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Metal-free carbon catalysts with excellent conduction performance have drawn much research attention
in reduction reactions. Herein, a N, B co-doped carbon catalyst with high pyrrolic N proportion (35.75%)
and excellent surface area (1409 m?/g) was successfully prepared via carbonizing covalent organic frame-
work materials (COFs) containing N and B atoms assisted by ZnCl, molten salt. The presence of ZnCl,
maintains the micropore structure of COFs to provide high specific surface areas and abundant lattice
defects for carbon materials. In addition, electron-withdrawing B heteroatom further facilitates the for-
mation of pyrrolic N at defect sites by modifying the electronic structure of carbon network. The tuning
of surface areas and active N species in carbon catalysts successfully improve the selective hydrogena-
tion of nitrobenzene to aniline. The optimized carbon material exhibits excellent nitrobenzene conversion
(99.9%) and aniline selectivity (>99%) within 15 min, as well as excellent substrate suitability. This work

provides a certain guiding for the design and application of metal-free catalysis.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

As a kind of materials easily obtained from various precur-
sors, porous carbon materials with easy preparation method and
low preparation cost have attracted much attention in recent years
[1,2]. But the inertness of 7 electrons provided by sp? hybridized
carbon atoms and the limited surface areas obtained at high py-
rolysis temperature make it is difficult for traditional carbon cata-
lysts to exhibit outstanding in reactions that require electrons [3-
5]. Therefore, heteroatomic doping and surface areas regulation are
considered to be important strategies to achieve the construction
of highly active carbon catalysts [6-8].

The similar atomic radius makes it is easy for N atoms to be in-
troduced into the carbon skeleton by substituting lattice carbon to
activate the 7 electrons in the carbon network [9-11]. Pyrrolic N
with a pair of m-electrons, existing at the edges and defects of the
carbon network, is considered as an ideal N-doping species to ad-
just the charge distribution on the surface of carbon skeleton, but
the mixing of different nitrogen species (pyridinic N, pyrrolic N,
graphitic N and oxidized N) is inevitable at high pyrolysis temper-
ature [12,13]. Some reports indicate that the introduction of sec-
ondary heteroatom (e.g., S, P and B) into the skeleton is consid-
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ered as another effective strategy to modify its electronic structure,
which can accelerates the formation of pyrrolic N at the defect and
edge sites of carbon network [7,14]. Therefore, high surface area
and abundant lattice defects are prerequisites for the formation of
high pyrrolic N content.

2D covalent organic frameworks (COFs) are a class of fully pre-
designable polymers, which are achieved by topologically oriented
polymer growth and geometric matching between monomers. The
flexible design of building blocks and the orderliness of the topo-
logical structure make COFs possess high surface areas and become
ideal precursors for heteroatom-doped carbons [1,15-17]. However,
the direct carbonization of COFs usually leads to the collapse of
pore structure due to mass loss and high surface energy [18].

Herein, a novel N, B co-doped porous carbon material with
enhanced surface area and high pyrrolic N proportion was con-
structed by carbonizing covalent organic frameworks (COFs) con-
taining N, B atoms assisted by ZnCl, (NBPC-Zn-X, X represents the
pyrolysis temperature of COFs). The introduction of ZnCl, protect
the intrinsic pore structure in precursors against shrinkage to sup-
port excellent surface areas and abundant lattice defects for car-
bons [19-21]. The flexible design of building blocks in COFs en-
ables spatial separation of doped heteroatoms to avoid the poorly
controlled entanglement under high temperature pyrolysis. In ad-
dition, it is observed that the presence of B heteroatom can effi-
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Fig. 1. (a) The preparation procedure of NBPC-Zn-X catalysts. (b) Nitrogen
adsorption-desorption isotherms and (c) pore size distributions measured by non-
local density functional theory (NL-DFT) method of samples. (d) PXRD patterns and
(e) Raman spectra of NBPC-Zn-X and NBPC-750.

ciently tailor the pyrrolic N proportion from 15.62% to 35.75%. The
tuning surface areas and active N species in N, B co-doped carbon
catalysts promotes the outstanding nitrobenzene reduction activity,
high aniline selectivity, superior stability and broad substrate ap-
plicability. This also provides ideas for constructing efficient metal-
free carbon catalysts.

