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Magnetic N-containing carbon spheres derived
from sustainable chitin for the selective oxidation
of C—H bonds¥
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Haijun Wang® and Yongjun Gao & *3°

A kind of magnetic N-containing carbon material was synthesized by a simple method using sustainable N-
acetyl-p-glucosamine (NAG) and iron nitrate as the raw materials. In C—H oxidation reactions such as the
epoxidation of stilbene and styrene, and the oxidation of ethylbenzene, the carbon catalyst exhibited
excellent catalytic activity and selectivity for the target products. The superparamagnetic properties at
room temperature facilitated catalyst recycling and reusability when it was used as a catalyst. The
relationship between the catalytic results and the N 1s XPS analysis indicated that the graphitic N species
located in the carbon skeleton was the key accelerating factor which promoted the catalytic C-H
oxidation. Density functional theory (DFT) calculations further indicated that the iron species were not an
essential factor but they acted as promoters for the catalytic performance of the catalyst. This study will
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Introduction

The catalytic oxidation of C-H bonds has received significant
attention as it is an efficient measure to transform low-cost
alkanes or alkenes to valuable oxygen-containing chemicals."
So far, a series of homogeneous and heterogeneous transition
metal-based catalytic systems have been developed for this
procedure.” However, many of these transition metals are
precious metals, which would increase product costs. More
importantly, many metals used in the oxidation of organic
substances are toxic and strictly restricted in some fields such as
pharmaceutical production.>* In addition, a homogeneous
catalyst is difficult to separate from the catalytic system.
Therefore, it is significant to develop a nontoxic and heteroge-
neous catalytic system for the oxidation of C-H bonds in
organic substances.

Carbon nanomaterials have been developed as a kind of
transition metal-free catalyst for some traditional reactions in
recent years, such as oxidation, dehydrogenation and cross-
coupling reactions.>® Due to its heterogeneous feature, simple
filtration could separate the carbon catalyst from the catalytic
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expand the application of biomass-based heteroatom-containing compounds.

system in which it was used. In order to improve the catalytic
activity, some hetero-atoms such as oxygen, nitrogen, sulphur
or phosphorus were introduced into the frameworks of the
carbon skeleton.'*™ To further simplify the separating proce-
dure and improve the catalytic activity, many magnetic carbon
catalysts were developed by introducing some iron oxide
components.” For instance, the oxygen and phosphorus
elements in carbon nanotubes could improve the catalytic
activity and product selectivity in dehydrogenation reactions.*®
The existence of graphitic nitrogen in the graphene framework
could promote the generation of peroxide groups located on its
neighbouring carbon atoms, which endow nitrogen-containing
graphene carbon materials with high catalytic activity and
product selectivity in the oxidation of benzylic C-H bonds."”
Usually, heteroatom-containing precursors, such as ammonia,
acetonitrile or pyridine, were introduced into the synthetic
system at high temperature during the preparation of func-
tionalized carbon materials.'® Some nitrogen-containing
compounds (ionic liquid, polymer, biopolymer, etc.) were also
directly carbonized to nitrogen-doped carbon materials at high
temperature in inert atmosphere.*

N-Acetyl-p-glucosamine (NAG), the basic monomeric unit of
the biopolymer chitin, is a kind of natural and sustainable
nitrogen-containing compound.”*** The nitrogen content in
NAG is about 6.3%, which makes it an ideal precursor to
synthesize nitrogen-containing carbon materials. Certainly, the
direct carbonization of NAG is a simple method to produce
nitrogen-containing carbon materials and iron components
which could endow carbon products with magnetic properties
should be introduced before or after carbonization. However,
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with this method it is difficult to control the morphology of the
carbon product and the dispersion of the iron species. So it is
significant to develop a new method to synthesize magnetic
nitrogen-containing carbon materials with NAG as a precursor.
Herein, a kind of magnetic nitrogen-containing carbon sphere
derived from NAG was synthesized by a simple hydrothermal
carbonization method followed by a normal carbonization
process with NAG and iron nitrate as precursors. This kind of
magnetic nitrogen-containing carbon catalyst exhibited excel-
lent catalytic activity in the C-H oxidation such as in the
oxidation of ethylbenzene and the epoxidation of styrene and
stilbene. Experimental results and N 1s XPS spectra illustrated
that the graphitic nitrogen species functioned as key factors in
the C-H oxidation and iron species were an important positive
factor for catalytic activity. Density functional theory (DFT)
calculations further indicated that the iron species were not an
essential factor but they promoted the catalytic performance of
the catalyst.

