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ABSTRACT: Nitrogen-doped carbon spheres (NDCS) with
average diameter of 1.05 to 2.68 μm were synthesized by a
simple and eco-friendly injecting pyrolysis using pyridine as
the carbon precursor. The results indicated that both the
pyrolysis temperature and injecting rate play important roles in
controlling the morphology of NDCS. Because of the
microstructure of concentric incompletely closed graphitic
shells improving the thermal stability of nitrogen function-
alities, the evolution of nitrogen functionalities in NDCS was
much different from other nitrogen-doped carbon materials.
The formation mechanism of NDCS was discussed and
deduced. When NDCS were utilized as the anode material for
lithium-ion batteries, they show high-rate performance and
good cyclability, suggesting the advantages of injecting
pyrolysis for large-scale generating anode material in power Li-ion batteries.

KEYWORDS: Carbon spheres, Anode, Li-ion battery, Injecting pyrolysis, Nitrogen functionalities

■ INTRODUCTION

The combination of sp, sp2, sp3 hybridization results in carbon
materials’ diverse range of structures and morphologies with
extensive technical applications.1 The discoveries of fullerenes,2

carbon nanotubes3 and graphene4 have developed carbona-
ceous materials greatly in nanoscience and nanotechnology.5−8

With the various structures and textures,9 carbon materials have
been used in many applications, such as energy storage, catalyst
carrier, nanodevices, high strength composites and lubricants.
Because of over-reliance on fossil fuels and the need for a better
living environment, electrical energy has led to increased
attention,6,10,11 as it could be regenerated by renewable and
sustainable technologies, including solar, wind and hydro-
electric power. At the same time, high oil prices have pushed
consumers toward electric or hybrid electric vehicles, which are
critically dependent on the batteries. To improve environ-
mental pollution and realize the goal of sustainable develop-
ment, power Li-ion batteries are becoming a major technology
for electric vehicles.11,12 Therefore, carbon materials for energy
storage have widely been investigated and will continue to have
an enormous influence on our life.13−18

Carbon spheres can be synthesized by various methods, such
as chemical vapor deposition (CVD),1,19−24 pyrolysis,25,26 spray
pyrolysis,27,28 hydrothermal treatment29−31 and reactions under
autogenic pressure at elevated temperature,32,33 but few
convenient methods have been proposed. Carbon spheres
prepared by different methods usually have different micro-
structures that have direct influences on their electrochemical

properties. Inagaki proposed a classification of spherical carbon
structures according to their nanometric texture: concentric,
radial or random arrangement of the carbon layers.34

Compared with mesocarbon microbeads (MCMB) and graph-
ite, carbon spheres with a microstructure of concentric
incompletely closed graphitic shells usually have a low Li+

storage capacity,35 which may be due to the concentric
microstructure providing less edge plan sites for intercalation
and deintercalation of Li+ ions. But this concentric micro-
structure is beneficial for long cycling life. Carbon spheres with
concentric microstructure usually are prepared by traditional
CVD, which has shortcomings of long preparation period,
incomplete carbonization of precursor and difficulty for large-
scale production. For the purposes of improving production
efficiency, we use an injecting pyrolysis method to prepare
directly carbon spheres efficiently. Compared with the
traditional CVD method,20 injecting pyrolysis has character-
istics of short preparation period, high production efficiency
and simple operation. Essentially, this method is a modified
CVD due to their same gaseous phase carbonization
mechanism. To the best of our knowledge, no one has yet
explained the formation mechanism of carbon spheres prepared
by the CVD method. According to serial experiment results,
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this paper explores the formation mechanism of carbon spheres
during gaseous phase carbonization.
Carbon spheres have been proved to be a competent as an

anode material for Li-ion batteries owing to their high packing
density, low surface-to-volume ratio and maximal structural
stability, etc.30 Because high rate performance of anode
materials for Li-ion batteries is strongly dependent on the
size of particles,36 reducing the size of carbon spheres is an
effective way. To utilize the stable concentric microstructure of
carbon spheres and improve Li+ storage capacity, we use the
nitrogen-doping to improve electrochemical performance of
carbon spheres that have the concentric microstructure.
Nitrogen doping is an effective method to improve electro-
chemical performance for a carbon-based electrode and it can
increase electrode/electrolyte wettability37 and electronic
conductivity.37,38 In addition, it also can enhance the Li+