The successful construction of COF precursor obtained by the
condensation of 4-formylphenylboronic acid (FPBA) with 1,3,5-tris-
(4-aminophenyl)triazine (TAPT) blocks was proved by power X-ray
diffraction (PXRD, Fig. S2 in Supporting information) and Fourier
transform infrared spectrometer (FTIR, Fig. S3 in Supporting in-
formation). The reasonable pyrolysis temperatures of TAPT-FPBA-
COF should be maintained at 470-820 °C through thermogravimet-
ric (TG) analysis (Fig. S4 in Supporting information). Subsequently,
NBPC-Zn-X materials were synthesized via a “wet chemical” acti-
vation strategy (Fig. 1a). ZnCl, (m.p. is 283 °C; b.p. is 732 °C) can
react as a solvent to maintain the microporous framework of TAPT-
FPBA-COF against shrinkage and provide high surface areas and de-
fects for carbon materials.

As exhibited in Fig. 1b, the Brunauer-Emmett-Teller (BET) sur-
face area of TAPT-FPBA-COF is calculated to be 221 m2/g, and
this unsatisfactory surface area may be caused by the unreacted
monomers in TAPT-FPBA-COF. After carbonization, the physisorp-
tion of NBPC-Zn-750 reveals the mixed type I and type IV isotherm
(Fig. 1b), indicative of the co-existence of micropore and meso-
pore [15]. The BET surface area of NBPC-Zn-750 is calculated to be
1409 m?/g, which is about 3.3 times that of NBPC-750 (434 m?/g).
Moreover, the pore diameter of NBPC-Zn-750 is maintained at
about 1.8 nm estimated by NLDFT method (Fig. 1c), while this pore
diameter almost disappears and a new pore size concentrated at
about 1.1 nm appears in NBPC-750 (inset of Fig. 1c). These results
imply that the molten ZnCl, filled in the TAPT-FPBA-COF can ef-
fectively support the large surface area and avoid the shrinkage of
porous structure. However, with the increase of pyrolysis temper-
ature, the gasification of ZnCl, will affect the meso- and macro-
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Fig. 2. (a) XPS survey spectra, (b) partial view of XPS spectrums and (c) high-
resolution XPS N 1s spectrums of NBPC-Zn-750, NBPC-750 and NPC-Zn-750. (d)
High-resolution XPS B 1s spectrums of NBPC-Zn-750 and NBPC-750. (e) The con-
tents of specific N species in all fabricated materials.

volumes of NBPC-Zn-X materials (Table S1 in Supporting informa-
tion). For NPC-Zn-750 containing only N heteroatoms (Scheme S1,
Figs. S7-S10 in Supporting information), the similar pore parame-
ters to NBPC-Zn-750 (Table S1) indicates that the key to affecting
the pore structure properties of carbons is ZnCl,, which can ren-
der additional accessible active sites to improve catalytic activity
[18,22].

The PXRD patterns of NBPC-Zn-X catalysts are displayed in Fig.
1d. The obvious diffraction peaks at 26.0° and 43.3° are indexed to
the (002) and (101) facets of graphitic carbon, respectively [22]. It
is worth noting that the (002) facet of catalyst shifts to a lower an-
gle when pyrolysis temperature is higher than 750 °C, which may
be caused by the effect of vaporized ZnCl, on the carbon multi-
layers structure [23]. In Raman spectra of samples. two peaks ob-
served at 1325 cm™! and 1595 cm™! are attributed to the D- and
G-bands (Fig. 1e), arising from the defective carbon and graphitic
carbon, respectively [24]. The maximum value of Ip/I; in NBPC-Zn-
750 (1.09) reflects the highest defect density. This means that the
vaporization of ZnCl, can cause lattice defects in the carbon skele-
ton, which are regarded as catalytically active and doping sites to
adjust the charge delocalization in heteroatom-doped carbon net-
work [1,22]. Moreover, the ratio of Ip/I; in NPC-Zn-750 is esti-
mated to be 1.07 (Fig. S11 in Supporting information), indicating
the introduction of B heteroatom leads to more open defects.

The effect of the vaporization of ZnCl, on the NBPC-Zn-X sam-
ples is also reflected in their macroscopic morphologies. Compared
to NPC-Zn-750 sample with smooth surface observed by field-
emission scanning electron microscope (FESEM, Fig. S12 in Sup-
porting information), gasified ZnCl, acts as a porogen to regulate
the surface morphology of carbons (Fig. S13 in Supporting infor-
mation).