Experimental section
Chemicals

Iron (m) nitrate nonahydrate was purchased from the TianJin
Chemical Reagents Factory. N-Acetyl-p-glucosamine (97%) was
purchased from Aladdin Industrial Corporation. trans-Stilbene
(97%), urea (analytical reagent grade), 4-tert-butylhydroperoxide
solution (TBHP, 70 wt% in water), and dichloromethane
(analytical reagent grade) were used. All chemicals were used
without further treatment.

Synthesis of the Fe@NC spheres

Typically, Fe(NO3);-9H,0 (4.545 g) and N-acetyl-p-glucosamine
(7.5 g) were dissolved in 20 mL deionized water in two small
beakers (50 mL), respectively. Then the solutions were mixed,
and transferred into a 100 mL Teflon-lined stainless steel
autoclave, which was then sealed and heated at 100 °C for 24
hours in an oven. The resulting products were filtered, washed
several times with deionized water, and finally dried at 80 °C for
12 hours. The product was named Fe@NC. In order to adjust
the ratio of various nitrogen species in the sample, Fe@NC was
calcined at 800 °C for 1 hour in nitrogen atmosphere (50
mL min~") in a tubular furnace. The final product was named
Fe@NC-800. As a control, glucose was also used to substitute
NAG and to synthesize the corresponding carbon products
without nitrogen components. The corresponding nitrogen-free
magnetic carbon products were named Fe@C and Fe@C800.

Catalyst characterizations

Powder X-ray diffraction (XRD) patterns were recorded on
a diffractometer (Bruker D8 ADVANCE) with Cu Ko (A = 1.5418 A)
at 40 kv and 20 mA and the scan speed was 5° min . The
morphology characterizations of all samples were recorded by
scanning electron microscopy (SEM, S4800) and transmission
electron microscopy (TEM, Tecnai G2 20). X-ray photoelectron
spectroscopy (XPS) data were collected on a Thermo ESCALAB
250XI. Fourier transform infrared spectroscopy analysis was
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carried out on a Bruker ALPHA FTIR Spectrometer. Raman
spectra were recorded on a Laser Confocal Micro-Raman Spec-
troscope (LabRAM HR800, Horiba Jobin Yvon, France). The
samples were placed on a glass slide and measured directly with
a laser wavelength of 532 nm. The magnetic performance was
studied with a magnetic property measurement system
(MPMS(SQUID)XL, Quantum Design) at room temperature by
varying the external magnetic field up to £20 kOe.

Epoxidation of trans-stilbene or styrene

The Fe@NC catalyst (10 mg), trans-stilbene or styrene (1 mmol),
the solvent (2 mL), urea (0.5 mmol) and the tert-butylhydroper-
oxide solution (TBHP, 70 wt% in water) were added into a 35 mL
glass reactor (Beijing Synthware Glass, Inc. Pressure Vessel,
Heavy Wall) in turn and then the glass reactor was sealed with
a Teflon lid. Then, the reaction mixture was heated on a metal
heating module set at moderate temperature. After the reaction,
the reaction mixture was cooled to room temperature and
dodecane (50 pL) was added into the system as an internal
standard. Then the mixture was diluted with ethyl acetate (20 mL)
and filtered into a sample vial for gas chromatography. The
conversion and the yields of the products were determined by an
Agilent GC 7820 equipped with a HP-5 column.

Oxidation of ethylbenzene

The Fe@NC catalyst (10 mg), ethylbenzene (1 mmol), deionized
water (2 mL), and the 4-tert-butylhydroperoxide solution (TBHP,
70 wt% in water, 5.75 eq.) were added into a 35 mL glass reactor
(Beijing Synthware Glass, Inc. Pressure Vessel, Heavy Wall) and
then the reactor was sealed with a Teflon lid. Then, the reaction
mixture was heated on a metal heating module set at moderate
temperature. The process for quantitative analysis was similar
to that of the epoxidation of stilbene and styrene.

