CNTs
and B-CNTs (Fig. S1D-F, ESIY).

XPS and Raman spectroscopy were employed to study the
physicochemical properties of these samples. Fig. S2A and
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2B (ESIt) show that the spectra of B-OLC and B-CNTs could
be deconvoluted into six components: boron atom cluster (B1,
~186.5 eV), B,C (B2, ~187.6 eV), substitutional boron species
BC; (B3, ~188.8 €V), BC,0 (B4, that is B-C—C-0, ~190.1 €V),
B-N (B5, ~191.1 eV, originating from the chemical bonding
between inherent trace nitrogen species and boron source after
annealing) and B,Oj;-related (B6, >192.0 eV)."" The total con-
centrations of boron species on B-OLC are about
1.5-5.0 at%. On the contrary, with an increasing amount
of boron precursor (increases from 8 wt% to 25 wt%), the
as-prepared B-CNTs samples did not exhibit an obvious
increase in the content of boron (0.8-1.2 at%, Fig. S2B, ESIT).
This may be ascribed to the well-ordered surface structure of
CNTs. The detailed results are displayed in Fig. S2C and D. In
addition, the value of Ip/I; increases from 1.9 of OLC to 2.5 of
B-OLC-2, revealing that the introduction of boron produces
much more structural defects. The weakened 2D peak and
upshift of the G peak for B-OLC-2 indicate that boron has been
successfully doped into the sp® carbon framework and further
influences the electronic structure of fullerene-like layers
(Fig. S3A, ESI).'® A similar result could be observed in pristine
CNTs and B-CNTs-2 (Fig. S3B, ESIt).

As shown in the energy-filtered transmission electron micro-
scopy (EFTEM) images of the representative B-OLC-2 and
B-CNTs samples, boron atoms are homogenously distributed
in the carbon framework (see Fig. 1B, C, E and F).

Table 1 displays the catalytic behaviors of various carbon
materials for nitrobenzene reduction to aniline under different
conditions. In the absence of any catalyst, only 17.8% of
nitrobenzene conversion after 4 h at 100 °C is found (Table 1,
entry 1). When 4 equiv. hydrazine hydrate are added into
the reaction, all doped carbon materials exhibit an enhanced
catalytic performance compared to pristine ones (Table 1,
entries 2-9), even higher than the best metal-free catalysts
and some metal-based catalysts reported in the literature.”*
The highest yield rates for aniline over B-OLC-2 and B-CNTs-2
reach 593 and 1360 umol m~> h™', respectively. B-OLC-3 leads
to a lower selectivity for aniline which may be attributed to the

Carbon "

Fig.1 (A) and (D) TEM images of B-OLC-2 and B-CNTs-2 samples.
EFTEM images of carbon and boron of (B) and (C) B-OLC-2 and (E) and
(F) B-CNTs-2 samples.
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Table 1 Catalytic activity of different carbon materials for nitrobenzene

reduction?
NO, _1.5~4.0 Equiv, 4h
@ T N g eatives, SO Solvent-free, 373K @ + 32N; + 21,0
SBET N,H, Con. Sel. R®

Entry Catalyst (m*g ") (equiv.) (%) (%) (umolm 2h™1)
1 — — 4 17.8 96.2 —
2 OLC 463 4 32.1 98.5 170
3 B-OLC-1 431 4 >99 80.3 461
4 B-OLC-2 400 4 >99 95.3 593
5 B-OLC-3 363 4 >99 83.1 567
6 CNTs 214 4 29.9 89.5 313
7 B-CNTs-1 188 4 >99 93.3 1228
8 B-CNTs-2 179 4 >99 98.3 1360
9 B-CNTs-3 175 4 >99 92.9 1313
10 — — 1.5 4.8 95.6 —
11 OLC 463 1.5 9.1 98.2 60
12 B-OLC-2 400 1.5 80.2 97.3 482
13 CNTs 214 1.5 12.1 90.5 127
14 CNTs-P 226 1.5 13.1 92.5 134
15 B-CNTs-2 179 1.5 81.8 98.1 1127
16 B-CNTs-2-P 192 1.5 80.9 98.9 1041

¢ Reaction conditions: 10 mg catalyst, 10 mmol (1.23 g) substrate.
b yield rate of aniline per m? of catalyst surface.

