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Confined pyrolysis of a dye pollutant for two-dimensional F,N,S
tri-doped nanocarbon as a high performance oxidative coupling
reaction catalystt

Sijie Liu,2 Sian Chen,? Ao Yu,? Yajing Hu,? Bingzhe Yu,? Haining Wang,® Ping Peng,*? and Fang-Fang
Li*a

Nanocarbon materials as metal-free catalysts for the oxidative coupling of primary amines to imines suffer from high
catalyst loading, low reaction rate and high oxygen demand. Doping heteroatom in nanocarbons is realized as an effective
strategy to improve the catalytic activity, however, the doping of fluorine has been rarely studied. Here we synthesized a
F,N,S tri-doped hierarchical nanocarbon (FNSHC) by pyrolyzing a fluorine-containing azo-sulphonate dye (acid red-337, a
pollutant in wastewater) confined in layered double hydroxides (LDH). LDH-confined synthetic method is beneficial to the
formation of a two-dimensional porous structure with large specific surface area (~1432 m? g) and high fluorine contents,
enabling remarkable catalytic performance (98% yield in 4 h at 2 wt% catalyst loading under open-air conditions) and high
recyclability, outcompeting current metal-free carbocatalysts. Conversion of environmental pollutants into heteroatom-

doped carbon materials provides a new green stratgy for the design and synthesis of functinal carbon catalysts.

1. Introduction

Imines are critically important organic intermediates containing
C=N bond for the production of various biomolecules and fine
chemicals.!* For imine synthesis, the oxidative coupling of
amines offers a great alternative to the traditional condensation
methods which wusually require activated aldehydes,
dehydrating agents and Lewis acid catalysts.*® Most of the
oxidative coupling reactions from amines to imines were
catalysed by metal-based catalysts.””!! However, the cost issue,
poor reusability and metal contamination in the final products
have limited their practical applications. In recent years, metal-
free carbon nanomaterials, such as the defect-rich graphene
oxides,!>13 B,N-codoped graphene monoliths,'*!> mesoporous
carbons with high surface area and sufficient pore volume,!'¢-18
N-doped hierarchical carbons,!®2* O-rich carbon quantum dot,?*
B,O-doped carbon,”® N,O-doped carbon,?® and P-doped
graphene?’ have attracted considerable attention as cost-
effective and sustainable catalysts for the selective oxidation of
amine.”® Studies have shown that heteroatom doping can
greatly improve the activity of carbocatalysts, however,
challenges still remain because of the high catalyst loading (28-
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110 wt%),!>141521.26 Jong reaction time (12-24 h),13-20-2225 and
high oxygen demand (1-5 atm O,)!21416.18.26 jp the reaction.

As mentioned above, N-doped carbons have been used as
effective catalysts for the oxidative coupling of amines.!%-23.26
On the other hand, S-doped carbons have exhibited excellent
properties in various catalytic reactions.?*-3® Compared to the N
and S heteroatoms, fluorine (F) possesses the largest
electronegativity and has great potential to modify the surface
properties of graphitic carbon frameworks. F-doping on carbon
not only creates structural defects but also induces the adjacent
carbon atoms to have substantial positive charges, which enable
the materials with unique electronic configurations and more
active sites. The F single-doped, F,N co-doped and F,N,P tri-
doped carbon materials have exhibited enhanced performance
in electrocatalysis®'-33 and energy applications.?>-37 However, to
the best of our knowledge, the application of F-doped
carbocatalysts in liquid-phase organic reactions remains largely
unexplored and far from well known. A critical bottleneck to
the extensive studies of F-doped carbocatalysts lies in the
synthetic methods. The synthesis of F-doped carbons usually
requires highly toxic and corrosive F,, HF, or trifluorotoluene
as F sources.’?373% And high-temperature pyrolysis of the
costly F-containing precursors results in the inevitable loss of F
atoms and thus very low F content (0.13-1.14 at%) in the final
carbon materials.31-33.36.37.40.41 Therefore, the development of an
eco-friendly synthetic strategy to achieve carbocatalyst with a
high F dopant is highly desirable.

