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Nitrogen-enriched porous carbon nanofiber networks (NPCNFs) were successfully prepared by
using low-cost melamine and polyacrylonitrile as precursors via electrospinning followed by
carbonization and NHj treatments.

The NPCNFs exhibited interconnected nanofibrous

morphology with large specific surface area, well-developed microporous structure, relatively
high-level nitrogen doping and great amount of pyridinic nitrogen. As free-standing new anode
materials in lithium-ion batteries (LIBs), NPCNFs showed ultrahigh capacity, good cycle
performance and superior rate capability with a reversible capacity of as high as 1323 mAh g™*
at a current density of 50 mA g. These attractive characteristics make the NPCNFs materials
as very promising anode candidates for high-performance LIBs and, as free-standing electrode
materials to be used in other energy conversion and storage devices.

1. Introduction

Lithium ion batteries (LIBs) have attracted great attention
from both scientific community and industry due to their
significant advantages over traditional rechargeable battery
systems (e.g. lead-acid batteries, nickel-cadmium batteries,
nickel-metal hydride batteries et al.). So far, LIBs have been
widely used in powering diverse mobile electronic devices.
Recently, larger scale applications of LIBs, including various
types of electrical vehicles (EVs) and energy storage for utility
grids, are also rapidly developing™®. Nowadays, the most
commonly used anode material for commercial LIBs is
graphite. However, graphite cannot meet the increasing
demands for LIBs in different fields due to their low theoretical
specific capacity (372 mAh g™) and poor rate capability . In
this context, much efforts have been paid to explore new anode
materials with enhanced Li-ion storage capacity, i.e.
carbonaceous materials”%, alloys?, metal oxides?® 2® and their
hybrids?”* 2. Among them, porous carbon nanostructures can
facilitate easy access of Li-ion transport and promote charge-
transfer reaction by offering more electrode/electrolyte
interface, and thus are very promising for developing high-
performance anode materials.

Moreover, chemical doping of carbon materials with
heteroatoms, such as phosphorus® *°, sulfur®, boron®*3,
nitrogen®*% *47 and boron-nitrogen?®, is an efficient way to
tailor their electronic and chemical properties. Among different
dopants, nitrogen has attracted the most attention due to the
following reasons. Firstly, nitrogen has a comparable atom size
with carbon and its electronegativity (3.04) is higher than that
of carbon (2.55). Thus the nitrogen is easier to bond with
carbon atoms and more favorable for lithium insertion®®.
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Moreover, nitrogen doping can create defect sites for lithium
storage®®. Hence it can substantially increase the Li-ion storage
capacity. Secondly, N doping in carbon materials can greatly
enhance the electronic conductivity and induce n-type
conducting behaviors, because N can introduce donor states
near the Fermi level. Therefore, for the carbon-based anode
materials, porous nanostructure with nitrogen incorporation are
highly desirable for achieving excellent LIB performance, such
as high lithiation capacity, good rate capability and long-term
cycling stability. Based on this concept, a few previous reports
have shown that nitrogen-doped porous carbon materials can
serve as excellent anode materials for LIBs. For instance, Mao
et al."® prepared a kind of nitrogen-rich mesoporous carbon
materials by pyrolyzing gelatin using a sacrificial nano-CaCO;
template with very good electrochemical performances. It
showed a high reversible capacity of 1024 mAh g™ in first
cycle and stabilized to ca. 900 mAh g™ after 40 cycles at a
current density of 0.1 mA cm™. Qie et al.'® used a modified
oxidative template assembly route to synthesize a kind of
nitrogen-doped porous carbon nanofiber networks. Compared
with granular carbons, it exhibited better electrochemical
performance, with the first cycle reversible capacity reaching as
high as 1280 mAh g at a current density of 0.1 A g™.

In addition, in conventional protocol for preparing LIB
electrodes, binder materials, such as polyvinylidene fluoride
(PVDF), are usually required for improving the mechanical
stability of electrodes, but binders will unavoidably reduce the
electrical conductivity and block the pores. Moreover, binders
will limit the applications of LIBs in high-temperature areas
(e.g. above 200 °C) due to their instability. In this sense,
developing binder-free electrodes will be a promising technique
to simplify electrode preparation process, reduce the cost, and
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develop future high-performance LIBs. The key issue for
binder-free electrodes is to synthesize robust free-standing
electrode materials. Recently, some exciting progress has been
made along this direction® 1" 18 2%, However, the capacity (e.g.
450 mAh g8 593 mAh gt Y, 566 mAh g* 8 730 mAh g* %)
and cycling stability of LIB with as-synthesized free-standing
electrode materials still needs to be improved. In addition,
developing low-cost synthesis technique for free-standing
electrode materials will be favorable for their future
commercial applications.

