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Nitrogen self-doped carbon was synthesized by hydrothermal and microwave calcination using
polyacrylonitrile as a carbon source and nitrogen source. This method dramatically reduces the material
preparation time while improving the electrochemical performance of amorphous carbon. X-ray
photoelectron spectroscopy (XPS) analyses reveal that the pyridine nitrogen content is increased and the
graphitized nitrogen disappeared in an amorphous carbon block. This indicates that the nitrogen doping
sites of the amorphous carbon block can be modulated by the hydrothermal method. Microscopic
observations show that the nitrogen self-doped carbon is nano-carbon spheres and carbon micron
block. The self-doped nitrogen micron carbon block exhibits excellent cyclability and ultra-high rate
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Accepted 8th April 2022 capacity. When cycled at 0.5 A g™, the discharge capacity remains 356.6 mA h g~ after 1000 cycles.
Even cycled at 5 A g2, the rate capacity was maintained at 183.3 mA h g~ after 300 cycles. The defects

DOI 10.1039/d1ra08963¢ produced by self-doped pyridine nitrogen, not only improved the reactivity and electronic conductivity
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1 Introduction

Energy and environmental issues are crucial to human devel-
opment. Traditional non-renewable fossil energy is unsustain-
able.”™ Clean energy such as geothermal energy, tidal energy
and solar energy can alleviate the energy crisis.>® However,
these energy sources are intermittent.”*> To maximize the use
of clean energy, the development of and research into energy
storage systems has become a decisive factor.”*** Among all the
alternative energy storage technologies, the lithium-ion battery
is widely used in portable electronic devices and electric vehi-
cles due to high power density and energy density, long-term
cycling and environmental friendliness.'®"

In recent studies, graphite and graphitized carbon materials
have been used in commercial lithium-ion batteries due to their
low cost, easy synthesis and the abundant raw materials."®
However, carbon-based anodes have some disadvantages, such
as, voltage hysteresis, poor high rate performance and low
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but also enhanced lithium-ion diffusion kinetics.

theoretical capacity.'” In recent research it has been shown that
heteroatom doping, and modification of synthetic methods can
solve these problems well.*® Doping is an effective way to
improve material properties.** Different heteroatom doping will
enhance the surface and internal conformation of carbon.?* For
example, P doping can expand the interlayer distance, promote
the migration of lithium ions and electrons, and improve the
storage of lithium ions.** N doping can make carbon produce
external defects, expand the distance between layers, accelerate
the diffusion of lithium ions, and improve the electronic
conductivity. Li et al.*® proposed a three-dimensional network
carbon matrix composite with N and P double doping, which
exhibiting excellent cycling performance. A super stable
capacity of 195 mA h g~ ' can be obtained after 1000 cycles at
1 A g '. Moreover, the essential method is also an important
strategy for material modification. Compared with the tradi-
tional preparation methods, microblog-assisted technology has
the advantages of fast heating speed, uniform heating, short
reaction time, high yield, and clean synthesis method. There-
fore, it has been widely used in material synthesis.****

In this study, pyridine nitrogen-rich carbon micro blocks
were prepared by microwave carbonization with amidated
polyacrylonitrile as a precursor. Nitrogen doping sites can be
regulated by hydrothermal reaction. Pyridine nitrogen can
produce more defects, provide more active sites, and promote
lithium mobility. Self nitrogen-doped micron carbon blocks
have ultra-high rate capacity and long-term recyclability.
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2 Experimental
2.1 Synthesis of materials