In the present work, we develop a facile, cost-effective and
environmentally friendly approach to construct F,N,S tri-doped
hierarchical carbon nanomaterials (FNSHC) through LDH-
confined pyrolysis of an F-containing azo-sulphonate dye (acid
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red-337, designated as AR-337), which is a dye pollutant in
wastewater. AR-337 anions were effectively intercalated into
the interlayer spaces and also attached on the surface of LDHs.
The two-dimensional space and surface of LDH protect the F
atoms from escaping during the high-temperature carbonization.
The samples obtained by annealing at 600, 700, and 800 °C
were named FNSHC-600, FNSHC-700, and FNSHC-800,
respectively. Thanks to the LDH-confined synthetic method,
the as-prepared FNSHC-700 displays a two-dimensional
hierarchical porous structure with a large specific surface area
of 1432 m?g-!, and high content of F dopant, which results in
the superior catalytic performance for self-coupling of primary
amines to imines. Density functional theory calculations
demonstrate that the F-doping promotes the adsorption of
benzylamine and creates more active sites.

2. Results and discussion
2.1. Synthesis of catalysts

The synthetic procedure of two-dimensional (2D) FNSHC
samples is illustrated in Scheme 1. Mg-Al LDH (Fig. S1, ESIf)
was synthesized by a urea co-precipitation method.*> Tts
structure can be described as the stacking of the positively
charged magnesium/aluminum double hydroxide layers
neutralized by intercalated carbonate anions (Scheme 1). The
interlayer carbonate anions were removed by calcination to
form Mg-Al LDO (layered double oxide). Mg-Al LDO (Fig. S1)
serves as an efficient adsorbent for AR-337 (see chemical
structure in Fig. S2). During the adsorption process in aqueous
solution, AR-337 anions were effectively inserted into the
interlayers and also adhered to the surface of LDH (AR337-
LDH) (Fig. S1). It is worth mentioning that Mg-Al LDO
reverted to Mg-Al LDH by rehydration in an aqueous
environment. Then AR337-LDH was carbonized at 600, 650
700, 750 and 800 °C, respectively under an argon atmosphere,
during which AR-337 was under the two-dimensional space
and surface confinement of LDH. After removal of the template
by acid washing, 2D F,N,S tri-doped hierarchical porous carbon
nanomaterials FNSHC-600/650/700/750/800 were obtained
(Fig. S1).

For comparison, AR-337 was directly carbonized at 700 °C
to obtain the sample of FNSC-700. N single-doped (NHC-700),
S single-doped (SHC-700) and N,S dual-doped hierarchical
carbon nanomaterial (NSHC-700) were synthesized via the

Mg-Al LDH Mg-Al LDO
[ I
! }- }- N }‘ }_‘ Calcination | N Acid red-337 Space-confined Confined pyrolysis
Ay S Adsorption Template removal
<
< G
< }‘ }- % Y - . e Surface-confined

same method as described for FNSHC-700 by, using Nz
containing (methyl red sodium salt, FBE! $3493988ehtAntng
(sodium p-toluenesulfonate, Fig. S3b) and N,S-containing
adsorbates (methyl orange, Fig. S3c), respectively.

2.2. Characterizations of catalysts

Scanning electron microscopy (SEM) images of Mg-Al LDH,
Mg-Al LDO, AR337-LDH and the target FNSHC samples are
shown in Fig. 1 and Fig. S4. Mg-Al LDH exhibits plate-like
hexagon with side length about 1.2 pm (Fig. S4a) and this
hexagonal structure is maintained in Mg-Al LDO upon
calcination (Fig. S4b). Powder X-ray diffraction (PXRD)
pattern of Mg-Al LDH displays the peaks that can be well-
assigned to Mg4Al,(OH),,CO5-:3H,0 (Mg,Al-LDH) (PDF #
51-1525) (Fig. S5a). The intercalation of carbonate anions was
verified by the basal space of dyg; = 7.7 A. 4344 PXRD of Mg-Al
LDO shows only the diffraction peaks of MgO (PDF # 65-0476)
(Fig. S5b) owing to the low crystallinity of Al,O5; in LDO.
After the adsorption of AR-337, AR337-LDH composite was
formed (Fig. S4c). The PXRD pattern of the AR337-LDH
corresponds to the hydrotalcite-like compounds, confirming the
structural reconstruction (Fig. S6). The increase of the basal
space from 7.7 A (carbonate-containing LDH) to 8.2 A was
ascribed to the intercalation of AR-337 anions running parallel
to the double hydroxide layers.#> The diffraction peak at 43
degrees was possibly due to the attachment of AR-337 on the
surface of LDH. After the carbonization of AR337-LDH and
removal of the template, the target products FNSHC-
600/700/800 were obtained.

