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Pursuing low-cost and high-performance anode materials is of great importance for developing practical
sodium ion batteries. In this work, mille-feuille shaped hard carbons derived from low-cost and
environmentally friendly polyvinylpyrrolidone (PVP) nanofibres are fabricated via simple electrostatic
spinning and followed by further pyrolysis at 800-1200 °C, as anode materials for sodium ion batteries.
The optimized sample HC-1000 carbonized at 1000 °C shows better particle size and low surface area,
and achieves a good reversible capacity of 271 mA h g~ with 94% capacity retention ratio over 100
cycles. In addition, HC-1000 exhibits satisfactory rate performance, namely, the discharge capacities are
304, 264, 209, 142, 109 and 70 mA h g~* at a current density of 20, 40, 100, 200, 500 and 1000 mA g*

Received 23rd November 2016 after 10 cycles respectively. Even continuing with an additional 280 cycles at 200 mA g~?, the capacity
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retains 285 mA h g~ when the current recovers to 20 mA g~ The mille-feuille shaped morphology,

DOI: 10.1039/c6ra27212f uniform particle size distribution and low surface area enable excellent electrochemical performances of
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Introduction

The storage and transformation of energy have become an
important problem which restricts the sustainable development
of the world economy."” Lithium ion batteries are the first
choice for electric vehicles (including HEV and EV) and power
supply for large-scale energy storage systems with the advan-
tages of high working voltage, high capacity, small self-
discharge, long cycle life and so on.** However, with the
development of renewable energy generation technology,
a large number of energy storage batteries are needed. However,
the global lithium resources are not able to effectively meet the
huge demand, due to the limitation of lithium resources.
Therefore, it is very important to develop the related energy
storage technology as a substitute for lithium ion batteries.»**
Recently, sodium ion batteries have attracted renewed interest
as a potentially lower cost alternative to lithium ion batteries
because of the wide abundance of sodium resources and similar
chemical properties between lithium and sodium. But the Na
ion is about 55% larger than the Li ion, it is difficult to develop
suitable host materials with sufficiently large interstitial space
to allow rapid insertion/extraction of Na'. Moreover, the
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PVP based hard carbon, which is expected to be a promising anode material for Na-ion batteries.

standard electrode potential of Na'/Na is —2.71 V (vs. S.H.E.),
which is about 0.3 V higher than that of Li*/Li. Therefore, the
energy density of the sodium ion battery is lower than that of
lithium ion battery.>> However, they can be considered for use
in applications where the weight and footprint requirement is
less drastic, such as storage of off-peak and essentially fluctu-
ating renewable energies.™

Over the past few years, there has been made significant
progress for sodium ion battery cathodes by updating the
knowledge learned from lithium ion battery studies.®**"” With
respect to anodes, the graphite has been widely used in lithium
ion battery, while the radius of the sodium is much larger so
that the graphite carbon layer spacing (0.335 nm) is not suitable
for the insertion of sodium ions, which were reported in
previous studies.'' But three-dimensional porous graphene
materials facilitates significant performance for Na-ion
batteries in recent research.*® The other promising anode elec-
trode materials mainly include alloys, carbon based materials,
organic compounds and Ti-based oxides.”**** Of the above
candidates, carbon-based material is a promising material as
they are cheap, easily stable and non-toxic. As one kind of
disorder carbon with larger layer spacing (0.35-0.38 nm) hard
carbon has been widely studied.**** Doeff** et al. showed the
hard carbon can be a potential anode material in 1993. They
studied the electrochemical insertion of sodium ion into a hard
carbon made from petroleum coke, achieving a reversible
capacity of 85 mA h g~ '. Komaba's group? reported a reversible
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capacity value of 240 mA h g~ by using commercially available
hard carbon.