The reagent used in the experiment is polyacrylonitrile (PAN,
molecular weight 250 000, Dongguan Huachuang Plastics Co.,
Ltd) and ammonia water (Tianjin Xinbote Chemical Co., Ltd).
All reagents were directly used without further pretreatment.
The PAN (1 g) was mixed with ammonia water (1 mL, 3 mL, 5
mL, 7 mL, 9 mL, 11 mL, 13 mL) in different proportions, stirred
at 25 °C for 30 min. A clear yellow solution was obtained by
hydrothermal reaction at 180 °C for 12 h. The yellow clarifica-
tion solution was dried 140 °C for 12 h and then ground to
obtain a light yellow powder. The prepared precursors were
denoted as HPAN-1:1, HPAN-1:3, HPAN-1:5, HPAN-1:7, HPAN-
1:9, HPAN-1:11 and HPAN-1:13. The precursors were calcined
in a microwave oven at optimal power of 750 W and optimal
time of 15 min to obtain nano-carbon and carbon micron
blocks, denoted as HPC-1:1, HPC-1:3, HPC-1:5, HPC-1:7, HPC-
1:9, HPC-1:11 and HPC-1:13. For comparison, PC was ob-
tained by direct microwave calcination of polyacrylonitrile at
the above optimal power and time.

2.2 Characterization of materials

X-ray diffraction (XRD) of the as-prepared samples was tested by
a Bruker D2 system (Cu Ka radiation, A = 1.5418, step size:
0.02°). The degrees of graphitization of as-prepared samples
were measured using confocal Raman spectroscopy under laser
excitation at 532 nm. Fourier transform infrared was conducted
by a Bruker Tensor 27 FTIR spectrometer. High-resolution
transmission electron microscopy (HRTEM, ZEISS Libra 200
FE) was used to study the microstructure of nano-carbon and
carbon blocks. X-ray photoelectron spectroscopy (XPS, Thermo
Fischer, ESCALAB Xi+, America) was used to measure the
distribution of elements, the valence state, in the vacuum
chamber with a vacuum degree of 8 x 10~ "° Pa.

2.3 Electrochemical performance tests

The coin-type cell (2032) was assembled used to test electro-
chemical performance. To prepare the working electrode, the
synthesized sample, acetylene black and polyvinylidene fluoride
were mixed at a mass ratio of 8 : 1 : 1. Then stir to form a slurry
in N-methyl-pyrrolidone. The slurry was spread on the copper
foil and then dried in a vacuum at 110 °C for 12 hours. Cut it
into a disc as working electrode with a diameter of 10 mm. The
counter electrode is lithium metal. Celgard 2400 serves as
a diaphragm. The electrolyte was formed by dissolving 1 M
LiPF, in a mixture of vinyl carbonate (EC), dimethyl carbonate
(DMC), methyl ethyl carbonate (EMC) with a volume ratio of
1:1:1.In a glove box filled with argon gas (water and oxygen
content is less than <0.01 ppm), the cells are assembled in the
order of negative shell, lithium metal, diaphragm, work elec-
trode, gasket, shrapnel, and positive shell. The cycle perfor-
mance was tested by the CT2001A system between 0.01-3 V.
Cyclic voltammetry (CV) was performed on the electrochemical
workstation (CHI760E, 0.01-3 V, 0.1 mV s '). The
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electrochemical workstation was used to test the AC impedance
at the frequency of 10™" to 10° Hz and the amplitude of 5 mV.

3 Results and discussion

Fig. 1(a) shows the different types of nitrogen doping configu-
rations. N-5, N-6 and N-Q represent pyrrole nitrogen and pyri-
dine nitrogen, graphitized nitrogen, respectively. The hydrolysis
mechanism of the reaction is shown in Fig. 1(b). Firstly, the
nucleophilic addition reaction occurs when OH™ attacks the
carbon atom in -C=N in an alkaline solution. In this process,
—C=N breaks, and OH™ forms a covalent bond with the carbon
atom. The negative charge is transferred to the nitrogen atom,
resulting in the electronegative intermediate B. Because of its
strong nucleophilic ability, some intermediates continue to
undergo a nucleophilic addition reaction with adjacent cyano
groups to form a hexagonal ring structure. Meanwhile, the
negative charge is still transferred to the cyano nitrogen atom to
be added. The negative charge nitrogen atom reacts with adja-
cent cyano groups to form a series of hexagonal rings with
covalent bonds. See the molecular formula C. Substance C
reacts with water to form amide, which is hydrolyzed under
alkaline conditions to form carboxylic acid E. Another possible
mechanism is that intermediate B can combine with water and
undergo reciprocal isomerization to produce amide. See
molecular formula F and G. Amides are attacked by OH™ in an
alkaline environment and eventually hydrolyzed to form
carboxylic acids. As shown in Fig. 1(c), amidated poly-
acrylonitrile was obtained by hydrolyzing polyacrylonitrile with
ammonia, dried and microwave carbonized to obtain HPC.