SEM examinations of FNSHCs reveal two-dimensional
hierarchical structures with ultra-small and ultrathin (~10 nm)
carbon nanosheets well distributing on the hexagonal carbon
nanoplates (Fig. la, Fig. S4d-h and S7a,b). Moreover, the
adjacent carbon nanosheets are interconnected and assembled
to a porous network. The transmission electron microscope
(TEM) image of FNSHC-700 further verifies the two-
dimensional hierarchical architecture (Fig. 1b and Fig. S7c¢).
The energy dispersive X-ray (EDX) elemental mapping of
NSFHC-700 indicates that the C, F, N and S elements distribute
homogeneously in the carbon matrix (Fig. 1c-f). In contrast, the
FNSC-700 synthesized without an LDH template displays an
irregular blocky morphology and no specific hierarchical or
porous structure was observed (Fig. S8).

m\f % Surface-confined

R337-LDH
@00 o
s F O H

zZ@ >

®
c

2D FNSHC

Scheme 1 Schematics depiction for the confined synthesis of 2D F,N,S tri-doped hierarchical carbons (FNSHC).
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Fig. 1 SEM/TEM characterizations of FNSHC-700. (a) SEM image. (b) TEM image. (c-f)
EDX elemental mapping. Scale bar, 500 nm.

Powder X-ray diffraction (PXRD) and Raman spectra were
measured to analyse the graphitic features and structural defects
of the FNSHC samples. As shown in Fig. S9, the broad peaks
around 25.0 and 43.0 degrees correspond to the (002) and (100)
characteristic reflections of the hexagonal graphite. The peak
intensities increase with the carbonization temperatures. Raman
spectra of the samples (Fig. 2a) display the G band at ~1586
cm! originated from the band stretching of graphitic carbon
and the D band at ~1345 cm! associated with the defect carbon.
As an index of the graphitic degree of the samples, /g//p of
FNSC-700, FNSHC-600, FNSHC-700 and FNSHC-800 are
1.07, 1.12, 1.15 and 1.17, respectively, which are consistent
with the PXRD results. The higher graphitic degree of FNSHC-
700 than FNSC-700 is due to the benefit of the LDH-confined
synthetic method. Nitrogen adsorption/desorption experiments
were carried out to calculate the specific surface area (SSA) and
pore size distribution of the samples. All the isotherms
exhibited a typical type IV, indicating the presence of
mesopores (Fig. S10-13). The dominant pore sizes distribution
of FNSHC-600, FNSHC-700 and FNSHC-800 are calculated to
be about 3.7, 3.7 and 2.8 nm, respectively. The Brunauer-
Emmett-Teller (BET) SSA of FNSC-700, FNSHC-600,
FNSHC-700 and FNSHC-800 are determined to be 367, 943,
1432 and 1070 m? g’!, respectively (Fig. 2b). LDH confinement
strategy facilitates the formation of large-area hierarchical
nanocarbon architectures.