fact that a high content of boron can lead to the formation
of disordered fullerene-like layer structure and a decrease of
surface area (Table 1, entry 5). There are no obvious differences
in the selectivity for aniline over various B-CNTs catalysts
(Table 1, entries 7-9) because of the similar content of boron
species. Notably, as a stoichiometric amount of hydrazine
hydrate (1.5 equiv.) is introduced, B-OLC-2 and B-CNTs-2
catalysts still possess excellent catalytic activity, and the con-
version of nitrobenzene and selectivity for aniline exceed 80%
and 97% (Table 1, entries 12 and 15), respectively. In this case,
the utilization efficiency of hydrazine hydrate in nitrobenzene
reduction is close to 80% within 4 h. These results reveal the
crucial role of boron for nitrobenzene reduction. When CNTs
without acid-treatment serve as a starting material, the obtained
B-CNTs-2-P sample does not exhibit a better catalytic perfor-
mance than B-CNTs-2, implying that the metal impurity may not
play a key role in improving the catalytic performance (Table 1,
entries 15 and 16).

Through simple centrifugation, we could achieve the separa-
tion of doped carbon materials from the reaction solution and
reuse them for the next reaction. Fig. 2A and B illustrate that
doped catalysts exhibit good stability for the tested ten successive
runs. Moreover, Raman results indicate that no obvious change
could be observed between fresh and used doped carbon materials,
verifying the structural stability of these catalysts (Fig. S4, ESIt).

In order to study the general applicability of the boron-doped
carbon materials-catalyzed reduction reactions, nineteen kinds of
nitroarenes were tested under the optimized reaction conditions.
The results in Table 2 indicate that good conversions (>99%) for
all the substrates and selectivities (> 88%) for the desired products
could be obtained. These findings demonstrate that the doped
carbon materials possess excellent chemoselective reduction ability
for structurally diverse and functional nitro compounds with C—=C,
C—=N, C=N, OH, ether, halogen and ester groups.
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Fig. 2 Recycling test of (A) B-OLC-2 and (B) B-CNTs-2 in nitrobenzene
reduction. Reaction conditions: 10 mg catalyst, 10 mmol (1.23 g) substrate,
1.5 equiv. NoHy4, 100 °C, 4 h.
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In our previous studies, carbonyl group (C—=0, ~531.5 eV)
on the surface of oxidized CNTs instead of metal impurity
was considered to play an important role in nitrobenzene
reduction.>"™® However, as shown in Fig. S5 (ESI), the oxygen
species of pristine OLC and CNTs are mainly attributed to
surface-adsorbed C-O or C-OH groups (~532.8 eV), indicating
that the weak activity of both pristine OLC and pristine CNTs
may be derived from structural defects and edges.” Moreover,
we also do not find the signal of C—0O bond in O 1s spectra of
the B-OLC-2 and B-CNTs-2 catalysts (Fig. 3A). The deconvoluted
O 1s spectra of these samples are ascribed to the characteriza-
tion peaks (surface C-O-B, B—=0 and B-O) of B,0;. It seems
that the B,O; species instead of oxygen species plays a positive
role in improving the catalytic performance in nitrobenzene
reduction. As described earlier, six kinds of boron species
involving boron atom clusters, B,C, substitutional boron species
BC3, BC,0 (B-C—C-0), BN and B,0; were observed in boron-
doped carbon materials (Fig. 1A). In order to determine which
boron species of doped catalysts was the active one, various
commercial model catalysts were further investigated. Fig. 3B
illustrates that none of the other commercial catalysts (B, B,C,
BN and B,0;) exhibit the enhanced catalytic performance, reveal-
ing that the substitutional boron species BC; may play a determin-
ing role in nitrobenzene reduction. This result is also supported by
the control experiment of normalized specific surface area of
various catalysts (Table S1, ESIf). Incorporating boron into a
carbon network would tune the electronic structure of graphite-
like layers and form different charged sites on the surface of
carbon materials."* Owing to the larger electronegativity of carbon
with respect to boron, boron (electron-deficient) in the lattice is a
positively charged site.**'> Moreover, it was reported that boron-
doped carbon materials exhibited excellent ability for hydrogen
storage because of the weak chemisorptions between boron and
hydrogen."® In this case, N,H, (a strong electron-donating reagent)
may be adsorbed on the site of lattice boron forming a weak B-H
bond (meanwhile, hydrogen is activated), and thus stabilizing the
hydrogen intermediate products and avoiding the fast loss of
hydrogen as H,. When nitroarene substrates get close enough to
the benzene ring of the catalyst through n-n interactions, the
oxygen atoms of nitro group would abstract the activated hydrogen
atoms,"” and finally leading to the high selectivity for desired
products and achieving the efficient utilization of N,H,. A detailed
mechanism exploration is ongoing in our group.
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Table 2 Catalytic activity of B-OLC-2 and B-CNTs-2 for various
nitroarenes?