The surface chemical composition of samples was investigated
by X-ray photoelectron spectroscopy (XPS). As shown in Figs. 2a
and b, there are no signals attributed to the Zn 2p orbitals de-
tected in NBPC-Zn-750 and NPC-Zn-750, which can exclude the
influence of metal ions on the catalytic activity. As displayed in
Fig. 2c, there are four nitrogen species in NBPC-Zn-750 observed
at 398.6 eV, 399.8 eV, 401.0 eV and 402.9 eV, corresponding to
pyridinic N, pyrrolic N, graphitic N and oxidized N groups, respec-
tively [25,26]. These peaks are also found in NPC-Zn-750 catalyst,
but the signals of these specific N groups shift to lower binding
energy compared with NBPC-Zn-750, suggesting the introduction
of electron-deficient B can tune the electronic structure around N
atoms to further improve charge delocalization in carbon networks.
In B 1s spectrums (Fig. 2d), the peaks located at 190.2 eV, 191.2 eV
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Table 1
XPS element contents in different catalysts.?

Entry Catalysts Temp. (°C)  Conv. (%) Sel. (%) TPF¢ (mol g'! h™!)
1 NBPC-Zn-600 100 69.4 > 99 0.2776

2 NBPC-Zn-700 100 90.3 > 99 0.3612

3 NBPC-Zn-750 100 99.9 > 99 0.3996

4 NBPC-Zn-800 100 86.4 > 99 0.3456

5 NBPC-Zn-900 100 68.8 > 99 0.2752

6 NBPC-750 100 37.5 > 99 0.1500

7 NPC-Zn-750 100 739 > 99 0.2956

8b NBPC-Zn-750 100 / / /

9 None 100 14 > 99 0.0056

2 Reaction conditions: 10 mg catalyst, 1 mmol nitrobenzene, 2 mL ethanol and 2 mL
N,H4-H,0; reaction time: 15 min; the conversion and selectivity were determined
by gas chromatograph-mass spectrometer (GC-MS).

b Without N,Hy4-H,0.

¢ Without catalyst.

4 Turnover frequency (TOF)=(mole of the converted substrate)/(g catalyst x h (re-
action time)).

and 192.3 eV are attributed to the BC3, BC,0 and BCO, species, re-
spectively [27]. The similar N and B groups in NBPC-Zn-750 and
NBPC-750 imply the chemical environment of doped heteroatoms
is not affected by ZnCl,. Moreover, there are no peaks of N-B bond
found in NBPC-Zn-750 and NBPC-750 according to XPS analysis,
which suggests that the specific positions of N and B atoms in the
organic frameworks is favorable to avoid the adverse effects caused
by the interaction between doped elements in carbon skeleton [5].

The content of specific N species in materials was tested by
XPS and visualized in Fig. 2e (The N 1s spectrums of other sam-
ples are exhibited in Fig. S14 in Supporting information). NBPC-Zn-
750 has the highest pyrrolic N content and the lowest graphitic
N content in all catalysts, which are 35.75% and 16.01%, respec-
tively. In contrast, NPC-Zn-750 exhibits the lowest pyrrolic N con-
tent (15.62%) and the highest graphitic N content (36.40%). Com-
bined with Raman analysis, the gasification of ZnCl, and the in-
troduction of B can open more lattice defects, and the electron-
withdrawing B heteroatoms can modify the electronic structure of
the carbon skeleton to induce the formation of active pyrrolic N
at defect sites in NBPC-Zn-X [28]. The synergistic effect between
electron-withdrawing B and electron-donating pyrrolic N can effec-
tively regulate the 7 electron delocalization in the carbon network
to improve the catalytic activity.