In virtue of the simple procedure, low cost and scale-up
potential, electrospinning has been extensively investigated for
preparing porous carbon nanofiber fabrics (PCNFs) recently "
18.20.50  As-prepared PCNFs fabrics are typically arranged in an
interconnected non-woven networks, which can provide good
mechanical integrity at the same time. Such fabrics can be used
as free-standing anodes for LIBs, and it would increase the
effective electrode-electrolyte interface area, ensuring high
energy and power delivery, long cycling stability and improved
safety of LIBs. However, there is almost no report on using
electrospinning to synthesize free-standing nitrogen-doped
porous carbon materials with excellent electrochemical
performance so far.

In this communication, we report a simple, scalable and
inexpensive approach for the preparation of nitrogen-enriched
porous carbon nanofiber networks (NPCNFs) using
electrospinning along with the subsequent carbonization and
NH; treatments. As-synthesized NPCNFs demonstrate a large
surface area and a relatively high nitrogen doping level. They
can be used as an excellent free-standing LIB anode material,
with ultrahigh capacity and good rate capability. Furthermore,
as-synthesized NPCNF networks may find wide applications in
diverse areas, such as sodium-ion batteries, supercapacitors,
lithium—sulfur batteries, lithium—air batteries and other energy
conversion/storage devices.

2. Experimental

2.1. Materials synthesis

Firstly, Polyacrylonitrile (PAN) (Mw = 150,000,
homopolymer, SP? company, USA) was dissolved in N,N-
dimethylfomamide (DMF) with concentration of 10 wt% to
form a homogenous solution, and a certain amount of melamine
was add into the PAN/DMF solution (the mass ratio of
melamine and PAN was 1:2), then both of the solutions were
vigorously stirred in water bath at 70 °C for 12 h to obtain the
precursors of electrospinning for raw nanofibers (PAN) and
nitrogen doped raw nanofibers (NPAN). Then the as-prepared
precursors were electrospun into fiber networks through a
positively charged capillary using an electropspinning
apparatus at 25 kV. A piece of graphite paper was used as the
collector. The distance of tip and the collector was 15 c¢cm, and
the flow rate of the spinning solution was 1 ml h™.,

The electrospun-derived fiber networks were stabilized
under air according to a temperature program, in which it was
heated at a rate of 5 °C min™ up to 250 °C and held for 1h, and
then the temperature was raised to 260 °C and 270 °C at a rate
of 2 °C min? and held for 1h and 2h, respectively. The
stabilized nanofiber networks were heated at a rate of 5 °C min’
! for up to 850 °C in nitrogen for 1h to obtain carbon nanofiber
networks (CNFs) and nitrogen-doped carbon nanofiber
networks (NCNFs). Then for activation, the NCNFs were
treated by 20 vol% of ammonia in nitrogen for 30 mins to
obtain nitrogen-enriched porous carbon nanofiber networks
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(NPCNFs). For comparison purpose, nitrogen-enriched porous
carbon nanofiber networks activated by 20 vol% water steam in
nitrogen for 30 mins were prepared and denoted as NPCNFs-
H,0.

2.2. Characterization

The morphology and microstructure of samples was
characterized with a scanning electron microscope (SEM, LEO
1530, Germany) and transmission electron microscopy (TEM,
JEOL 2010, Japan). The TEM specimens were prepared by
dispersing the nanofibers in ethanol ultrasonic bath and then
dropping the suspension onto a Cu grid. The textural
characteristics were evaluated by N, adsorption measurement
on a Belsorp Max apparatus at 77 K (Japan). The specific
surface area was determined by Brunauer-Emmett-Teller (BET)
method. The pore size distribution (PSD) was calculated
according to Non-linear Density Function Theory (NLDFT)
method. X-ray photoelectron spectroscopy (XPS, PHI-5,300,
USA) was used to characterize the contents and configurations
of the nitrogen in the materials.