As shown in Fig. 2(a) and S1,7 the structure of nano-carbon
and micron carbon blocks synthesized under different condi-
tions was tested by XRD. The XRD patterns of all samples show
two broad peaks at 25.5° and 42.7°, which is consistent with the
standard card PDF#26-1077. It can be concluded that pure
phase carbon was synthesized under all conditions.”® From
Fig. 2(a), it can be observed that the XRD patterns of the HPC-
1:13 peak slightly decreases compared to HPC-1:11 or other
samples. This phenomenon can be attributed to the increase of
ammonia concentration, which leads to the increase of nitrogen
doping content in the material compared with other samples.””
With the increase of nitrogen doping, the intensity of

Carbonization

Hydrolysis
o X
s = -

Fig. 1 (a) Nitrogen doped configuration, (b) hydrolysis reaction
mechanism diagram, (c) synthesis path of HPC.
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Fig. 2 (a) XRD patterns of PC and a series of HPC, (b) infrared spectra
of PAN and HPAN-1:11, (c) Raman spectra of PC and a series of HPC.

diffraction peak (HPC-1:11) decreases significantly, indicating
that high-dose nitrogen doping will reduce the structural
ordering of carbon.”® To explore the chemical bonding of
precursors, the infrared spectra of PAN and HPAN-1:11 are
studied. As shown in Fig. 2(b), compared with PAN, the
appearance of C=0 at 1740 cm™ ' and C-O at 1397 cm™ ' in
HPAN-1:11 may be caused by the nucleophilic addition reaction
between PAN and NH;-H,O to form carboxyl group. In HPAN-
1:11, the nitrile group peak decreased significantly at
2313 cm™ " and the internal peak was missing from 805 cm™" to
1836 cm . It supported the absence of nitrogen-containing
functional groups in the reaction mechanism.* For further
study of the structural and electronic properties of nitrogen self-
doped carbon, Raman spectra were measured. As shown in
Fig. 2(c), all samples have two bands corresponding to the wide
D-band and G-band at 1345-1340 cm™* and 1572-1585 cm ™ *,
respectively. D-band and G-band were caused by defects in the
graphite structure and the ideal.*® The relative strength of the D
and G bands can reflect the degree of carbon graphitization and
defect.®* Nitrogen self-doped carbon synthesized with different
ammonia concentrations of 0 mL, 1 mL, 3 mL, 5 mL, 7 mL, 9
mL, 11 mL and 13 mL, the values of I,/I5 were 0.96, 0.95, 0.97,
0.96, 0.96, 0.99, 0.99 and 1.00, respectively. With the increase in
ammonia concentration, the degree of defects in carbon
materials also increases.?®

The internal structures of nitrogen self-doped carbon are
characterized by TEM. Fig. 3(a) and (b) are TEM of PC and HPC-
1:11, respectively. The morphology shows that PC is a carbon
nano-sphere and HPC-1:11 is a carbon micro block. With