storage capacity25,37 and the total capacitance through the
pseudocapacitance effects for supercapacitors.39−41 Recently,
diverse research has been performed for nitrogen-doped carbon
materials and most studies only concerned synthesis method or
the improved electrochemical performance. In general, nitrogen
content and type of nitrogen functionalities are not easily
controlled, which caused much more difficulties in studying the
effect of nitrogen functionalities on improving electrochemical
performance. So, it is necessary to investigate the evolution of
nitrogen functionalities in carbon materials first to understand
the characteristics of nitrogen functionalities.
In this paper, to satisfy both large-scale production and good

electrochemical performance, a new, simple, safe and
ecologically acceptable method, injecting pyrolysis, was
introduced to prepare nitrogen-doped carbon spheres
(NDCS). We propose a model for the formation mechanism
of NDCS on the basis of the observation of samples that
pyrolyzed with different temperature and injecting rate.
According to the XPS analysis of NDCS, we describe the
evolution of nitrogen functionalities in NDCS. The lithium
storage properties of NDCS were also investigated.

■ MATERIALS AND METHODS
Synthesis of NDCS. A schematic of the injecting pyrolysis system

is shown in Figure 1; the synthesis of NDCS was carried out by
injecting pyridine droplets directly into a high temperature vertical

quartz tube that was placed in a temperature programmable furnace. A
quartz crucible was located inside the quartz tube in the constant
temperature zone of the furnace. The pyrolysis was under a nitrogen
atmosphere and the pyrolysis temperature was 900−1100 °C.
According to the pyrolysis temperature and injecting rate (174.6 μm
min−1, ca. 24 s per droplet), products are denoted as PYD900,
PYD1000 and PYD1100. The desired injecting rate was controlled by
an injection pump (TJ-3A/W0109-1B, Baoding Longer Precision
Pump Co., Ltd.) with a 2.5 mL syringe. It resulted in a sooty
deposition inside the quartz crucible and on the inner wall of the
quartz tube. After the furnace was cooled to room temperature, the
cotton-like soot that was in the quartz crucible was collected.

Characterizations. The NDCS were characterized by scanning
electron microscopy (SEM, ZEISS SUPRATM field emission
microscope), transmission electron microscopy (TEM, Hitachi H-
800), high-resolution transmission electron microscopy (HRTEM,
JEOL-2100), X-ray diffraction (XRD, Rigaku D/max-2500B2+/PCX
system) using Cu Kα radiation (λ = 1.5406 Å) over the range of 5−
90°(2θ) and X-ray photoelectron spectroscopy (XPS, Thermo
Electron Corporation ESCALAB 250 XPS spectrometer with
monochromatic Al K X-ray sources of 30 eV pass energy in 0.5 eV
step over an area of 650 μm × 650 μm and charging correction with
reference to C 1s at 285.0 eV). Raman spectra were collected on
Renishaw inVia Reflex using 514 nm laser excitation to compare the
graphitizaion degree (ratio of D and G band of the carbon) of these
samples. Nitrogen adsorption−desorption measurements were per-
formed at −196 °C on a Micromeritics ASAP2020. The samples were
degassed at 300 °C for 6 h under a vacuum in the degas port of the
analyzer before sorption measurement and specific surface areas (SSA)
were estimated according to the Brunauer−Emmett−Teller (BET)
model.

Electrochemical Measurements. The electrochemical measure-
ments were carried out by using 2032 coin-type cells with a pure
lithium sheet as the counter electrode. The working electrode was
prepared by mixing the NDCS powder, poly(vinylidene fifluoride)
(PVDF), acetylene black at a weight ratio of 8:1:1, and N-
methylpyrrolidineone (NMP) was added to form a slurry for spreading
the composites onto foam nickel. Then the working electrodes were
dried under vacuum at 80 °C for 4 h and 120 °C for 12 h. The
electrolyte was 1 M LiPF6 in a 1:1 (volume) mixture of ethylene
carbonate and dimethyl carbonate. The cells were assembled in an
argon-filled glovebox with concentrations of moisture and oxygen
below 1 ppm. The galvanostatically charge−discharge cycles of the
cells were measured between 0.01 and 2.50 V versus Li/Li+ at various
current densities by a LAND CT2001 battery tester.