2.3. Electrochemical measurements

The electrochemical performance was evaluated by
galvanostatic cycling and cyclic voltammetry at room
temperature in a half-cell, in which lithium foil was used as the
counter electrode and 1M LiPFg was dissolved in a mixture of
ethyl carbonate (EC) and dimethyl carbonate (DMC) (1:1, v/v)
as the electrolyte. The samples were used as working electrode
directly without adding any non-active materials such as
polymer binders or electronic conductors. Celgard 2400 was
used as separator. The test cells were galvanostatically cycled
between 0.01 V-3.0 V vs. Li*/Li to evaluate the electrochemical
performance. Cyclic voltammetry was measured between 0.01-
3.0 V vs. Li*/Li at a scan rate of 0.1 mV s by an
electrochemical workstation Iméex (ZAHNER, Germany). The
impedance spectra were obtained by applying an AC voltage of
5.0 mV over the frequency range from 0.01 Hz- 2 MHz at room
temperature with an electrochemical workstation Im6ex
(ZAHNER, Germany) , and software of ZView was employed
to fit the collected electrochemical impedance spectroscopy
(EIS) data.

3. Results and discussion

3.1. Materials characterization

The macrostructure and microstructure of as-prepared
samples is shown in Fig. 1. It can be seen from Fig. 1(a), the
morphology of CNFs is randomly oriented and interconnected,
which form a porous, non-woven network with diameters
varying from tens to hundreds of nanometer and length up to
several hundreds of microns. Fig. 1(b) shows the
macrostructure of NCNFs. It is clearly seen that the NCNFs
have free-standing structure. Actually it has good mechanical
integrity which can be freestyle folded and easily cut with
conventional cutters or shears, shaped into any required form.
As for microstructure of NCNFs (inset of Fig. 1(b)), it is found
that NCNFs have non-woven nanofibrous structure and some of
beads were observed. Figs. 1(c-d) show the typical
morphologies of N-enriched carbon nanofibers, that is, NCNFs
and NPCNFs. It can be seen that they have similar morphology
of interconnected non-woven nanofibrous structure, which
means the non-woven nanofibrous structure can be also well-
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maintained after NH; treatment. Moreover, it can be clearly
observed that carbon nanofibers made from pure PAN
precursors have relatively smooth and regular surface
morphology. However, after melamine was added, the surface
morphology of final carbon nanofibers becomes rough and
irregular with obvious beads along the fiber axes. Fig. 1(e) and
Fig. 1(f) show the typical TEM images of as-prepared NCNFs
and NPCNFs. It is seen that the N-doped carbon nanofibers of
sole carbonization show a relatively taut and regular surface
structure. However, the nanofibers from carbonization-
activation treatment exhibit relatively rough surface
morphology and some quantity of pores are created on the
surface of NPCNFs. Besides, The disperse rings in the
corresponding selected area electron diffraction (SAED) pattern
(inset in Fig. 1(e) and Fig. 1(f)) also suggest the NCNFs and
NPCNFs are characteristic of amorphous structure of
electrospun carbon nanofibers.

Fig. 1. (a) SEM image of CNFs; (b) Photograph of a free-
standing NPCNFs (inset is the microstructure of NPCNFs);
SEM images of (¢) NCNFs and (d) NPCNFs; TEM images and
SAED patterns (insets) of (€) NCNFs and (f) NPCNFs.

N, adsorption/desorption measurements are performed at 77
K to characterize the specific surface area and the pore-size
distribution (PSD) of different samples, and the isotherms and
NLDFT plots are shown in Fig. 2. The isotherms of CNFs,
NCNFs and NPCNFs belong to type | pattern according to the
IUPAC classification (Fig.2 (a)), indicating three samples are
mainly in microporous structures. From the corresponding PSD
plotted in Fig. 2(b), it can be seen that micropores dominate in
these three kinds of nanofibers obviously. For the sample of
NPCNFs-H,0, a small hysteresis loop can be found in the
isotherms plot which indicates the presence of some mesopores.
The BET specific surface area and pore volume of all samples
is summarized and listed in table 1. Notably, compared with
NCNFs and CNFs, the porous carbon nanofibers activated by

This journal is © The Royal Society of Chemistry 2014

ARTICLE

both NH; and H,O demonstrate much higher BET specific
surface area and larger pore volume.