X-ray photoelectron spectroscopy (XPS) measurements
were performed to probe the compositions and chemical states
of the elements in the samples. The corresponding atomic ratio
of C, F, N and S are shown in Fig. 2c and Table S1. Ascribing
to the LDH-confined synthesis, FNSHC-700 possesses a much
higher content of F (2.43 at%) than FNSC-700 (0.12 at%). As
shown in Fig. 2d, the high-resolution spectra of N 1s for all the
samples can be fitted into three peaks of pyridinic N (398.3 eV),
pyrrolic N (400.1 eV) and graphitic N (401.0 eV).#48 Tt is
noteworthy that FNSHC-700 has the highest atomic ratio of
graphitic N, which can significantly improve the activity of
carbocatalyst for liquid-phase organic reactions.**-3! The high-
resolution spectra of S 2p (Fig. 2e) in FNSHC-700 can be

This journal is © The Royal Society of Chemistry 20xx
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corresponding to the S2p;, and S2p;,, of thiophene,*2* which

deconvoluted to two peaks at
can endow the carbon nanomaterials with enhanced catalytic
activity for organic transformations.?3%-55 Interestingly, the
chemical states of the F element are different in each sample.
As displayed in Fig. 2f, the high-resolution spectrum of F 1s for
FNSC-700 was deconvoluted to a single peak of the covalent
CF, group (688.9 eV) located at the defects and edges of the
carbon nanosheets.*>#*! The spectrum of F 1s in FNSHC-600
can be divided into two peaks assigning to covalent C-F (687.4
eV) and semi-ionic C-F (683.8 e€V).3440:41 While the spectrum
of F 1s for FNSHC-700 was deconvoluted to only a single peak
corresponding to the CF, group. For FNSHC-800, F 1s was
divided into two peaks of the CF, group (688.9 ¢V) and the CF;
group (691.3 eV), respectively.*%41.56 The high-resolution
spectra of C 1s for all the samples in Fig. S14 further confirm
the various chemical states of F. The different chemical states
of F element in the samples possibly lead to the different
catalytic properties. For example, the semi-ionic C-F bond is
more active than covalent C-F bond in the electrocatalysis of
oxygen reduction reactions.’! And the introduction of CF,
groups into the graphene framework is more beneficial for the
cycling stabilities and rate capabilities of graphene-based
anodes than CF groups in lithium-ion batteries.?’

2.3. Catalytic properties of catalysts

The catalytic properties of the synthesized FNSHC samples for
the oxidation of primary amines to imines were investigated
(Reaction conditions: amines (0.5 g), catalyst (2 wt% loading

—_—
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Fig. 2 Raman, SSA and XPS results of FNSC-700 and FNSHC-600/700/800. (a) Raman
spectra. (b) SSA. (c) Heteroatoms percentage. (d-f) High-resolution XPS spectra of N 1s,
S2pandF 1s.
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based on substrate, 10 mg), CH;CN (1 mL), 85 °C, open air, 4
h). Control experiments without catalyst and with graphite as a
catalyst produce less than 2% imine yield (Fig. 3a and Table 1,
entries 1 and 2). In comparison, when the reaction was
performed in the presence of FNSHC-700 (in open air or pure
0,), the yield can approach to 98% (Fig. 3a and Table 1, entries
9 and 15). The catalytic activity of FNSHC-700 was superior to
that of NHC-700, SHC-700 and NSHC-700 (Table 1, entries 3-
5) indicating the significance of F doping. Moreover, FNSHC-
700 demonstrates better performance than FNSHC-600,
FNSHC-650, FNSHC-750 and FNSHC-800, which is attributed
to its large SSA, high content of CF, and graphitic N (Fig. 3b,
and Table 1, entries 7-11). While in the presence of bulky
FNSC-700 with small SSA (Fig. 2b) and low content of F (Fig.
2¢), the yield of imine is merely 53% (Table 1, entry 6).