DFT calculations

DFT calculations were implemented using the Vienna Ab Initio
Simulation Package (VASP). The value of the plane wave cut-off
was set to 400 eV and the calculation precision was normal. A
single-layer nitrogen-doped graphene containing 49 carbon
atoms, one nitrogen atom and two iron atoms was created as
a magnetic nitrogen-containing carbon catalyst. The total
energy values of the catalysts, oxidant, and products, and every
adsorption state, were used to calculate the formation energy or
adsorption energy of every intermediate state with the sum of the
total energies of the catalyst, oxidant and trans-stilbene being
equal to zero. That iS, Ef = Eiotal — (Ecatalyst — Eoxidant — Estilbene)- A
similar catalyst model without iron atoms was also created as
a control and the corresponding formation energies were also
calculated.

Results and discussion

Synthesis and characterizations of the magnetic carbon
catalysts

Hydrothermal carbonization of biomass-based compounds has
been widely used to synthesize carbon nanomaterials with

This journal is © The Royal Society of Chemistry 2017
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special morphologies.**** Compared to normal carbonization in
a furnace at high temperature, the morphology of the carbon
products could be controlled and the elemental loss was mini-
mized during the hydrothermal carbonization process. In the
synthesis of Fe@NC, the mixture of iron nitrate and the NAG
solution was hydrothermally processed at 100 °C for 24 hours
and a black product could be achieved. If the iron nitrate was
absent in the process, the NAG could not be hydrothermally
carbonized and no carbon product was generated. So it was
reasonable to deduce that the iron nitrate catalysed the
carbonization of NAG during the hydrothermal process.
However, the XRD characterization showed that Fe@NC pre-
sented the characteristic diffraction pattern of iron gluconate
(PDF 05-0257) except for two other diffraction peaks located at
20 = 28.5° and 45.2° which may have resulted from the gener-
ated carbon species (Fig. 1a). This result was similar to the XRD
pattern presented by Fe@C, which was hydrothermally
carbonized with iron nitrate and glucose. So it suggested that
NAG was deacetylated and then oxidized to glucosaminic acid,
which coordinated with iron ions during the hydrothermal
process. Then the similar structures of glucosaminic acid and
gluconic acid gave similar diffraction patterns for the carbon
products Fe@NC and Fe@C. In order to extensively carbonize
the glucosaminic acid in the Fe@NC sample, it was calcined at
800 °C in nitrogen atmosphere for one hour. The XRD analysis
of Fe@NC800 indicated that the iron(ur) species in Fe@NC was
reduced to the iron(0) metal because of the appearance of three
characteristic diffraction peaks of iron located at 26 = 44.7°,
65.0° and 82.3°. We inferred that the iron(0) resulted from the
carbothermic reduction process and it was maybe covered by
carbon because the iron(0) species were not oxidized in air
during the characterization. Moreover, a broad and weak
diffraction peak located at about 26 = 26.0° ascribed to the (002)
facet diffraction of the graphitic structure proved that the car-
bonous components in Fe@NC were extensively carbonized and
graphitized. In contrast, iron oxide was generated when Fe@C
was calcined at 800 °C in nitrogen atmosphere for one hour.

Although there was almost no difference between the XRD
patterns of Fe@NC and Fe@C, FTIR characterizations could
clearly differentiate the two samples (Fig. 1b). The characteristic
O-H vibration bands were all located at about 3300 cm ™. The
two absorption bands at about 1610 cm ™" and 1360 cm™* were
ascribed to the antisymmetric and symmetric stretching vibra-
tions of the OCO™ groups in the sugar anions, respectively. For
the Fe@NC sample, an obvious absorption band located at
1523 cm ™' corresponding to the N-H bending vibration could
be observed. However, all these characteristic vibration bands
disappeared when Fe@NC and Fe@C were calcined at 800 °C
under inert atmosphere. Only a weak and broad band located at
about 1600 cm™ ' representing the skeleton vibration of the
graphitic carbon could be observed,” which suggested the
extensive carbonization of the carbonous species in samples
Fe@NC800 and Fe@C800.