(b) —=—CNFs
0.8 —e—NCNFs
—&—NPCNFs-H,0

v —v— NPCNFs

1 10
Pore diameter / nm

Relative pressure / PP,

Fig. 2. (a) Nitrogen adsorption—desorption isotherms and (b)
pore size distribution of carbonized and activated carbon
nanofibers

X-ray photoelectron spectroscopy (XPS) was used to
characterize the N doping level and configurations in different
samples. As shown in Fig. 3(a), the XPS survey scan spectra
show signals of C, O, and N elements for all of the four
samples. As expected, the content of nitrogen is increased by
adding melamine. However, it is remarkably decreased by H,O
steam activation, but can be increased by NHj; treatment. The
N/C atomic ratios of different samples are summarized in Table
1 based on XPS analysis. The N/C atomic ratio of NPCNFs
with NHj3 activation is the highest (7.9%), while NPCNFs-H,0
shows a minimum value of 2.9%. Fig. 3(b-d) shows the binding
energy of Ny of the samples. As for CNFs in Fig. 3(b), the
complex Ngys spectra can be further deconvoluted into three
different component peaks at ~398.4 eV, 399.9 eV and 400.9
eV, which can be assigned to the pyridinic (N-6),
pyrrolic/pyridone (N-5) and quaternary (N-Q) nitrogen
respectively. Remarkably, as shown in the Fig. 3(c) and Fig.
3(d), the N1s XPS fine scan spectra reveal a pair of peaks for
NPCNFs-H,O and NPCNFs, which can be fitted to N-6
nitrogen and N-5 nitrogen for NPCNFs-H,0, and two well-
defined peaks N-Q nitrogen and N-6 nitrogen for NPCNFs,
which is believed to be responsible for NH; treatment of carbon
materials at high temperature > %2, Among these three forms of
nitrogen (Fig. 3(e)), according to the reported literatures ** 42,
N-Q nitrogen and N-6 nitrogen are both sp? hybridized, can
improve the electronic conductivity of carbon host, which thus
favorable for enhance electrochemical performance of carbon
materials. In addition, especially, N-6 nitrogen is produced
predominately via substituting a carbon atom by nitrogen on
edges or defect sites of the graphitic carbon layer. This kind of
nitrogen is much more chemically active with the low energy
barrier for lithium penetrating*. And furthermore, N-6 nitrogen
can induce a large number of defects, adds Li insertion sites,
hence improves the lithium storage capacity and enhances its
rate capability for the carbon materials. The content of N-6
nitrogen of all samples is summarized in Table 1. It can be
clearly seen that the NPCNFs have highest content of N-6
nitrogen with 38.38%. This value is also higher than those
shown in some previous works'™ * %6 which indicating,
compared with the post modifications, our route provides a
facile way for producing a relatively high content of nitrogen,
especially of N-6 nitrogen in carbon materials.
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Fig. 3. (a) XPS survey scan spectra of all samples. N 1s fine
scan spectra of (b) CNFs, (c) NPCNFs-H,0 and (d) NPCNFs.
(e) Schematic illustration of the forms of nitrogen in N-doped
carbon materials. The gray spheres represent carbon atoms, red
spheres represent quaternary N atoms (N-Q), green spheres
represent pyridinic N atoms (N-6), and blue spheres represent
pyrrolic N atoms (N-5).

3.2. Electrochemical evaluations

The electrochemical performances of as-obtained porous
carbon nanofibers were evaluated using cyclic voltammetry
(CV) and deep galvanostatic charge/discharge cycles from
0.01-3.0 V. The collected free-standing nonwoven porous
carbon nanofiber networks were directly used as anodes in
LIBs, without adding any other polymeric binders or
conductive additives. It could remarkably facilitate the high-
speed electron transport and hold great potential to enhance the