The effectiveness and stability of FNSHC-700 were
evaluated via a large-scale reaction (50 mmol) under solvent-
free conditions. The catalyst can be easily recovered by
filtration and reused at least 10 times without loss of activity
(Fig. 3¢).131627 To understand the good stability of FNSHC-700,
XPS analysis of the catalyst after 10 cycling tests (FNSHC-
700-R) was conducted and it was found that the compositions
and chemical states of the elements remain no change (see
Table S1 and Fig. S15). Additionally, acetonitrile (CH;CN)
seems to be a better solvent than n-propanol in the catalytic
reaction system. Even under the neat (solvent-free) or trace

G
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Fig. 3 Catalytic performance of FNSHC-700 for oxidative self-coupling of benzylamine to
imines. (a) Control experiments without and with selected catalysts. Reaction
conditions: benzylamine (0.5 g), catalyst (2 wt% loading, 10 mg), CH3CN (1 mL), 85 °C,
open air, 4 h. (b) The content of CF,, graphitic N, thiophenic S and reaction yield over
FNSC-700 and FNSHC-600/700/800. (c) Large-scale recyclability test. Reaction
conditions: benzylamine (50 mmol), FNSHC-700 (5 wt% loading), solvent-free, 85 °C,
open air, 16 h. (d) The effects of solvents on the product yield. (e) Comparison of
catalytic activities between FNSHC-700 and other carbocatalysts. (f) Comparison of
catalytic activities between FNSHC-700 and metal-based catalysts.
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Table 1 Oxidative self-coupling of various amines over FNSHC-700 cat@!g%"Amde Online

DUT TU TUOST/ DU G CUZUAUNRN

Entry Catalyst Yield (%)
1 None <2
2 Graphite <2
3 NHC-700 63
4 SHC-700 55
5 NSHC-700 74
6 FNSC-700 53
7 FNSHC-600 67
8 FNSHC-650 83
9 FNSHC-700 98
10 FNSHC-750 91
11 FNSHC-800 81
12b FNSHC-700 75
13¢ FNSHC-700 86
144 FNSHC-700 97
15¢ FNSHC-700 98
16/ FNSHC-700 <2
179 FNSHC-700 79

9Reaction conditions: benzylamine (0.5 g), catalyst (2 wt% catalyst loading, 10
mg), CH3CN (1 mL), 85 °C, open air, 4 h. bSolvent-free. ‘Solvent-free with 1 mmol
H,0. benzylamine (50 mmol), FNSHC-700 (5 wt% loading), solvent-free, 16 h. €0,
atmosphere. N, atmosphere. 9The quenching reaction, 5 mmol benzoquinone
was added.

water condition, the catalytic activity of FNSHC-700 was
retained (Fig. 3d). The catalytic activity of FNSHC-700 was
further evaluated by turnover frequency (TOF), which is
defined as moles of the benzylamine converted into imine by
per mole of catalyst per hour (TOF = n,/(ny*t), n; represents the
amount of benzylamine converted into imine, n, represents the
amount of catalyst, ¢ represents the reaction time),’!? and a high
TOF value of 1.38 h'! was achieved, which is one to two orders
of magnitude larger than those of previously reported
carbocatalysts (Fig. 3e and Table S2).1227 Moreover, the
catalytic performance of the metal-free FNSHC-700 is superior
or comparable to that of some metal-based catalysts (Fig. 3f
and Table S3).7"!! The remarkable catalytic performance of
FNSHC-700 can be attributed to the synergistic effects of the
followings: (1) the two-dimensional hierarchical architecture
with interconnected porous network enabled the fast mass and
electron transfer;'%57 (2) the high specific surface area afforded
more exposed active sites;!42¢ (3) the doping of heteroatoms,
especially F, modified the electronic structures of the carbon
framework and created abundant active sites, thus enhanced the
chemical reactivity toward adsorbates.?3-34

Benzylamine oxidation in the presence of benzoquinone
was performed to explore if the radical intermediates are
involved during the oxidation reaction.?’” It was found that
benzoquinone failed to block the reaction, suggesting a
nonradical reaction pathway (Table 1, entry 17). Thus, two
possible reaction pathways were proposed (Fig. 4) based on
previous studies.!>1416 In path I, amine (RCH,-NH;) and O,
from the air were activated by active sites of FNSHC-700 to
form RCH=NH intermediate, which then reacts with another
amine (RCH,-NH,) to form product imine after losing NHj. In
path 11, the FNSHC-700 was accessed by both O, (from the air)
and amine to form H,O and RCH=NH intermediates.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Possible reaction paths for oxidative self-coupling of primary amines catalyzed by
FNSHC-700.