■ RESULTS AND DISCUSSION

In the pyrolysis experiment, we used pyridine as the precursor
and in order to ensure that every pyridine droplet was
pyrolyzed completely, the present work first had 174.6 μm
min−1 (ca. 24 s per droplet) as the injecting rate. It is
particularly worth nothing that carbon precursors are not
limited to pyridine, and any liquid carbon precursor could be
used, such as aromatic heavy oil and coal tar. Therefore, this
makes our method much more practical. Figure 2 shows the
morphologies of the as-prepared NDCS. SEM images with
different magnifications show that the samples consist of almost
entire carbon spheres but are severely aggregated. According to
Figure 2b, the surfaces of the PYD900 have many little
hemispheres on them, and the TEM image in Figure 2d clearly
verifies that the small hemispheres are on the outer surface of
the aggregated carbon spheres. From Figure 2e,f and Figure 2i,j,
PYD1000 and PYD1100 have relatively smooth surfaces. The
observation of the broken sphere shown in Figure 2c,g,k and
TEM images indicate that these carbon spheres with concentric
structures were solid rather than hollow, and this result is
similar to that of the previous report.1 Figure 3b,c shows

Figure 1. Schematic diagram of the injecting pyrolysis system and the
formation mechanism of NDCS.
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HRTEM images at the edge of PYD1000 that indicate that
PYD1000 consists of concentric incompletely closed graphitic
shells. Obviously, with the pyrolysis temperature increasing, the
average diameter of NDCSs was gradually reduced from 2.68 to
1.05 μm. This result is different from an earlier report that the
diameters of carbon spheres were not significantly affected with
fixed feed times and pyrolysis temperatures between 900 and
1200 °C.1 Simultaneously, our results also confirm the fact that
a catalyst is not essential for the growth of carbon spheres.1,20

The BET specific surface areas are measured to be 3.0 m2 g−1

for PYD1000 and 4.2 m2 g−1 for PYD1100. But the SSA of
PYD900 is too low to measure (maybe below 1 m2 g−1). These
results are consistent with SEM and TEM images, which
indicates that NDCS have almost no porous structure.
The carbonization of pyridine in gaseous phase inspired us to

associate the formation mechanism of NDCS with carbon
black. As shown in Figure 1, we assume the formation
mechanism of NDCS is mainly made up of three steps. First
step, pyridine molecules are pyrolyzed to aliphatic species42

then transformed into polyaromatic hydrocarbons (PAHs) by a
gas phase reaction. Second step, as the gas phase reaction

continues, the partial pressure of PAHs increases until the
supersaturation is high enough to induce condensation of
PAHs into the initial liquid nucleus (ILN). This process that is
so-called nuclei inception43 in formation of carbon black
generates the initial nucleus. In this step, according to Lahaye’s
results,44,45 the number of ILN depends only on the
supersaturation and temperature, and the number of nucleus
increases with temperature. The last step, the ILN are
pyrolyzed into an initial solid particle that are wrapped by
some graphene layers. At inception, a large number of initial
solid particles are collided to produce aggregates. After a long
time for surface growth of the aggregates, the aggregated
carbon spheres are produced finally until the carbon source is
consumed. So, when the carbon source is supplied, the higher
temperature in step 2 generates much more initial nuclei that
grow into relative small carbon spheres without adding an
additional carbon source in the surface growth. This
mechanism indicates why the size of NDCS gradually decreases
with increasing pyrolysis temperature. On the other hand, the
number of ILN is almost the same whether a larger droplet or a
small droplet of pyridine is injected into the pyrolysis system at
same temperature. But a larger droplet can provide more
carbon source for surface growth than a small droplet. In other
words, a larger droplet facilitates to produce big carbon spheres
due to the sufficient supply of carbon source in surface growth.
Oppositely, a small droplet will lead to reduction in size of
carbon spheres.1,20,27