Journal of Materials Chemistry A

electrochemical performance. As shown in Fig.4 (a), the
NPCNFs electrode shows typical CV curves of the porous
carbon materials'® . The distinct peak around 0.1 V in the
reduction process demonstrates lithium ions insertion process.
And its area is reduced after the first cycle. Fig.4 (b) shows the
typical galvanostatic charge/discharge curves of NPCNFs
anodes for the initial three cycles and 50th cycle at a current
density of 50 mA g™. The voltage has a sharp drop to a
relatively potential plateau at 0.65-0.85 V in the first cycle,
which is associated with the formation of solid electrolyte
interphase (SEI) film on the electrode due to the decomposition
of electrolyte®. The initial discharge capacity of NPCNFs is as
high as 2245 mAh g* and the reversible charge capacity is
1323 mAh g*. The columbic efficiency is 58.9%.The large
irreversible capacity can be mainly ascribed to the formation of
SEI layer at the surface of NPCNFs and/or the irreversible
lithium insertion into special positions in the vicinity of residual
H atoms in the carbon material® 2> 53, Nevertheless, the
columbic efficiency in the second cycle and thereafter increases
over 95% and a stable capacity is achieved. The cycling
performance of obtained porous carbon nanofibers at 50 mA g
is present in Fig.4 (c). It is obvious that the nitrogen-doped
porous carbon nanofiber anodes show much improved lithium-
ion storage ability compared with non-porous and non-nitrogen
doped counterparts. NPCNFs have the largest capacity and a
good cycling stability superior to the NPCNFs-H,O, NCNFs
and CNFs, with reversible capacity of 1323 mAh g in the first
cycle and 1150 mAh g* in the 50th cycle. The value of first
reversible capacity of NPCNFs is higher than most of reported
carbon-based anode materials (summarized in table 2), and
more than 3 times the theoretical one of commercial graphite
(372 mAh g*). In addition, the 1st reversible capacity of
NPCNFs-H,0 is also good as 1233 mAh g in the first cycle,
but it’s cycling stability is not so well. The reversible capacity
of NPCNFs-H,O increases slightly in initial a few cycles but
drop sharply to 513 mAh g* in the 50th cycle. The rate
capability of as-prepared porous carbon nanofibers was further
investigated. As depicted in Fig.4 (d), the rate performance of
NPCNFs is superior to the NPCNFs-H,0 and much better than
NCNFs. The NPCNFs anode delivers 1315 mAh g at 50 mA
g?, 1145 mAh g™ at 100 mA g, 906 mAh g™ at 200 mA g*,
654 mAh g™ at 500 mA g, 473 mAh g at 1000 mA g™*. Then
the capacity can be recovered to 1163 mAh g™ when the current
density is turned back to 50 mA g™, indicating a good cycling
stability and a rate capability.

Table 1 BET specific surface area (m? g%), pore volume (cm? g%), N/C Atomic ratio (%), relative integrated intensities (%) of the
X-ray photoelectron spectra of pyridinic nitrogen and EIS fitting results of all samples.

material SSA*(m’g™?)  Total pore volume (cm®*g™)  N/C Atomic (%) Pyridinic nitrogen (%) Re(©Q) Ri(®) Ru(Q)
CNFs 231 0.12 4.1 31.61 8.9 25 23.6
NCNFs 305 0.16 7.2 36.24 6.6 3.8 21.3
NPCNFs-H,0 1056 0.55 2.9 5.47 3.9 13 5.9
NPCNFs 1198 0.67 7.9 38.38 2.9 16 0.05

a Specific surface area (SSA) was calculated by the Brunauer—Emmett-Teller (BET) method.

To elucidate the resistance change of the obtained porous
carbon nanofibers, EIS measurements were performed (Fig. 4
(e)). The impedance of the first Li intercalation of the
electrodes was fitted by using the modified Randles equivalent
circuit depicted in the inset of Fig. 4 (e). The resistance of
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electrolyte is denoted as R.. Here, C; and R; denote the
capacitance and resistance of the surface film formed on the
electrodes, respectively. Cy and R correspond to the double-
layer capacitance and charge-transfer resistance. The Warburg
impedance Z,, is related to the diffusion of lithium ions into the
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bulk of a carbon electrode. The numerical value of the diameter
of the semicircle in the mid-high frequency on the Z* axis is
approximately equal to the charge transfer resistance. The
kinetic parameters of all samples are summarized in Table 1.
As can be seen from Fig. 4 (e) and Table 1, there is an obvious
decrease in the charge transfer resistance after N-doping,
indicating that the electronic conductivity of the obtained
porous carbon nanofibers was improved by N-doping. However,
N-doping is not the singular reason for conductivity increase, as
shown by the “anomalous” NPCNFs-H,0 sample. The inclined
lines in the low frequency can be attributed to the Warburg
impedance, which is associated with lithium ion diffusion in the
electrode materials. The lithium ion diffusion coefficient of the
electrode is proportional to the slope values®®. The diffusion
coefficient of the NPCNFs also shows the highest mobility for
lithium ions diffusion than other samples®®. The low charge
transfer resistance and the high lithium ion diffusion coefficient
indicate the good electronic conductivity and high Li-ion
transfer speed across interfaces between the electrolyte and
active electrode materials, which therefore can enhance the
discharge—charge performance and rate capability of the
batteries'* %¢ 5. Fig. 4(f) presents the morphology of NPCNFs
after 50th charge-discharge cycles. It is clearly observed that a
layer of SEI film was formed at the surface of nanofibers and
the interconnected non-woven nanofibrous structure could be
well-maintained after deep charge-discharge cycles.
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Fig. 4. (a) Cyclic voltammograms and (b) charge/discharge
curves of NPCNFs; (c¢) Cycling performance and (d) rate
performance of different samples; (e) Nyquist plots of the EIS
recorded for different samples, the upper and lower insets are
the corresponding equivalent circuit and the magnification of
semicircles, respectively; (f) SEM image of NPCNFs after 50th
cycles (inset is the magnified image of NPCNFs after 50th
cycles).