Subsequently, the RCH=NH and H,O (trace amounts from the
solvent) lose NH; to form aldehyde (RCH=O), which is
supported by the fact that the introduction of 1 mmol H,O into
the neat reaction can significantly increase the yield of imine
(Table 1, entries 12 and 13), indicating that the oxidation
reaction on FNSHC is mainly proceeded via path II.!? Finally,
the obtained RCH=0 reacts with RCH,-NH, to give the product
of imine by releasing water.

The catalytic universality of FNSHC-700 toward various
primary amines was investigated by large-scale reactions
(Table 2). In general, benzylamines substituted with electron-
donating groups (methyl-, methoxy-) or electron-withdrawing
groups (F-, Cl-, -COOR) are suitable substrates for the catalytic
reaction and are converted into the corresponding imines in
high yields (Table 2, entries 2-9). Moreover, ortho-, meta- and
para-methylbenzylamines produce comparable yields of the
corresponding imines, revealing the less effect of steric
hindrance of the aryl ring on the efficiency of the self-coupling
process (Table 2, entries 2-4). FNSHC-700 is also effective in
the oxidation of the bicyclic 1-naphthalenemethylamine to the
corresponding imine with a 91% yield (Table 2, entry 10). It is
noteworthy that the heterocyclic amines, such as 2-
thiophenemethylamine and 2-picolylamine which poison the
metal catalysts due to the coordination with metal active sites,
were successfully transformed to the desired imines by
FNSHC-700 in good yields (Table 2, entries 11-12). Besides,
catalytic oxidation of the aliphatic amines was attempted.
However, the yield of the products was only <10 % (Table 2,
entries 14 and 15), which is attributed to the inactive o-
hydrogen of the amine.!®1%1727 Under the same reaction
conditions, the oxidation reaction of aniline, which lacks a
hydrogen atom at the a-carbon position, did not occur (Table 2,
entry 16). In addition, the oxidation cross-coupling of two
different benzylic amines over FNSHC-700 catalyst was
investigated. Due to the dominated self-coupling reactions of
benzylamine and 4-fluorobenzylamine, the low selectivity of

This journal is © The Royal Society of Chemistry 20xx
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cross-coupled imines was obtained (Table S4, entryl). With
the increase of the molar ratio of 4DMNidfobEHZYPanRPRE*s
benzylamine, the selectivity to the unsymmetrical imine was
improved (Table S4, entry 2).

2.4 DFT calculations

Density functional theory (DFT) calculations were employed to
understand the high catalytic activity of FNSHC-700. Based on
XPS results, FNSHC-700 is doped predominantly with
graphitic N, thiophenic S and CF, groups. Thus, the model of
FNSHC-700 was simplified as graphitic C, graphitic N,
thiophenic S and CF, groups (Fig. 5d, FNSC). For comparison,
calculations on S-doped (SC), N-doped (NC) and N,S dual-
doped (NSC) graphene models were carried out as well (Fig.
5a-c). According to the calculations, the carbon atoms bonded
to the heteroatoms possess higher charge densities (Fig. 5), in
particular the carbon (charge density: 0.891) bonded with two F
atoms (Fig. 5d). These positively charged carbon atoms serve
as active sites and exhibit better adsorption toward benzylamine.
The adsorption energy (£,) of benzylamine on various
graphene models was chosen as a criterion to evaluate the
catalytic activity.?>?7 Parallel adsorption of benzylamine on the
graphene models shows AB stacking structures (Fig. 4e). The
negative FE,g on various substrates suggests the stable
adsorption

Eaqa (eV)