Generally hard carbon as one kind of disordered carbon has
a widely dispersed particle size and a different morphology,
which depend on appropriate carbon source and precursor
morphology.”*** Shu et al.** obtained nano-sized hard carbon
spherules by well dispersed nano-sized precursor particles
during hydrothermal reaction, which showed high capacity
retention ratio (92.7%) and a high reversible charge capacity
(525 mA h g™') in lithium ion batteries. Li et al.®* fabricated
monodispersed hard carbon spherules with a uniform particle
size, which exhibited highly reversible capacity of 200 mAh g™*
(after 100 cycles at 30 mA g '), corresponding to capacity
retention 93% in sodium ion batteries. Liu et al.** prepared
floral variant of mesoporous carbon achieved excellent perfor-
mance in sodium ion batteries (438.5 mAh g ' at 30 mA g ')
and lithium ion batteries (1370 mA h g~ " at 50 mA g ). And
sodium ion full cell was reported with a layered NaNig 5Tiy 50,
cathode and a hard carbon anode exhibiting a reversible
capacity of 93 mA h g~ "%

Electrospinning has been used widely in both academic
research and industrial applications as a simple and versatile
technique. Polyacrylonitrile (PAN), polyvinyl chloride (PVC) and
polyvinylpyrrolidone (PVP) are widely used in electrospinning
to make uniform nanofibers/hollow nanowires.***” In our
previous work,** hard carbon prepared through pyrolysis of PVC
nanofibers can achieve an initial reversible capacity of 271 mA h
g ' and retain 215 mA h g~ after 120 cycles at the current of 12
mA g~ . Chen® et al. reported a carbon nanofibers prepared by
carbonization-activation PAN nanofibers using electrospun
PAN fibers, which delivered a reversible capacity as high as 233
mA h g ! and excellent cycling stability over 50 cycles at the
current of 50 mA g~ .

However, during the process of pyrolysis, PAN produces
hydrogen cyanide (HCN) gas which is toxic and harmful to
environment.*® And hydrogen chloride and benzene are the
main products of PVC.*® But it is found that the vinyl pyrroli-
done is the main volatile products of the pyrolysis of PVP that is
less toxic and environmental friendly.*® (Scheme 1).

Furthermore, as we know, the solubility parameter (o)
provides a good indication of solubility. Materials with similar
values of ¢ are likely to be miscible; and the solubility
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Scheme 1 The main products of PAN, PVC and PVP in pyrolysis
process.
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Table 1 The solubility parameters of some solutes and solvent

DMF*
24.8

PVP
25.6

PAN
25.6-31

PVC
19.2-19.8

Material
6/(MPa'’?)

“ DMF is used as the solvent.

parameters*' of the materials are shown in Table 1. According to
this parameter, it is notable that the solubility of PVP in N,N-
dimethylformamide (DMF) is better than that of PAN and PVC,
which suggests we can obtain a more homogeneous electro-
spinning solution and achieve a more uniform precursor if
dissolving PVP in DMF.

In this work, we chose the PVP as the solute in DMF to
prepare the electrospinning solution to get the hard carbon.
The uniform nanofibers were prepared by electrospinning and
mille-feuille shaped hard carbon material with a good particle
size and low surface area was prepared after high temperature
pyrolysis. Thus hard carbon by electrospinning with PVP
as carbon source delivered satisfactory electrochemical
performances.

Experimental
Synthesis of hard carbon

Typically, 3 g polyvinylpyrrolidone (average M, 1 300 000
Aldrich) was dissolved in 20 mL N,N-dimethylformamide to
form a 15 w/v% solution by stirring at 40 °C to be prepared as
the electrospun solution. Then, the polymer solution was
loaded into a 10 mL syringe which connected to a blunt tip
needle. The needle tip was placed 15 cm in the front of the
collector. Two high voltages of 14 kV and —4.00 kV were applied
to them, respectively. A syringe pump pushed the syringes at
a flow rate of 1 mL h™". Al foil was used to cover the collector to
collect nanofiber. The fibers were peeled off and dried in
vacuum at 80 °C overnight. Thereafter, the fibers were carbon-
ized at 800, 900, 1000, 1100 and 1200 °C for 2.5 h, respectively,
with a heating rate of 3 °C min", as shown in Scheme 2. The
atmosphere in the tube furnace was argon with a flow rate of
200 cm® min~". The hard carbon (HC) samples were denoted as

I oo

Potentiostat

Scheme 2 Schematic illustration of the synthesis process for the
mille-feuille shaped hard carbons derived from PVP.
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HC-800, HC-900, HC-1000, HC-1100 and HC-1200, respectively.
For comparison, hard carbon was prepared by direct pyrolysis of
commercial PVP at 1000 °C, named as CP-1000. The yield of
hard carbon from PVP is about 6%.