In step 2, the formation of ILN leads to eliminate
supersaturation and thus the formation of additional ILN
becomes impossible. If we add carbon source to the pyrolysis
system after the formation of ILN and before the end of surface
growth, the partial pressure of PAHs could increase again due
to the new generation of PAHs, thus the second formation of
ILN becomes possible. According to our assumption, the earlier
the ILN are formed, the bigger the carbon spheres are
generated due to the relative long time for surface growth.
Conversely, the later the ILN are formed, the smaller the
carbon spheres are generated too. For the purpose of verifing
whether our assumption is reasonable, some another pyrolysis
experiments were done with improved injecting rates.
According to Figure 4, the diameter of most carbon spheres
gets smaller and some of them turn bigger when the injecting
rate is increased from 174.6 to 2.167 μm min−1 (174.6 μm
min−1 for PYD1000, 722.3 μm min−1 for PYD1000-2 and 2.167
μm min−1 for PYD1000-3). This trend of variation proves the
rationality of our assumption. Therefore, according to the
formation mechanism of NDCS, the morphology of NDCS
could be easily controlled by the pyrolysis temperature and
injecting rate, which are beneficial and practical for large-scale
producing high-performance anode material in power Li-ion
batteries.
XRD and Raman spectroscopy were used to characterize

further the graphitization degrees of NDCS. Figure 5a shows
the XRD patterns of samples. Two obvious broadening
diffraction peaks at 2θ ≈ 25.6° and 43°, which correspond to
the (002) and (100) planes of carbon materials and indicate
that they are amorphous carbons with low graphitization
degree. As the temperature is increased, the (002) peak
becomes narrower and the intensity increases, implying the
enhancement of graphitization degree of NDCS with pyrolysis
temperature. Raman spectroscopy for NDCS are shown in
Figure 5b, which display a typical D band (appear at 1360
cm−1) and G band (appear at 1585 cm−1).46 The D band

Figure 2. SEM images (a, e and i at low magnification; b, c, f, g, j and k
at high magnification) and TEM images (d, h and l) of NDCS from
PYD900 (a−d), PYD1000 (e−h) and PYD1100 (i−l), respectively.

Figure 3. HRTEM images of PYD1000.
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corresponds to the disordered and imperfect structures of the
carbon material, whereas the G band represents the ordered
carbon structure. The decreased ID/IG intensity ratio from
PYD900 to PYD1100 indicated the enhancement of graphitiza-
tion degree of NDCS, which corresponds to the results of
XRD.
XPS spectra and elemental contents of pyrolysis products are

shown in Figure 6 and Table 1, respectively. The weak oxygen
content almost certainly is caused by the existence of small
quantities of O2 in the pyrolysis system and adsorbing H2O by
the surface of NDCS. XPS analysis is employed to identify the
chemical states of nitrogen in the NDCS. As shown in Figure 6,
the N 1s spectrum of NDCS recognized four types of nitrogen:
pyridinic-N (N-6, 398.5 ± 0.2 eV), pyrrolic-N (N-5, 400.5 ±
0.2 eV), quaternary-N (N-Q, 402.9 ± 0.2 eV) and pyridine-N-
oxide (N-oxide, 403 ± 0.2 eV).47,48 N-6 and N-5 were formed
predominately through substituting a carbon atom by N on
edges or defect sites in the plane because such carbon atoms are
much more chemically active than those within the plane of
perfect graphene.37 N-Q, i.e., nitrogen atom replaced carbon
atom in the graphene plane and bonded to three carbon