Fig. 5 DFT calculations for the synergetic effect of F, N and S tri-doping on the catalytic
activities. (a-d) DFT models and Bader effective charges. (e) E.q of benzylamine on
various graphene models. Black atoms: C, blue atom: N, green atom: S, red atom: F,
pink atoms: carbon that calculated as active sites.
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Journal Name
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Entry Reagent Product Time (h) Yield (%)
NH, SN
1 4 98
NH \N
2 2 6 96
NH; \N
3 5 98
NH, Sy
4 6 94
/@/\NHz /@/\N/\O\
5 12 92
o o 0"
NH, Sn
6 4 98
F F F
/@/\Nﬂz /@/\N/\@\
7 4 97
Cl Cl Cl
Cl Cl x, Cl
NH> N
8 :@/\ D/\ /\Q: 6 98
Cl Cl Cl
NH, Y
o) o] 0
9 5 78
o._ o._ 0
10 8 N= Q 18 91
S NH, S XX, S
N
1 D—/ @/\ m 16 92
o) NH, o] X, 0
N
12 D—/ <\J/\ m 2 79
N N x N
| = NH, | A N | Y
13 = / _ 24 68
NH, SN
14 24 <10
A
15 N, I 2 <10
NH,
16 - 24 No reaction

9Reaction conditions: amines (0.5 g), FNSHC-700 (2 wt% catalyst loading, 10 mg), CHsCN (1 mL), 85 °C, open air.
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of benzylamine molecules on carbocatalysts. When F atoms
were presented, FNSC demonstrates the strongest adsorption
towards benzylamine with the lowest adsorption energy of -
0.512 eV. F doping is crucial to the catalytic aerobic oxidative
coupling of benzylamine, which is in good agreement with the
experimental results.

3. Experimental

3.1. Preparation of catalysts

3.1.1. Synthesis of Mg-Al LDH and Mg-Al LDO

Mg-Al LDH was prepared via a urea co-precipitation method.
6.41 g Mg(NOs3),-6H,0, 4.69 g AI(NO3),-9H,O (Mg/Al molar
ratio is 2) and 45.05 g urea were dissolved in 250 mL deionized
water. Under reflux condensation, the solution was maintained
at 100 °C for 12 h with magnetic stirring. Then the temperature
was decreased to 92 °C and the solution was maintained for
another 12 h without stirring. After vacuum filtration, the filter
cake was washed with deionized water and freeze-dried to
obtain Mg-Al LDH. Subsequently, Mg-Al LDO was achieved
by calcination of the as-prepared Mg-Al LDH at 500 °C for 3 h
under air atmosphere.

3.1.2. Adsorption of AR-337

AR-337 (0.3 g) was dissolved in 150 mL deionized water. After
purging with N, for 30 min to drive carbon dioxide out, 0.6 g
Mg-Al LDO was added into the solution. Magnetic stirring and
N, protection were maintained during the 48 h adsorption
process. Afterward, the solution was vacuum filtrated and the
filter cake was washed with deionized water, then the obtained
solid AR337-LDH was freeze-dried and ground to a fine
powder.

3.1.3.Carbonization of AR337-LDH

The carbonization of AR337-LDH was performed in a tube
furnace at 700 °C for 2 h under an N, atmosphere. To
completely remove the Mg-Al LDO phase, the pyrolysis
product was washed 3 times with HCI solution (6 M) at 70 °C
for 24 h. Then, it was further washed several times with
deionized water and then freeze-dried. Thus, the target product
FNSHC-700 was obtained. For comparison, 337-LDH was
carbonized at 600 °C, 650 °C, 750 °C and 800 °C, respectively
and then underwent the same metal etching process to obtain
the reference samples FNSHC-600 and FNSHC-800. Besides,
AR-337 was directly carbonized and then washed to get FNSC-
700. N single-doped hierarchical carbon nanomaterial (NHC-
700), S single-doped hierarchical carbon nanomaterial (SHC-
700), and N,S dual-doped hierarchical carbon nanomaterial
(NSHC-700) were also synthesized via the same method as
described for FNSHC-700, by using N-containing, S-containing
and N,S-containing organics (methyl red sodium salt, sodium p-
toluenesulfonate and methyl orange) respectively.