The catalytic activity of NBPC-Zn-X was evaluated by the reduc-
tion of nitrobenzene to aniline, and the reaction parameters are
output in Table 1. The catalytic activity of catalysts shows a vol-
canic trend with the increase of annealing temperature (Fig. S15 in
Supporting information), and the peak is appeared in the NBPC-Zn-
750 with a remarkable TOF value of 0.3996 mol g-! h-! compared
with others (Table 1, entries 1-5). The difference in performance
over NBPC-Zn-X results from the high lattice defect density and
pyrrolic N content. The combination of proper heteroatom dop-
ing and lattice defects has been proven to effectively improve the
charge delocalization in skeleton and enhance the activity of se-
lective hydrogenation of -NO, [29], but the content of graphitic N
groups conjugated with sp? hybridized carbon atoms will increase
with the improvement of the carbonization temperature. It is not
conducive to breaking the electroneutrality of sp2? carbon to create
sites for the adsorption and activation of reactants [5]. As shown
in entries 3, 6 and 7 of Table 1, the TOF value of NBPC-Zn-750 is
about 2.7 and 1.4 times that of NBPC-750 (0.1500 mol g-! h™1) and
NPC-Zn-750 (0.2956 mol g-! h™1), respectively. Therefore, the high
catalytic activity of NBPC-Zn-750 can be attributed to the syner-
gistic effects of the following factors: (i) The introduction of ZnCl,
maintains the microporous properties of TATP-FPBA-COF, enabling
NBPC-Zn-750 to have a high specific surface area for sufficient con-
tact with nitrobenzene molecules; (ii) The vaporized ZnCl, can
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Fig. 3. (a) A comparison between the catalytic activity over NBPC-Zn-750 and other
catalysts for nitrobenzene reduction (a: Ref. [33], b: Ref. [34], c: Ref. [35], d: Ref.
[36], e: Ref. [37], f: Ref. [38], g: Ref. [29], h: Ref. [22], i: Ref. [39], j: Ref. [40], k: Ref.
[31], I: Ref. [41], m: Ref. [42]). (b) Proposed mechanism for reduction of nitroben-
zene by NBPC-Zn-X.

scour the carbon material and provide a large number of lattice
defect sites when the pyrolysis temperature is slightly higher than
the boiling point of ZnCl,; (iii) The electron-deficient B can act as
an electron acceptor to accommodate the 7 electrons of carbon
materials due to its vacant p, orbital, which promote the forma-
tion of pyrrolic N species with electron-donating properties at the
defects or edges of the carbon framework. Finally, abundant ac-
tive sites resulting from the ZnCl, and N, B co-doping decrease the
Fermi energy level of carbonaceous material to regulate the ad-
sorption of nitrobenzene and the activation of NyH4-H,0 [30-32].

Compared with other metal-free carbon-based catalysts, NBPC-
Zn-750 shows excellent nitrobenzene reduction performance (Fig.
3a), which is close to the highest level compared with reported
publications [22,29,31,33-42]. Meanwhile, NBPC-Zn-750 can still
maintain a stable aniline yield after 6 cycles (Fig. S16 in Supporting
information), and the morphology and structure of NBPC-Zn-750
have not obviously change after reaction (Figs. S17-S19 in Support-
ing information). The excellent catalytic reduction performance of
NBPC-Zn-750 is also reflected in the suitability of the contact sub-
strate. As listed in Table S2 (Supporting information), even if the
steric hindrance and electronic properties of substrates are differ-
ent, the high arylamines yield can still be achieved within 60 min
[43].

As the key to investigate the reduction of -NO, to -NH, groups,
the controlled experiments were tested to verify the source of ac-
tive hydrogen species. As shown in Table S3 (Supporting informa-
tion), the excellent aniline yield can be achieved in the presence
of butylated hydroxytoluene (BHT) as a radical inhibitor, suggesting
that -H is not the key to the reduction reaction. Moreover, the for-
mation of aniline is hardly discovered when N,H,4-H,0 is replaced
by H,. Based on the above results and reported literature [22], a
possible mechanism of nitrobenzene reduction over NBPC-Zn-X is
illustrated in Fig. 3b. Specifically, N;H4-H,O is adsorbed on the sur-
face of catalysts and further activated at the N- and B-containing
active sites. The hydrogen species generated by the cleavage of
N, H4-H,0 would bond with N and B to form N-H%+ and B-H%-. In
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addition, carbon atoms adjacent to N and B would also bond with
hydrogen species to form C-H®~ and C-H?®+, respectively. When ni-
troaromatic molecules are adsorbed on the surface of the carbon
network, the oxygen atoms of nitro groups would extract the ac-
tivated hydrogen atoms, resulting in the high selectivity of target
products. Finally, arylamines are desorbed from the surface of the
catalyst to complete the catalytic cycle.

In summary, N, B co-doped carbon porous materials (NBPC-Zn-
X) were successfully prepared by carbonizing the TAPT-FPBA-COF
precursor with the aid of ZnCl, as a medium. As the pyrolysis
temperature increases, the different physical states of ZnCl, pro-
vide NBPC-Zn-X with high specific surface areas and abundant lat-
tice defects. Meanwhile, the presence of electron-deficient B atoms
further induces the formation of electron-rich pyrrolic N at defect
sites of carbon network. Tuning surface area and pyrrolic N content
in N, B co-doped materials can provide abundant active sites for
the activation of N,H4-H,O to achieve nitroarenes reduction. This
work paves a way to design high-activity and non-metal-doped
carbon catalysts.
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