Raman spectroscopy is often used to characterize carbon
materials, which can illustrate microscopic structures accord-
ing to the intensity ratio of the characteristic bands (D band and
G band).”® So we also used Raman spectroscopy to trace the

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances
a) b)
- Fe@NC-800
A @
2z 2
E Sk JLl FE@NC %
= Fe@C-800 g
£ TSP - =
& ‘4 Fe@C
MWWMM
20 40 60 80 4000 3000 2000 1000
2 Theta(°) Wavenumber (cm”)
9] d)
DG G 30
& R — g Fe@NC800

3 s » @ &
2 | 1,1,=0.83 £
g | I r
£ | Fe@nc-800 || g -0
& i\ 1=0.55 , |} 5

VM'/H o Wy 3 20{

1000 2000 3000 20k -10k 0 10k 20k

Raman shift (cm™) Magnetic Field (Oe)

Fig. 1 (a) XRD patterns and (b) FTIR spectra of Fe@NC, Fe@C,

Fe@NC800 and Fe@C800; (c) Raman spectra and (d) magnetization
curves of Fe@NC and Fe@NCB800 at room temperature.

structure changes between Fe@NC and Fe@NC800. The orig-
inal spectra presented in Fig. 1c show two characteristic bands
for graphite located at approximately 1364 cm™ ' (D band) and
1580 cm ™ (G band). This illustrates the existence of graphitic
sp®> carbon networks in both samples.””?® Furthermore, it is
reported that the relative intensity of the D band to the G band,
Ip/lg, is inversely proportional to the crystallite size of
graphite.” The ratio of Ip/I for Fe@NC was 0.83, which was
slightly larger than the Ip/Ig ratio of Fe@NC800 (0.55). This
suggests that the graphitization extent of Fe@NC800 calcined at
higher temperature was higher than that of the hydrothermally
carbonized product Fe@NC. In addition, Fe@NC800 also
exhibited a strong Raman G’ band at about 2704 cm ™" featuring
the completely ordered 3D graphite,*® which further illustrated
the high extent of graphitization of Fe@NC800.

Fig.2 TEMimages of (a) Fe@NC and (b) Fe@NC800; SEM images of (c)
Fe@NC and (d) Fe@NC800.

RSC Adv., 2017, 7, 5183151837 | 51833


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra10226g

Open Access Article. Published on 08 November 2017. Downloaded on 12/5/2025 2:16:32 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

a)

O1s

—Ci1s

P i Fe2p

x
{
I —N1s

Fe@NC

b)

Cls

f
{
Fe2p
1-O1s
Nis

' Fe@NC-800

1400 1200 1000 800 600 400 200 O
Binding Energy (eV)

q

AN \ Fe@NC
NAN

1400 1200 1000 800 600 400 200 O
Binding Energy (eV)

d)

C(O)OH
0

©
I
E

| Fe@NC-800

296 294 292 290 288 286 284 282 280
Binding Energy (eV)

e)

graphitic N

°
b
3
z

296 294 292 290 288 286 284 282 280
Binding Energy (eV)

N oxide
——pyridinic N

<—-graphitic N

||lﬂ ‘|” |

;( A( \ Ul
| v‘ \"1 | I'V Il \“ t("‘ﬂ Fe@NG-800

406 404 402 400 398 396 394
Binding Energy (eV)

9)

(II1)2p,,,
Fe(lll)2p,,

,*' __—F e
"%-5 ——

‘f

‘* !ﬁ\ 4 \ IM , Fe@Nc
W h iy

402 400 398 396 394
Binding Energy (eV)

Fe(M2p,,
__Fe2p,,

s
=
===
—-

740 735 730 725 720 715 710 705 700
Binding Energy (eV)

Fig. 3 XPS full spectra of (a) Fe@NC and (b) Fe@NC-800; XPS C 1s

740 735 730 725 720 715 710 705 700
Binding Energy (eV)

View Article Online

Paper

Table 1 The catalytic performance of Fe@NC and Fe@NCB800 in the

epoxidation of alkenes®

PP+ 1BHp ——> Ph/(‘)>/Ph + Ph-CHO

1 2
Sel. (%)

Entry  Catalyst TBHP (uL) Con. (%) 1 2

1 — 380 9.7 95.7 4.3
2 Fe@NC 380 38.9 95.4 4.6
3 Fe@NC 800 95.6 96.3 3.7
4 Fe@NC800 380 87.1 97.7 2.3
5 Fe@NC800 800 97.7 97.6 2.4
6 Fe@NC800(HCI) 800 99.4 96.2 3.8
7 — 800 23.8 36.1 63.9
8 Fe@C800 380 29.8 96.6 3.4
9 Fe@C800 800 33.8 96.4 3.6

¢ Reaction conditions: trans-stilbene 1 mmol, catalyst 10 mg, CH,Cl, 2

mL, urea 0.5 mmol, 373 K.

spectra of (c) Fe@NC and (d) Fe@NC-800; XPS N 1s spectra of (e)
Fe@NC and (f) Fe@NC-800; XPS Fe 2p spectra of (g) Fe@NC and (h)
Fe@NC-800.