Characterizations

X-ray diffractometer (Rigaku DMAX2400) with Cu-Ka radiations
was used to characterize the structures of the samples in the 26
range 10° to 80°. The interlayer distance d,, were calculated by
the Bragg equations with XRD spectra. JSM-35C scanning elec-
tron microscope and HITACHI H-800 transmission electron
microscope were used to observe the morphologies of the
samples. LS-POP(9) laser scattering particle analyzer was used
to analyse the particle size distribution of the materials. Carbon
dioxide adsorption isotherms were determined by carbon
dioxide physisorption at 273 K on a Micromeritics ASAP 2020
analyzer.

Electrochemical measurements

The working electrode was prepared by mixing hard carbon
powder, acetylene black and polyvinylidene fluoride (PVDF) at
a weight ratio of 8 : 1: 1 and coated on a copper foil collector.
The loading mass of hard carbon electrode was 0.45 mg cm™ >,
The coin-type cells were assembled in an Ar-filled glovebox
(MBRAUN-6020) under an argon atmosphere with oxygen and
water of less than 0.5 ppm. The electrolyte was a solution of 1 M
NaClO, in a solvent of propylene carbonate (PC) (Shenzhen
Capchem technology Co., Ltd., China). The amount of electro-
lyte is about 0.2 mL in a coin cell. The counter electrode was
sodium foil. The separator was the glass fiber. The galvanostatic
cycling conducted with LAND-CT2011A battery tester at the
current density of 20 mA g~ " at a voltage interval of 0.01-2.5 V.
Cyclic voltammograms (CV) were carried out by CHI608E elec-
trochemical workstation at a scan rate of 0.1 mV s~ '. Electro-
chemical impedance spectroscopy (EIS) measurements were
conducted in the frequency range of 0.01 Hz to 10 kHz.

Results and discussion

Fig. 1a shows the apparent morphologies of the PVP fibers from
the scanning electron microscopy (SEM). The nanofibers
display homogeneous length, interconnected and continuous
fibrous morphology. The hard carbon particle shows an irreg-
ular shape with sharp edge in macroscopic (Fig. 1b-f). In this
work, when samples were calcined from 800 °C to 1000 °C, the
particle size decreases with increasing pyrolysis temperature
due to the polymer main chain breaking down to monomer;
when the temperature increases from 1000 °C to 1200 °C, the
particle size increases again for the agglomeration with the
formation of oligomer.** Therefore, HC-1000 shows the smallest
particle size in the samples.

In Fig. 2a, the morphology of HC-1000 exhibits the stacking
of thin slice as a mille-feuille even though the sample was
ground, which is in favor of facile electrolyte permeation and
rapid Na* diffusion. Whereas, CP-1000 particle without elec-
trospinning only shows some wrinkles on its surface and an

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 SEM images of PVP precursors and as-prepared samples at
different temperature (a) PVP nanofibers prepared by electrospinning
(b) HC-800 (c) HC-900 (d) HC-1000 (e) HC-1100 (f) HC-1200.

e |
Fig.2 SEM images of hard carbon particle after grinding (a) HC-1000
(b) CP-1000.

irregular morphology, as shown in Fig. 2b. It is obvious that the
unique morphology of HC-1000 is originated from electro-
spinning and still keeps a mille-feuille shape well after
grinding.

TEM pictures of the samples are shown in Fig. 3. Graphene
layers with random orientation could be observed in the
samples. The graphene domains tend to orient with the
increasing temperature, because graphitization degree
increases from 800 °C to 1200 °C.** CP-1000 shows more
obvious graphitization than HC-1000, indicating the electro-
spinning could reduce the graphitization.****

From the particle distribution in Fig. 4a, the particle size of
HC-1000 is the smallest, showing a peak at around 8 um and all
particles exhibit smaller than 20 um. The other four samples
show a centralized distribution at around 18 pum and particle
sizes are from 0 to 100 um. The small and uniform particle of
HC-1000 is suitable to shorten the Na® diffusion path and
achieve low impedance, which contributes to the rapid Na*
insertion/extraction and enables the materials to exhibit excel-
lent electrochemical performances.?**>-**