Table 2 The electrochemical performances of some carbonaceous anode materials with various microstructures used in Li-ion

batteries.
. 1* cycle reversible 1" CE* 50" cycle reversible Test conditions
materials capacity (mAh g'l) (%) capacity (mAh g'l) Voltage (V) Scan rate Ref.
Commercial PAN fibers 300 - 180 (15" cycle) 0-1.2 25mAg’ 8
Commercial griaphite 353 80 - 0.005-1.500 C24 %
SWCNTs ca. 600 30 - 0-3 50mA g’ 60
MWCNTs 390 33 - 0.02-3.00 30mAg’! o
graphene 540 - 290 (20" cycle) 0.01-3.50 50mA g 62
Nitrogen-Doped graphene 832 45 751 (108" cycle) 0.05-3.00 100 mA g 6
porous carbon 453 55 459 (100™ cycle) 0.005-2.000 50mA g 64
nitrogen-rich mesoporous 1029 54 ca. 1200 (100" cycle) 0-3 0.1 mA cm? s
carbon materials
Carbon hollow 772 44 630 0.02-3.00 /10 7
nanospheres
carbon nanofibers 450 45 - 0-2.8 100 mA g 8
porous carbon nanofibers 730 48 445 0-2.5 50mAg’ 2
Nitrogen-Doped Porous
Carbon Nanofiber Webs 1280 48 ca. 1300(10 ™ cycle) 0.01-3.00 100 mA g 16
derived from ppy
Nitrogen-enriched porous This
carbon nanofiber networks 1323 59 1150 0.01-3.00 50mA g’ work

via electrospinning

a The 1% cycle columbic efficiency.

The ultrahigh capacity and good rate capability of NPCNFs
can be ascribed to its unique free-standing porous nanofibrous
structure and relatively high-level of nitrogen doping. Firstly,
the large surface area of NPCNFs offers sufficient

This journal is © The Royal Society of Chemistry 2014

electrode/electrolyte interface to absorb Li-ion and the resided
micropores provide facile channels for Li-ion diffusion and
may act as reservoirs for storage of Li-ion®. Secondly, higher
N doping levels in carbon materials lead to higher charge
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(reversible) capacities because nitrogen doping can enhance the
electrochemical reactivity and electronic conductivity. In
addition, especially, the large amount of pyridinic nitrogen in
as-obtained NPCNFs can induce a large number of defects,
more Li* insertion sites and thus enhances the lithium storage
capacity of the carbon materials. In addition, the large
adsorption energies of the Li ions at the pyridine-like defect and
the low energy barrier for lithium penetrating the defect ensure
its capability for lithium storage. Thirdly, the interconnected
conducting nanofibrous network and elimination of insulating
binders ensure fast electron transfer for rapid Faradiac reaction
and the nanosized fibers can shorten the ionic transport length.
Last but not the least, the large void space in the free-standing
NPCNFs anode can effectively alleviate the volume change
during the lithiation/delithiation process, while the strong
mechanical integrity of NPCNFs can prevent the electrode from
pulverization.

Conclusions

In summary, we have successfully prepared the nitrogen-
enriched porous carbon nanofiber networks, by using low-cost
melamine and polyacrylonitrile as precursors, through
electrospinning along with the subsequent carbonization and
NH; treatment. As free-standing anodes for LIBs, the large
surface area, well-developed microporous structure, high
nitrogen doping level and great amount of pyridinic nitrogen
make the NPCNFs show an ultrahigh capacity of 1323 mAh g*
in the first cycle, good cycling stability and rate capability.
These interesting features could make the NPCNFs a
potentially useful anode material for high-performance LIBs if
their initial capacity loss problem can be satisfactorily
addressed.
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