Entry Catalyst Substrate Product Con. (%) Sel. (%)
1? B-OLC-2 NO, NH, >99 96.5
B-CNTs-2 ,©/ >99 97.3
2? B-OLC-2 /©/N°z /©/NH2 >99 94.5
BCNTs2 o >99 96.3
3¢ B-OLC-2 @fNOz mNHz >99 93.0
B-CNTs-2 N N >99 94.9
44 B-OLC-2 /@/Noz ONHz >99 96.2
B-CNTs2 <, “© >99 97.1
5¢ B-OLC-2 NO, NH;  >99 96.8
B-CNTs-2 \r(©/ ﬁ(©/ >99 97.4
o o
6 B-OLC-2 @Noz ONHz >99 95.4
B-CNTs-2 HO HO >99 93.9
7 B-OLC-2 Br\(\j:NOz B \(INHz >99 93.2
B-CNTs-2 N N >99 92.9
8 B-OLC-2  FiC NO, FiC NH, >99 94.2
B-CNTs-2 >99 93.1
9/ B-OLC-2 . 0 N 9 >99 89.2
B-CNTs2 ©? )Q)Lo/\ 2 D)Lo’\ >99 90.3
F F
10/ B-OLC-2 ] 0 >99 91.4
B-CNTs-2 Q)LO/\ O)Lo’\ >99 90.9
O,N H,N
11 B-OLC-2 F F >99 91.9
B-CNTs-2 NO, F NH;  >99 90.2
F F F F
F F
12§ B-OLC-2 \/@»Noz \/@f"“z >99 88.4
B-CNTs2 N N\ >99 90.9
13"  B-OLC-2 NO, NH, >99 92.2
B-CNTs-2 ,@ ,@ >99 91.2
NZC Nzc
14 B-OLC-2 >99 96.9
B-CNTs-2 >99 97.1
NO, NH,
15°  B-OLC2 OaN NO,  HN NH,  >99 96.7
B-CNTs-2 \Cr \©/ >99 97.1
16"  B-OLC-2 cl c >99 90.2
B-CNTs-2 @'NOz NH, >99 90.6
C=N C=N
17" B-OLC-2 NO, >99 96.1
B-CNTs-2 >99 95.3

o
v
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Table 2 (continued)

Entry Catalyst Substrate Product Con. (%) Sel. (%)

18°  B-OLC-2 ._._Noz W, >99 97.9
B-CNTs-2 Q O Q O >99 98.0

19°  B-OLC-2 NO, *Nﬂz >99 97.2
B-CNTs-2 Q' >99 97.0

% Reaction conditions: 10 mg catalyst, 1 mmol substrate, 4 equiv. N,H,,
100 °C, 4 h. ? 50 mg catalyst, 5 mmol substrate, 1.5 equiv. N,H,, ethanol
as solvent, 70 °C, 4 h. © 20 mg catalyst, 5 mmol substrate, 1.5 equiv.
N,H,, 100 °C, 5 h. ¢ 100 mg catalyst, 5 mmol substrate, 1.5 equiv. N,H,,
ethanol as solvent, 70 °C, 4 h. ¢ 40 mg catalyst, 2 mmol substrate, 1.5 equiv.
N,H,, ethanol as solvent, 80 °C, 4 h.7 10 mg catalyst, 0.5 mmol substrate,
1.5 equiv. N,H,, THF as solvent, 80 °C, 4 h. ¥ 10 mg catalyst, 0.5 mmol
substrate, 1.5 equiv. N,H,, ethanol as solvent, 70 °C, 8 h. " 10 mg catalyst,
0.5 mmol substrate, 4 equiv. N,H,, ethanol as solvent, 80 °C, 10 h. * 10 mg
catalyst, 1 mmol substrate, 4 equiv. N,H,, ethanol as solvent, 100 °C, 8 h.
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Fig. 3 (A) XPS O 1s spectra of B-OLC-2, B-CNTs-2 and B,Os. (B) Catalytic

activity of various commercial model catalysts for nitrobenzene reduction.

Reaction conditions: 40 mg catalyst, 10 mmol (1.23 g) nitrobenzene,

1.5 equiv. NxHy, 100 °C, 4 h.
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In conclusion, two kinds of boron-doped carbon materials
(onion-like carbon and carbon nanotubes) are found to be
excellent catalysts in the hydrogenation of nitroarene reduction.
The results show that substitutional boron species BC; may play
an important role in improving the catalytic performance and
efficient utilization of N,H,. We believe that this work will open
up a new route for the applications of boron-doped carbon
materials in reduction reactions.
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