This journal is © The Royal Society of Chemistry 20xx
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3.2. Characterization of catalysts

The morphology of the samples was characterized by a field
emission scanning electron microscopy (FESEM, FEI Nova
NanoSEM 450) and a high-resolution transmission electron
microscopy (HRTEM, FEI Tecnai G20) combined with energy
dispersive X-ray (EDX) spectroscopy. Powder X-ray
diffraction (PXRD) patterns were collected with a step of 0.02
on a Bruker D8 Advance diffractometer with Cu Ka radiation
(0 = 1.54056 A) and a Lynxeye one-dimensional detector.
Raman spectra were recorded on a LabRAM HR800 Raman
spectrometer using a 532 nm laser at room temperature. The N,
adsorption/desorption isotherm was conducted at 77 K using an
automated adsorption apparatus (Quantachrome NOVA 4200E).
Brunauer-Emmett-Teller (BET) equation was utilized to
evaluate the specific surface area (SSA) and density functional
theory (DFT) was employed to calculate the pore size
distribution. X-ray photoelectron spectroscopy  (XPS)
measurements were performed on an AXIS-ULTRA DLD-
600W spectrometer.

3.3. Oxidative Coupling of Amines

In a typical catalytic reaction, FNSHC-700 (10 mg, 2 wt%) was
introduced into a 5 mL two-necked, round-bottom flask
equipped with a magnetic stirrer. Then, amines (0.5 g) and 1
mL acetonitrile were added. The mixture was stirred at 85 °C
for 4 h under an open-air atmosphere. The thin-layer
chromatography (TLC) was used to monitor the reaction
process. After the reaction is completed, the mixture was
cooled to room temperature. Then, 10 mL 2-
methyltetrahydrofuran was added into the reactor to extract the
product. The crude product was separated from the catalyst by
filtration. The residue concentrated by the organic phase was
purified by a column chromatography (petroleum ether/ethyl
acetate mixture as eluent with a volume ratio of 20:1) to give
the isolated product yield. For those cases in which the benzylic
almost quantitative converted into the
corresponding imines, the use of column chromatography could
be avoided. For the recyclability test, the reactions were
conducted under the same conditions as described above,
except for using the recovered catalyst. After the reaction, the
catalyst was filtered, washed with acetonitrile and ethyl acetate
and then separated by centrifuge (3000 rpm, 8 min). Finally, it
was dried at 60 °C for use in the next run.

amines were

3.4. DFT Calculations

The density functional theory (DFT) calculations are performed
with the Vienna Ab Initio Simulation Package (VASP).>8-%0 The
projector-augmented wave (PAW) formalism implementing the
generalized gradient approximation as parameterized by
Perdew et al. (PBE) was used. The positions of N, S or F atoms
in S-doped, N-doped, N,S dual-doped or F, N, S tri-doped
graphene were determined from the XPS results. The
adsorption energy (£,,) of the benzylamine molecule on various
graphene is obtained as E.; = Epenzyiami i - Egrapi -

and Epenzytamine are

Ehenzylamine, where Ebenz lami aphene Egru, hene
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the energies of benzylamine-graphene system, graphene and the
isolated benzylamine molecule respectively. The adsorption
energies were corrected using D3 correction method.

Conclusions

In summary, F-doped hierarchical carbon nanomaterials were
synthesized by a facile, cost-effective and green synthetic
strategy, in which an F-containing dye pollutant was adsorbed
by LDH and converted to a high-value carbocatalyst. The two-
dimensional space and surface confinements of LDH not only
create an ultrahigh surface area but also guarantee the high
content of F in the samples. For oxidative self-coupling of
primary amines to imines, the low catalyst loading, high
reaction rate and high activity in the ambient atmosphere
were achieved by the as-prepared FNSHC-700. Furthermore,
FNSHC-700 shows excellent performance in mass production
and recyclability. The origins of the catalytic activity of FNSHC-
700 were identified. DFT calculations revealed that CF,-doped
FNSHC-700 possesses the optimal active sites and showed the
strongest adsorption of benzylamine. This work highlights a
promising approach to design and synthesize heteroatoms-
doped carbon catalysts for a variety of reactions and energy
applications.
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