The magnetic properties of Fe@NC and Fe@NC800 were also
investigated using a magnetic property measurement system at
room temperature. Fe@NC almost has no magnetic property
because the main component in the sample is the complex
composed of iron(m) and glucosaminic acid. However, the
saturation magnetization value of Fe@NC800 was measured to
be 23.9 emu g~ ', which resulted from the generation of the iron
metal during calcination. Besides, the hysteresis loop and
remanence of Fe@NC800 presented in Fig. 1d were not obvious,
indicating that it was superparamagnetic at room temperature.
This magnetic property facilitated the recycling and reusability
of the Fe@NC800 sample when it was used as a catalyst.

The morphology characterizations of Fe@NC and
Fe@NC800 by TEM and SEM are presented in Fig. 2. For the
TEM images of Fe@NC and Fe@NC800, iron nanoparticles
could be clearly observed because they were coated with carbon.
The SEM images of Fe@NC and Fe@NC800 showed many
carbon microspheres contained in the two samples. No obvious
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Fig. 4 The reaction results of the epoxidation of trans-stilbene with
Fe@NC-800 as a catalyst under different reaction conditions. (a) Effect
of the reaction time, urea (0.5 mmol), T = 373 K, TBHP (5.75 mmol); (b)
effect of the amount of TBHP, urea (0.5 mmol), T= 373 K, t =24 h; (c)
effect of the amount of urea, TBHP (5.75 mmol), T = 373 K, t = 24 h.
Reaction conditions: trans-stilbene (1 mmol), Fe@NC-800 (10 mg),
CH,Cl, (2 mL), T = 373 K. Symbols: square, yield of trans-stilbene
epoxide; circle, selectivity towards trans-stilbene epoxide; triangle,
selectivity towards benzaldehyde. (d) Recycling studies of Fe@NC-800
on trans-stilbene epoxidation. Conv. means conversion of trans-stil-
bene, Select. means selectivity towards trans-stiloene epoxide.

differences between Fe@NC and Fe@NC800 could be observed
just through morphology characterizations.

To further investigate the elemental composition and states
of samples Fe@NC and Fe@NC800, XPS analysis was conducted
and the results are presented in Fig. 3. The full XPS spectra
shown in Fig. 3a and b illustrate that both samples Fe@NC and
Fe@NC800 were composed of C, N, O and Fe. The oxygen
content in Fe@NC was higher than the one in Fe@NC800,

This journal is © The Royal Society of Chemistry 2017
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Fig.5 The oxidation results of styrene and ethylbenzene with Fe@NC-
800 as the catalyst.

indicating that a large amount of oxygen-containing groups
decomposed after the Fe@NC sample was calcined at 800 °C
under nitrogen atmosphere. In order to know the changes to the
electronic forms of the carbon, nitrogen, and iron atoms after
calcination in nitrogen atmosphere at 800 °C, the C 1s, N 1s and
Fe 2p XPS spectra were deconvoluted and presented. The C 1s
XPS spectra shown in Fig. 3¢ and d could be deconvoluted into
at least to five peaks at 284.7, 285.7, 286.6, 287.5, and 289.2 eV,
corresponding to sp® C, C-N, C-0, C=0 and C(O)OH, respec-
tively.** As can be seen from the spectra, the peak at 284.8 eV
was the main peak, and the peak became sharper after modi-
fication in nitrogen atmosphere at 800 °C, which indicated that
the graphitization degree of carbon increased during the calci-
nation process at high temperature. The peak at 285.7 eV sug-
gested that nitrogen-containing functional groups existed on
the surface of the materials. The N 1s XPS spectra of Fe@NC and
Fe@NC800 were all deconvoluted into at least two peaks at
401.1 and 402.5 eV, which were attributed to graphitic N and N
oxide.*> However, the peak located at 399.9 eV in the Fe@NC N
1s spectrum was the main peak, corresponding to pyridinic N.
After calcination, the pyridinic N disappeared and the
graphitic N became the primary nitrogen component.**** The Fe