As shown in Fig. 4b, HC exhibits a BET surface area of 184,
63, 27, 21 and 12 m” g~ ' at the pyrolysis temperature of 800,
900, 1000, 1100 and 1200 °C, respectively. HC-800 and HC-900
show larger pore volume and surface area than the others,
which would lead a serious decomposition of the electrolyte.*>*®
The micropore volume decreases with the increasing tempera-
ture from 800 to 1200 °C (Table 2), because the growth of gra-
phene domains leads to the closure of micropores in the

RSC Adv., 2017, 7, 5519-5527 | 5521
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(0HC-1000

Fig. 3 TEM images of hard carbon particle (a) HC-800 (b) HC-900 (c) HC-1000 (d) HC-1100 (e) HC-1200 (f) CP-1000. The insets show the

selected area electron diffraction of corresponding samples.
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Schematic representation of Na ion storage mechanisms in hard carbon (d) XRD patterns of different hard carbon samples.

sample.*”*” These nanopores surrounded by randomly stacked
graphene sheets are supposed to contribute to a main Na*
storage at around 0 V,***** which cannot be detected by CO,
adsorption analysis, as shown in Fig. 4c.

The XRD patterns of hard carbon at different temperature
are shown in Fig. 4d. All the hard carbon samples at different

5522 | RSC Adv., 2017, 7, 5519-5527

temperature exhibit a typical amorphous carbon structure. Two
broad peaks, namely, (002) and (101) diffractions, are observed
in the XRD patterns. As shown in Table 2, the distance of
interlayer (dog,) is larger than that of graphite (0.335 nm)
according to the calculation results, which is favorable for
sodium ion storage and transport. Additionally, it also indicates

This journal is © The Royal Society of Chemistry 2017
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Table 2 Physical parameters of different hard carbon samples

Pyrolysis Sger/ Viotall
Sample temperature (°C)  26/° dopx/nm  m>g™'  cem’g!
HC-800 800 °C 24.46 0.364 184 0.055
HC-900 900 °C 24.32 0.366 63 0.02
HC-1000 1000 °C 23.48 0.378 27 0.01
HC-1100 1100 °C 24.02 0.370 21 0.008
HC-1200 1200 °C 24.26 0.368 12 0.005
CP-1000 1000 °C 25.02 0.356 — —

that the temperature is a significant factor affecting the inter-
layer space during the synthetic process. The calculated inter-

layer distance increases gradually with the carbonized
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temperature increasing from 800 °C to 1000 °C. However, when
carbonized temperature further increases to 1100 °C and
1200 °C, the dy, values decrease, because the graphitization
makes some narrow interlayer spacing close to graphite.”® The
interlayer space of HC-1000 is also lager than CP-1000 with only
0.356 nm because the nanofiber precursor achieves a lower
graphitization during the pyrolysis process than the bulk
without electrospinning, which is in agreement with XRD
results.>** Sample HC-1000 shows a highest value of doo,,
which means that this material can accommodate more sodium
ions storage and faster Na' transport kinetics.**”

Fig. 5a—e show the 1st, 2nd and 20th discharge-charge
profiles of the HC-800, HC-900, HC-1000, CP-1000, HC-1100 and
HC-1200 electrodes, respectively. The low initial coulombic
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~1 (a) HC-800 (b) HC-900 (c) HC-1000 and CP-1000 (d) HC-1100, and (e) HC-

1200, (f) cycling performance of HC electrodes tested at 20 mA g7, the voltage range is between 0.01 and 2.5 V.
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efficiency is likely from the formation of SEI film and Na" being
trapped into the some voids and cavity sites or vicinity of
residual heteroatoms.*® The profiles can be divided into two
regions with a slope from 1.0 to 0.1 V and a plateau close to 0 V.
According to previous studies,***”** the sloping voltage profile
above 0.1 V corresponds to sodium insertion between graphene
layers. The plateau close to 0 V results from the sodium ions
insertion into nanopores.