atoms.49 According to Table 1, the nitrogen contents of
PYD900 is 3.99 at. %, which is similar to that of PYD1000 (3.80
at. %), but the nitrogen content of PYD1100 decreases to 2.86
at. %. Obviously, with the pyrolysis temperature increasing, the
nitrogen content of NDCS decreases gradually. This result is in
agreement with those of other reports39,40,48 which may be due
to C−N bonds breaking seriously in high temperature heat
treatment (above 1000 °C). The N 1s spectrum of PYD900
consists of N-5 (20.90%), N-6 (23.80%), N-Q (50.29%) and N-
oxide (5.01%). However, when the pyrolysis temperature was
elevated to 1000 °C, 41% of the N-5 peak disappeared and both
N-6 and N-Q increased. When heated to 1100 °C, the N-5
peak disappears completely, which proved N-5 functionalities
could stable up to 1000 °C and N-6 decrease to 18.91%, but
only N-Q increase to 78.49%. The decrease of N-5 peak at high
temperatures is similar to earlier reports on thermal treatment
of nitrogen containing carbon nanotubes48 and chars.50 But the
N-5 in NDCS complete disappearing occurs at high temper-
ature than in the carbon nanotubes and chars that show a rather
low thermal stability of N-5 functionalities.

Figure 4. SEM images (a, b and c) and histograms of diameter distribution (d, e and f) from SEM data based on 1000 carbon spheres (manually
determined) of NDCS for PYD1000 (a, d), PYD1000-2 (b, e) and PYD1000-3 (c, f), respectively.

Figure 5. XRD patterns (a) and Raman spectra (b) of NDCS.
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Usually, N-5 functionalities decrease gradually above 600 °C
and almost disappear completely below 900 °C;50 moreover,
the total nitrogen content of nitrogen-doping carbon materials
prepared by the in situ nitrogen doping decreased seriously at
high temperatures (the total nitrogen content was often below
ca. 1.5 at. % when pyrolysis temperature was above 900
°C).39−41 However, the total nitrogen content of PYD1100
prepared by in situ nitrogen doping is still as high as 2.86 at. %
and N-5 functionalities in NDCS are still stable in 1000 °C.
These results indicate that the microstructure of concentric
incompletely closed graphitic shells of NDCS is beneficial to
the thermal stability of nitrogen functionalities. Besides, there
still is another important observation in our data: the ratio N-
Q/N-6 is 2.1 at 900 °C and remains that at 1000 °C, but

changed to 4.2 at 1100 °C. When the pyrolysis temperature was
increased to 1000 °C from 900 °C, a fast decrease in N-5 and a
slow increase both in N-6 and N-Q suggest that N-5 is partly
converted to N-6 and N-Q. In this process, it is still unclear
whether N-5 is first converted to N-6 and then transformed to
N-Q or N-5 is simultaneously converted to both N-6 and N-Q.
Finally, when pyrolysis temperature further heated up to 1100
°C from 1000 °C, N-5 disappeared completely and N-6 began
to experience a decline. However, the percentage of N-Q
increased to the highest value (78.79%). Considering the
stability of nitrogen functionalities, this confirms that N-5
inclined to convert into N-Q rather than N-6 in high
temperature and N-Q is the most stable nitrogen functionality
in N-doped carbon materials.
According to early reports, nitrogen functionalities in various

carbon material have different thermal stability, but after severe
pyrolysis, all nitrogen is finally presented in 6-membered rings,
N-Q, N-6 and N-X.49,50 In general, nitrogen functionalities in
the surface of carbon materials such as nitrogen-doped
graphene and carbon nanotubes are easily released in high-
temperature heat treatment. Comparing nitrogen-doped
graphene with our results, the evolution of nitrogen
functionalities in NDCS suggests that the concentric
incompletely closed graphitic shells improve the thermal
stability of nitrogen functionalities. Evolution of nitrogen
functionalities in the formation of NDCS is shown in Figure
7. N-5 could be converted to N-6, N-Q and N-X by “ring
expansion”51 and both N-5 and N-6 could be further converted
to N-Q by condensation reactions50 at relative high temper-
ature. The transformations among nitrogen functionalities are
much more complicated and uneasy to distinguish.
Figure 8 illustrates the electrochemical performance of