Fig.3 TEM of (a) PC, (b) HPC-1:11; HRTEM images of (c) PC, (d) HPC-
1:11.
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increasing ammonia concentration, the synthesized materials
transform from nanoparticles to micron blocks and subse-
quently to nanoparticles, see Fig. S2.f When the ammonia
content was 11 mL, the morphology of the nanocarbon was
changed as a micron carbon block. This can be attributed to the
hydrophobicity of graphitized nitrogen in the presence of
ammonia. When graphitized nitrogen disappears, it will lead to
the aggregation of nanoparticles. With the increase of ammonia
concentration, a similar evolution of nitrogen self-doping
carbon morphology was also observed by scanning electron
microscopy (Fig. S3t1). As shown in Fig. 3(c) and (d), the
microstructures of PC and HPC-1:11 were characterized by
HRTEM, which revealed a highly disordered structure of
amorphous carbon. Several graphitic local structures are
present in PC with a distinct turbo-layered carbon structure (as
shown in the area selected).*” The disappearance of local
graphitic structures in HPC-1:11 is evidence of an increase in
disordered carbon.®® In addition, Fig S41 shows the obtained
EDX mapping images of the C, N and O elements of HPC-1:11.
The uniform distribution of N is further evidence that N has
been doped into HPC-1:11.%*

The elemental composition and functional group structure
of nitrogen self-doped carbon were analyzed by XPS. As shown
in Fig. S5(a) and (b),T the XPS spectra of PC and HPC-1:11 show
three different peaks: C1s, N1s and O1s, which are observed at
286.1 €V, 401.7 eV, 534.2 eV, and 283.7 €V, 399.2 eV, 532.1 €V,
respectively. As shown in Fig. 4(a), the C1s peaks of PC can be
divided into four peaks at 284.7 eV, 285.9 eV, 287.1 eV and
289.1 eV, respectively, corresponding to the C-C, C-O-C, C=0
and O=C-O. In Fig. 4(b), the C1s peaks of HPC can be divided
into five peaks at 284.8 eV, 285.8 eV, 287.1 eV, 289.1 eV and
290.1 eV, respectively, corresponding to the C-C, C-O-C, C=0,
O=C-0O and C-O. Compared with PC, the additional C-O in
HPC-1:11 may be caused by the nucleophilic addition reaction
during hydrolysis. It is consistent with the mechanism analysis.
In Fig. 4(c), the N1s peaks of PC are located at 398.5 eV, 400.1 eV,
401.2 eV, 404.0 eV, which correspond to pyridine-type N,
pyrrole-type N, graphitized-type N, and NO,. In Fig. 4(d), the N1s
peaks of HPC-1:11 located at 398.5 eV, 400.4 eV correspond to

a) cC (b) (‘:(bc

~o C0
co 0-Co 1
291.0 ¢V 289.1¢V 287.10V
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Fig.4 Cls peak of (a) PC and (b) HPC, N1s peak of (c) PC and (d) HPC-
1:11.
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pyrrole-type N and pyridine type N. Compared to PC, the
graphitized N and NO, are disappeared in HPC-1:11, as shown
in Table S1.1 It is favourable evidence to further support the
absence of nitrogen-containing functional groups in the reac-
tion mechanism. This phenomenon demonstrated that the type
of doped nitrogen in amorphous carbon could be regulated by
hydrothermal reaction.*

Compared to graphitized nitrogen (N-Q), pyridine nitrogen
(N-6) substitute carbon atom at the edge of defect or graphite
plane with nitrogen atom, which makes it easier to obtain
electrons.*® Furthermore, pyridine nitrogen can produce more
defects and a large number of active centers, which is consid-
ered to be the most effective coordination nitrogen to improve
the electrode capacity®*”**

The long cyclability of as-prepared samples at 1 A g~ ' as
shown in Fig. 5(a). It can be observed that irreversible capacity
loss occurred in all samples at the initial cycle, due to solid
electrolyte (SEI) film being formed.?” From the second cycle, it
shows stable capacity decay. The discharge capacity of HPC-1:11
is significantly higher than that of other nano-carbon materials,
which exhibit the best cycle performance (in addition, calcina-
tion time and power are explored as shown in Fig. S67). It can be
concluded that optimizing of the ratio of polyacrylonitrile and
ammonia, calcination time and calcination power can signifi-
cantly improve the capacity. Fig. 5(b) shows the 1-3rd charge
and discharge curves of HPC-1:11 at 1 Ag~*. The charge capacity
is 259.7 mA h g%, the discharge capacity is 682.2 mA h g * and
the coulomb efficiency is 38.1% at the initial cycle. The low
coulomb efficiency for the as-prepared sample of HPC-1:11 can
be attributed to the electrolyte—electrode activation at high rates
(1000 mA g~ ') and solid electrolyte membrane formed in the
interface.** From the 2-3rd cycle, the charge and discharge