& '%Q
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2p XPS spectra of Fe@NC and Fe@NC800 clearly presented the
valence changes of Fe before and after calcination. For the
Fe@NC sample, the deconvoluted peaks located at 712.2 and
725.7 €V corresponded to Fe(ur) 2ps, and Fe(m) 2p;/,.>*% In
contrast, the signal-to-noise ratio of the Fe@NC800 Fe 2p
spectrum was too low, indicating that the iron content on the
surface of Fe@NC800 was low and most of the iron was covered
by carbon. The spectrum of Fe@NC800 illustrated that the zero
iron species were the main component and there was still
a small amount of trivalent iron potentially resulting from
oxidation when the sample was exposed to air during
characterization.

Catalytic activity

It has been established that heteroatoms doped in carbon could
adjust the electron distribution of carbon atoms so that the
catalytic activity of the carbon materials improved.*”** Thus we
expected that Fe@NC and Fe@NC800 would also have high
catalytic activity in some traditional reactions. Firstly, the
epoxidation of trans-stilbene with TBHP as the oxidant was
selected as a probe reaction. The reaction results are listed in
Table 1. In the absence of any catalyst, the conversion of ¢trans-
stilbene was only 9.7% (Table 1, entry 1). Under the same
reaction conditions, the conversion of the substrate was
increased about four times over that of the blank reaction by
introducing Fe@NC as the catalyst (Table 1, entry 2). By
increasing the amount of oxidant, the conversion of trans-stil-
bene and the selectivity for the epoxide product increased
(Table 1, entry 3). This result illustrated that Fe@NC has
excellent catalytic activity for the epoxidation of trans-stilbene.
It was reported that graphitized nitrogen has very good catalytic
activity.*® Therefore, Fe@NC-800, which possessed great
amounts of graphitic nitrogen species, was evaluated as

(Iv)
— NC-OH+epoxide + TBOH

FeNC-OOHstilbene + TBOH f—

FeNC-OH+epoxide + TBOH

Reaction steps

Fig. 6 The changes of potential energy in some important reaction steps with nitrogen-containing carbon and magnetic nitrogen-containing

carbon as a catalyst.

This journal is © The Royal Society of Chemistry 2017
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a catalyst even in the presence of a small amount of oxidant (380
uL TBHP). As was expected, Fe@NC-800 presented excellent
conversion and selectivity (Table 1, entry 4). This result illus-
trated that Fe@NC indeed had good catalytic oxidation activity
for the trans-stilbene epoxidation, but the glucosaminic acid in
Fe@NC perhaps consumed a portion of the oxidant during the
oxidation process. When Fe@NC was calcined at high temper-
ature, glucosaminic acid converted into a nitrogen-containing
carbon material so that only a small amount of oxidant could
get a high conversion of the substrate. Along with the increase
in the amount of oxidant, the conversion of the substrate even
reached 97.7% and the selectivity towards the epoxide product
remained above 97% (Table 1, entry 5). When the iron species in
the Fe@NC800 sample were dissolved and washed with hydro-
chloric acid (almost no iron elements were detected by XPS
analysis (Fig. S17)), the catalytic activity and selectivity still
remained (Table 1, entry 6). However, if there was no catalyst in
the reaction system, only 23.8% conversion and 36.1% selec-
tivity towards epoxide were achieved even in the presence of
sufficient oxidant (Table 1, entry 7). In order to further confirm
the essential catalytic function of the graphitic nitrogen in
Fe@NC800, the Fe@C800 sample without nitrogen dopant was
used as a catalyst under the same optimal reaction conditions.
Unsurprisingly, the conversions of stilbene were very low (Table
1, entries 8 and 9). These control experiments suggested that
the iron species in Fe@NC800 were not the key active sites for
this reaction. According to the XPS characterizations and the
reaction results, it could be concluded that graphitic nitrogen
components were an essential factor in the catalytic oxidation
activity of Fe@NC800.* However, for Fe@NC, the catalytic
system may be homogeneous because the filtrate of the Fe@NC
dispersion could also catalyse the epoxidation (Table S17). In
addition, according to literature reports, iron(u) complexes
could transfer the oxygen atom from the peroxide to the alkenes
to generate epoxides*®*' so iron(m) species in Fe@NC were
essential factors for high catalytic ability in the epoxidation of
alkenes with peroxide.