Fig. 5f shows the cycling performance of the HC electrodes
and CP-1000 electrode at 20 mA g~ '. When calcined at 800 °C,
the as-obtained material exhibits a low reversible capacity and is
not stable in the subsequent cycles because of incomplete
carbonization and serious decomposition of the electrolyte
caused by large surface area. The reversible capacities of HCs
increase with increasing carbonization temperature from 800 to
1000 °C. Whereas, the reversible capacity decreases when the
carbonization temperature exceeds 1000 °C. This phenomenon
can be explained by the largest interlayer spacing and appro-
priate structure of HC-1000, which is more favorable for sodium
ion storage and transport.””*® The sample HC-1000 delivers
superior electrochemical performances, initial discharge and
charge capacities are 568 and 271 mA h g™ ', respectively. CP-
1000 only shows an initial discharge and charge capacities of
382 and 158 mA h g~ ' because of a low interlayer spacing
caused by higher graphitization degree. HC-1000 retains
a reversible capacity of 255 mA h g~ after 100 cycles, corre-
sponding to excellent capacity retention of 94%. In contrast, the
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HC-800, HC-900, HC-1100 and HC-1200 electrodes exhibit
inferior reversible capacities: about 1199 mAh g™, 160mAh g™,
220 mA h ¢ ' and 166 mA h g~ ' remained after 100 cycles,
respectively, with capacity retention of 82%, 80%, 84% and
69%. For the sample HC-1000, the coulombic efficiency after the
100 cycles remains approximately 99%, indicating hard carbon
from PVP is very suitable as an anode for Na-ion batteries.

The cyclic voltammogram (CV) curves of HC-1000 can be
seen in Fig. 6a. In the first cycle, two distinct reduction peaks at
0.89 V and 0.27 V can be observed, which are related to the
decompositions of the solvent and electrolyte salt to form the
SEL.** In the second and subsequent cycles, the reduction peaks
at 0.89 V and 0.27 V disappear, which indicates that the irre-
versible reaction of the formation of SEI film is mainly accom-
plished in the initial cycle.® The broad reduction peak at 0.5 V
corresponds to the insertion of sodium ions in the graphene
layers. A pair of sharp redox peaks in the low potential region
below 0.2 V are ascribed to Na' insertion-extraction in the
nanopores of the hard carbon.’*** The well overlapped CV
curves indicate a satisfactory capacity retention of HC-1000 after
the initial capacity loss.

Kinetic information of HC-1000 electrode during cycling is
acquired by EIS measurements (Fig. 6b). The Nyquist plots are
fitted and interpreted well based on the equivalent electric
circuit®® (Fig. 6¢c and d). R, is the internal resistance of cell and
has no obvious change after 20 cycles, as the fitting results of
the equivalent circuit listed in Table 3. In the initial cycle, the

e Data

1000 1500

Z' (ohm)

0 500

2000

Fig. 6 (a) Cyclic voltammogram curves of sample HC-1000 at a scan rate of 0.1 mV s~ between 0.01 and 2.5 V. (b) Nyquist plot deduced from
EIS measurements of as prepared cells before cycle, after 1st, 10th and 20th cycle. (c) The fitline of Nyquist plot and equivalent circuit used to fit

the EIS of sample HC-1000 before cycle and (d) after 20th cycle.
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Table 3 Kinetic parameters of HC-1000 obtained from the equivalent
circuit fitting

Before cycle 20th cycle

R, (Q) 6.9 7.2
R; (Q) — 84.6
CPE1 T(Q's" — 0.012

P — 0.89
Ret (Q) 2180 720.2
CPE T(Q 's" 2.13 x 10°° 43 x10°°

P 0.92 0.85
Zy R(Q) 792 735

0 0.25 0.12

P 0.45 0.34

large semicircle is related to charge transfer resistance (R..) and
constant phase element (CPE),***® which consists of another
small high-frequency semicircle stemmed from Ry and CPE1
ascribed to the SEI layer after first cycle. Z, is Warburg
impedance. And a sloping straight line in the low frequency
range is attributed to the mass-transfer process. Because the
wettability between nonpolar carbon material and the polar
liquid electrolyte is not good enough,”” the electrode shows
a transfer resistance of 2180 Q before cycle. However, the R
decreases obviously (Fig. 6b) after the first cycle for the wetting
process between the electrode material and the liquid electro-
lyte. And the transfer resistance tends to be stable in the next
cycle with about 720.2 Q after 20 cycles.