[HEXENH]

Discharge capacity(mad 1)

~1200 120 5
5 o
271000 -Jogepmunjeps g e 100 3.
=

é 800 i Discharge 180 2
E. 6004 05Ag e Charge 460 %

-1
-E 4004 — VA 20Ag" s0ag! ] 40 2
E‘ 200 : 20
SIN) . : : T T 0 2
0 200 400 600 800 1000 1200 ©
(e) Cycle number

1200 120
- X
©01000 F100
= 5
< 8004 Charge-05A g o Discharge-05A g™ K-so g
23

% 6004 A Charge-1.0 A g'l v Discharge-1.0 A g'l 60 %
S 400 Lao £
g T £
S 200 20 2
=

=

&} 0 o

T T T T +0
0 200 400 600 800 1000

Cycle number
Fig. 5 (a) Cycle performance of PC and a series of HPC; the HPC-1:11
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curves overlap well. Fig. 5(c) shows the 1-3rd CV curves of
nitrogen self-doped carbon between voltage range of 0.01-3 V at
a scanning rate of 0.1 mV s~ . In first CV curve of HPC-1:11
shows three reduction peaks at 1.8 V, 0.8-1.0 V, and 0.01 V,
respectively. The peaks at 1.8 V and 0.8-1.0 V may be due to the
decomposition of the solid electrolyte and the formation of
SEL.* Neither of these above peaks appeared in the second and
third CV curves, indicating that the reaction is irreversible. The
peak at 0.01 V may be caused by the insertion of lithium ions
into the nitrogen self-doped carbon.* In the second cycle, the
peaks at 0.01 V are appeared again, indicating that the insertion
of lithium ions is reversible, which is similar to the recent
report.** The rate performance of HPC-1:11 was tested, as shown
in Fig. 5(d). The charge and discharge rate capacities were
maintained at 484.7/488.4 mA h g (0.5 A g ), 275.2/
2726 mAhg ' (1Ag"),248.2/2492 mAhg ' (2Ag "), and
183.3/187.5 mA h g ' (5 A g7 ") after 300 cycles. In Fig. 5(e), the
charge and discharge specific capacity of HPC-1:11 can main-
tain at 356.9/356.6 mA h g ' (0.5 A g ') and 249.2/
256.3 mA h g " (1 A g™ ) after 1000 cycles, which showing long
lifespan cycle performance. The excellent cyclability and super
high-rate performance of nitrogen self-doped carbon (HPC-
1:11) are better than the previously reported lithium-ion
anode carbonaceous materials,**?¢*1445% 35 shown in Table 1.

Nitrogen self-doped carbon exhibits super high-rate capacity
(higher than the theoretical capacity of graphite) and long-term
cyclability. It can be ascribed to the following reasons: firstly,
nitrogen doping sites of amorphous carbon can be modulated
by the hydrothermal method, which can provide an additional
active site and defects for lithium storage. Secondly, nitrogen
self-doped can effectively facilitate electron transfer and
improve electronic conductivity. Furthermore, pyridine
nitrogen has more incredible formation energy, there for a more
stable structure could be formed, which facilitates the insertion
and extraction of lithium ions.**°

To further explore the reasons for the excellent electro-
chemical performance of HPC-1:11, AC impedance tests were
performed on PC and HPC-1:11. The results are shown in
Fig. 6(a). The semicircle diameter at high frequency is related to
the charge transfer resistance (R.) at the interface between
electrode material and electrolyte, and the slope of the straight
line at low frequency represents the diffusion rate of lithium
ions.”* The kinetic parameters fitted by the equivalent circuit
diagram are shown in Fig. 6(b) and Table S2.1 The parameters
used in this model are R (contact resistance), R., CPE (constant
phase element) and W, (Warburg impedance).”> The charge
transfer impedance of HPC-1:11 (152.0 Q) is smaller than that of
PC (176.0 Q), which indicates that HPC-1:11 has high electronic
conductivity. Compared with PC (W, — R is 102.0 Q), the W, — R
of HPC-1:11 (100.0 Q) is reduced, which demonstrates that the
lithium-ion diffusion rate is faster.>

In addition, the kinetic properties of the lithium ion diffu-
sion process are analyzed by eqn (1) and (2) to derive the
migration rate of lithium ions in nano-carbon and carbon
micron blocks.