NDCS. The cycling performances of NDCS are depicted in
Figure 8a. The Coulombic efficiency of the first cycle are 62.5,
64.2 and 65.8% for PYD900, PYD1000 and PYD1100
electrodes, respectively. This tendency suggests that high heat
temperature reduces the surface defects and functional groups.
Figure 8c,d shows the galvanostatic charge/discharge voltage
profiles at a current density of 50 mA g−1. The voltage plateau
at 0.7−0.9 V in the first cycle is due to the formation of the
solid electrolyte interface (SEI).52,53 In the subsequent cycles,
the Coulombic efficiency of all samples raises rapidly to 95% in
the second cycle and maintains almost as high as 99% for the
rest of cycles. As observed, there is almost no capacity fading
after the 10th cycle, indicating the excellent cycling perform-
ance. PYD900 and PYD1000 exhibit an initial reversible
capacity of about 350 mAh g−1. Although PYD1100 has the
lowest initial reversible capacity of 320 mAh g−1 of the samples,
its reversible capacityis still higher than that of the pure carbon
spheres (220 mAh g−1 at 30 mA g−1),35 Pureblack graphite
(175 mAh g−1 at 37 mA g−1)54 and MCMB (294 mAh g−1 at 37
mA g−1).55 The rate performance of NDCS is shown in Figure
8b, highly stable and reversible capacities around 188, 163 and
166 mAh g−1 are obtained at 1 A g−1 for PYD900, PYD1000

Figure 6. High-resolution N 1s spectra of XPS.

Table 1. Carbon Atomic Percent and Heteroatom Species Content in the NDCS Analysed by XPS

nitrogen content (atom %)

sample carbon content (atom %) oxygen content (atom %) total N-6 N-5 N-Q N-oxide

PYD900 87.19 8.82 3.99 0.95 0.83 2.01 0.20
PYD1000 90.82 5.38 3.80 1.07 0.33 2.27 0.13
PYD1100 92.63 4.51 2.86 0.54 0 2.25 0.07
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and PYD1100 electrodes, respectively. Obviously, the rate
performance of NDCS is superior than that of commercial
graphite microspheres (150 mAh g−1 at 500 mA g−1)56 and
MCMB (no more than 60 mAh g−1 at 1.8 A g−1).54 And this
unique rate performance and cycling performance of NDCS
should be ascribed to the microstructure of concentric
incompletely closed graphitic shells57 and nitrogen-doping
structure.25,37,38 Nitrogen functionalities can increase the
electrode/electrolyte wettability, which promote ion diffusion
in the interface between the electrode and electrolyte and the
interior of bulk electrode, thus improving the electrochemical
performance.37,58 Furthermore, nitrogen functionalities can
promote intercalation of Li-ions by changing the electronic
state of carbon atoms.38,59 But the mechanism of concentric
and nitrogen-doping structure favoring stable cycling and high
rate performance still need further investigation. Considering
its excellent cycling performance and unique synthesis method,
NDCS are potential to be used as an anode material for power
Li-ion batteries.

■ CONCLUSIONS

In summary, NDCS with different diameters and nitrogen
contents were synthesized by using a one-step facile injecting
pyrolysis. The morphology of NDCS could be easily controlled
by adjusting pyrolysis temperature and injecting rate. The
formation and growth mechanism of NDCS was ascribed to the
nuclei inception and surface growth according to the
mechanism of gaseous phase carbonization. This mechanism
could not only explain the formation of NDCS but also suit for
the formation of carbon spheres synthesized by CVD.
Moreover, the evolution of nitrogen functionalities in NDCS
is useful to help us to understand the transformation of
nitrogen functionalities in different microstructures of carbon
materials. Considering nitrogen doping is a facile and effective
way to enhance the electrochemical property, these make our
synthesis method much more practical for large-scale
production of high-performance anode materials in power Li-
ion batteries.

Figure 7. Evolution of nitrogen functionalities in the formation of NDCS during pyrolysis of pyridine.

Figure 8. (a) Cycling performance and Coulombic efficiency of NDCS electrodes at current density of 50 mA g−1, (b) rate performance of NDCS at
various current densities from 50 mA g−1 to 2 A g−1, (c) charge−discharge profiles of NDCS electrodes at first cycle and (d) charge−discharge
profiles of PYD1000 at various cycles with current density of 50 mA g−1.
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