The sodium ion diffusion (Dy,+) in HC-1000 electrode can be
calculated from the plots in the low-frequency region, and the
equation can be expressed as:***°

RT?
T A FACRg? (1)
Zie=Re+ Ry + ow (2‘)

where R is the ideal gas constant, T is the absolute temperature,
A is the surface area, n is the number of electrons per molecule
during oxidization, F is Faraday's constant, C is the concentra-
tion of sodium ion (4.9 x 10~* mol cm™>) and ¢ is the Warburg
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HC-1000 electrode.

at low frequencies of
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Table 4 The sodium diffusion coefficients of HC-1000 electrode

Before cycle  1st cycle 10th cycle 20th cycle

D(ecm*s™") 4.83x 107" 114 x 107" 1.21 x 107" 1.08 x 10° "

1350 i
= 90 X
< 1200 ~
E 80 5
'1050 70 ©
> 9
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Fig. 8 Discharge capacities of HC-1000 at different current densities
of 20, 40, 100, 200, 500 and 1000 mA g™, respectively. A long-term
cycling performance is recorded from the 70" to the 350" cycles at
200 mA g™t and SEM images of the HC-1000 electrodes before and
after 360 cycles.

factor which is relative with Z,.. The relationship between Z,.
and square root of frequency (v *?) in the low frequency is
shown in Fig. 7. A linear characteristic could be seen for every
curve and the Warburg coefficients are 1643, 1066, 1040 and
1097 Q s~ /2, respectively. Based on eqn (1) and (2), the diffusion
coefficient of Na* can be calculated. As demonstrated in Table 4,
the diffusion coefficient increases from 4.83 x 10 ** ecm®s ™ to
1.14 x 107" ecm® s~ after the first cycle due to the wetting
process. And a tendency to be stable after formation of SEI film
can be observed.

The rate performance of the HC-1000 electrode is observed
as showed in Fig. 8. At current densities of 20, 40, 100, 200, 500
and 1000 mA g~ after 10 cycles, the discharge capacities of 304,
264, 209, 142, 109 and 70 mA h g~ ' can be achieved. Further-
more, with additional 280 cycles at current density of 200 mA
¢!, namely, from the 70th to the 350th cycles, an average
coulombic efficiency of 99.7% is delivered. When the current
density returns to 20 mA g™, the capacity can recover to 285
mA h g~ ". It can be observed that the sharp edge of hard carbon
becomes smooth because of a homogeneous SEI coverage but
the particle has no obvious pulverization after 360 cycles,
indicating that the structure of hard carbon is not damaged.
The HC-1000 electrode exhibits excellent rate capability and
cycle stability, which is ascribed to the mille-feuille shaped
morphology, uniform particle size, large interlayer distance and
appropriate structure with porous channel for facile electrolyte
permeation and rapid Na" insertion/extraction.

Conclusions

Hard carbons originated from PVP are successfully prepared by
environmentally friendly electrospinning combined with
subsequent carbonization. And according to the “like dissolves
like” principle, PVP has superior dissolubility in DMF solvent,
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and thus results in uniform nanofiber precursor. The hard
carbons as-prepared show a mille-feuille shaped morphology.
Among all these samples, the optimized sample HC-1000 with
a carbonization temperature of 1000 °C exhibits a uniform and
the smallest particle distribution at around 8 um and the largest
interlayer distance of 0.378 nm, which are beneficial to shorten
the Na" diffusion path and achieve low impedance and fast Na*
diffusion. At a current of 20 mA g™, initial reversible capacity of
HC-1000 is 271 mA h g~ *, which retains 255 mA h g~ * after 100
cycles, corresponding to excellent capacity retention of 94%. At
a high current of 1000 mA g ', it still remains a reversible
capacity of 70 mA h g~ . It is notable that even after an addi-
tional 280 cycles at current density of 200 mA g™, an average
coulombic efficiency of 99.7% is observed, and a high reversible
capacity of 285 mA h g™ can still be achieved when the current
density back to 20 mA g '. The superior electrochemical
performances are attributed to the mille-feuille shaped
morphology, uniform particle size, large interlayer distance and
appropriate structure with porous channel for facile electrolyte
permeation and rapid Na" insertion/extraction.
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