Z =R, + Ry + 6w 1?2 (1)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Cycle performance of nitrogen doped carbon
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Materials Current density Specific capacity References
N-doped porous carbon 3.72A¢7" 116 mAhg™" 42
Carbon nanomaterials 074Ag " 190mAhg™! 43
N-doped carbon microspheres 0.50Ag " 465 mAhg! 44
Carbon nanotubes 1.00A g’ 412mAhg’ 45
N-doped carbon microspheres 1.00Ag™" 292 mAhg™ 41
N-doped ordered mesoporous carbons 1.00A g™ ~150 mAhg™! 28
~400 mA h g™*

Nitrogen-doped porous carbon 0.10Ag " 443 mAhg! 37
microspheres 0.50 Ag™" 377mAhg™
Nitrogen-doped nano-carbon 0.10Ag " 160 mAhg* 46
Hollow carbon nanospheres 0.74 Ag™" 337mAhg™ 47
Carbon nanospheres 0.74Ag " ~350mAhg*! 48
Nitrogen doped carbon nanoparticles 0.50 Ag™" 485 mAhg™? This work

1.00A g™’ 363mAhg’

500Ag " 183 mAhg!

$

3
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Fig. 6
1:11 (b) histogram of impedance fitting data (c) plot of Z' versus w

(a) AC impedance diagram and fitting diagram of PC and HPC-
—1/2

D = RT 128’ CPA*F* (2)

The symbols in the equation represent the following mean-
ings: D (lithium ions diffusion coefficient), R (gas constant), T
(absolute temperature), A (surface area of electrode), n (electron
transfer number), ¢ (warburg factor), C (lithium ions concen-
tration), and F (Faraday constant).”* As shown in Fig. 6(c), D
(1.31 x 107" em® s ") of the HPC-1:11 electrode is more than
that of the PC electrode (5.50 x 10~ '*> cm® s~ '), indicating that
HPC-1:11 can provide faster kinetic performance. Warburg
impedance of HPC-1:11 is inclined more than 45° compared PC
sample. Indeed, the Li-ion diffusion of HPC-1:11 should be
lower because the resistance component is dominant. However,
the HPC-1:11 may have good capacitance characteristics and
therefore good dynamic performance. In addition, after the CV
and GITT tests of the sample and calculation of its lithium-ion
diffusion coefficient, it is further proved that HPC-1:11 has
better kinetic performance (see the Fig. S77 for details).

4 Conclusions

Nitrogen self-doped carbon rich in pyridine nitrogen was
prepared from polyacrylonitrile by microwave carbonization
alkali hydrolysis. Nitrogen doping sites of amorphous carbon
can be modulated by the hydrothermal method, which
increases the content of pyridine nitrogen. The nitrogen self-
doped micron carbon block showed excellent electrochemical
performance as an anode for lithium batteries. At 0.5 A g~ and
1.0 A g7', after 1000 cycles, the charge-discharge specific

© 2022 The Author(s). Published by the Royal Society of Chemistry

capacity can still reach 356.9/356.6 mA h g~ ' and 249.2/
256.3 mA h g~'. Even cycled at 5 A g~ ', the rates capacity can
reach 187.5 mA h g~ '. Nitrogen self doping not only provides
additional active centers and defects for lithium storage but
also effectively promotes electron transfer and improves elec-
tron conductivity. This strategy of regulating nitrogen doping
sites by hydrothermal method provides references for nitrogen
doping carbon modification methods.
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