We also investigated the reaction results of the ¢rans-stilbene
epoxidation with Fe@NC-800 as a catalyst under different
reaction conditions (Fig. 4). It is obvious that the yield of ¢rans-
stilbene epoxide was merely 8.6% in the first hour and it grad-
ually increased on extending the reaction time. The final yield
went up to 94.6% when the reaction was carried out for 24
hours. With the increase of the reaction time, the selectivity of
benzaldehyde decreased and the selectivity of trans-stilbene
epoxide increased gradually. According to Fig. 4c, when
0.5 mmol urea was added to the reaction, the yield of the
epoxide reached the maximum and then it decreased with the
increased urea content. It indicated that the moderate basic
conditions favoured the catalytic epoxidation. Fig. 4b shows the
relationship between the yield of trans-stilbene epoxide, the
amount of oxidant and the selectivity of products. Evidently, the
conversion of trans-stilbene and the selectivity towards the
aimed product epoxide increased with the amount of TBHP. In
addition, the catalytic activity of Fe@NC-800 in the epoxidation
of trans-stilbene just dropped slightly after five times and the
selectivity was still above 95% (Fig. 4d). XPS analysis of the
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reused Fe@NC-800 indicated that iron species in the catalyst
were oxidized to iron oxide and the content of graphitic N
species decreased (Fig. S2), which may have resulted in the
decrease in catalytic activity.

More importantly, Fe@NC-800 also exhibited high catalytic
activity in the oxidation of styrene and ethylbenzene. As can be
seen in Fig. 5, in the styrene epoxidation, 74.1% styrene
conversion and 91.5% epoxide selectivity could be achieved. In
the oxidation of ethylbenzene, it can attain 81.3% conversion
and 98% selectivity to acetophenone. These results illustrated
that Fe@NC800 was an ideal magnetic and sustainable catalyst
for the C-H bond oxidation. In addition, Fe@NC also exhibits
considerable catalytic activity in the two reactions (Fig. S31).

We also analysed the total energy changes during the whole
proposed catalytic process by DFT calculations. As presented in
Fig. 6, the oxidant TBHP firstly adsorbed on the surface of the
carbon catalyst and then the activated carbon catalyst contain-
ing the peroxide group generated and TBHP was transformed
into tert-butyl alcohol (step I and II). Secondly, the trans-stilbene
was adsorbed on the surface of the activated catalyst and the
one oxygen atom in the peroxide group anchoring on the ortho-
carbon atom of nitrogen in the carbon catalyst was transmitted
to trans-stilbene to generate the epoxide. The peroxide group
was then transformed into a hydroxyl group (step III and IV).
The hydroxyl group in the deactivated carbon catalyst could be
oxidized to peroxide group by another TBHP molecule. The DFT
calculations indicated that the existence of iron atoms facili-
tated the adsorption of TBHP on the surface of the nitrogen-
containing carbon and decreased the generation energy of the
peroxide group (OOH) located at the ortho-position carbon atom
of nitrogen (step II). Consequently, iron species existing in the
carbon catalyst promoted the catalytic activity of the nitrogen-
containing carbon by facilitating the initial step of the whole
catalytic process.

Conclusions

A kind of magnetic nitrogen-containing carbon catalyst was
synthesized by hydrothermal carbonization and high tempera-
ture calcination with NAG and iron nitrate as precursors. The
carbon catalyst exhibited excellent catalytic C-H oxidation
activity, such as in the epoxidation of stilbene and styrene, and
the oxidation of ethylbenzene. The recyclability experiments
indicated that the catalyst was stable and easily separated from
the catalytic system due to its magnetic property. The active
sites promoting the catalytic C-H oxidation were the graphitic N
species existing in the carbon structure. The DFT calculations
indicate that the iron species were not an essential factor but
acted as a promoter in the catalytic performance of the catalyst.
This study will expand the application of biomass-based
heteroatom-containing compounds.
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