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Abstract: Freestanding thin film electrodes are competitive candidate materials for high-performance
energy stockpile equipment due to their self-supporting structure and because they lack any polymer
binder or conductive additive. In our work, a porous carbon nanofiber film (PCNF) electrode has been
synthesized via a convenient and low-cost electrospinning approach and the following carbonization
and air etching process. The obtained PCNF electrode sample shows a high reversible capacity
(1138 mAh g~ ! at 0.1 C), remarkable rate capacity (101.2 mAh g~! at 15 C), and superior cycling
stability with a lower capacity decay rate of ~0.013% each cycle upon 1000 cycles (278 mAh g~ ! at 5 C).
The prominent electrochemical performance of PCNF can be put down to the stable self-supporting
conductive structure and the porous feature in each carbon nanofiber, which will significantly promote
the transfer tempo of Li-ion and electron and relieve the large volume change during inserting lithium
ion. More interestingly, this work exhibits a low-cost and primitive strategy to fabricate thin film
anode for lithium-ion batteries.

Keywords: Li-ion batteries; energy storage device; porous carbon nanofiber; thin film; free-standing;
electrospinning; air etching; anode

1. Introduction

With the excessive consumption of resources and the deterioration of the environment, it is
extremely important to explore new technologies that are efficient, non-toxic, environmentally friendly
and reproducible as well as new technologies for storing and transporting energy [1-3]. Because
of their virtues of high energy density, good cycling stability, light-weight, no memory effect, high
working voltage and a long service life, lithium ion batteries (LIBs) are considered as one of the most
competitive forms of energy stockpile equipment, and LIBs have already been under research focus
due to their wide uses in portable electronics, electric vehicles (EVs) and hybrid electric vehicles (HEVs)
in the past few decades [4-9]. As we all know, anode and cathode play decisive roles in the property
of LIBs. Among all anode materials, graphite anode has been widely used in commercial lithium ion
batteries for decades. However, graphite can no longer satisfy the need for high energy density and
power density in new generation of electric vehicles and other electric devices because of its inherent
lower theory capacity (372 mAh g~1) [10-13].

It is well known that carbon is an indispensable element to our carbon based life and it’s
extensively distributed in atmosphere, the Earth’s crust and carbon-based life by elemental carbon
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(graphite, diamond) and combined carbon (carbonates, oxycarbide and organics). It is generally
accepted that our ancestors began to understand and take advantage of the earth’s carbon thousand
years ago [14]. With the development of new technologies, carbonaceous materials were extensively
used among energy storage, electronic devices, catalytic, adsorption and other domains over recent
decades [15-18]. Due to carbon’s abundance, low cost and friendly environment, a variety of carbon
anode were adopted to enhance the electrochemical properties of carbonaceous materials and overcome
the disadvantage of graphite anode materials in LIBs.

One acceptable option is to design carbon into nanosize with various morphologies, including
zero-dimensional [19,20], one-dimensional [21-26], two-dimensional [27-31] and three-dimensional
carbonaceous materials [32-35], in which nanostructure materials can improve the electrochemical
property by shorten the transmission way of lithium ions and electrons. In addition, heteroatom(s)
doped carbonaceous materials have been studied [36—41], which show that doping of heteroatom(s)
can cause defects, increase extra valid available active sites, and improve the electronic and chemical
characteristics, resulting in the enhancement of electrochemical performance in LIBs. Nevertheless, it
is a serious challenge to obtain high performance fungible anodes which are simultaneously endowed
with no toxic, low cost, high capacities, outstanding rate capability and excellent cycle stability via a
convenient and controllable method for lithium ion batteries.

In this work, a porous carbon nanofiber film (PCNF) electrode has been prepared using aqueous
polyvinylpyrrolidone (PVP) solution by a simple and inexpensive electrospinning method and the
following carbonization and air etching process. The as-prepared PCNF film have been directly used
as an anode for lithium ion battery with no additional binder and conductive addictive, and even no
extra metal current collector. The stable self-supporting conductive film electrodes and the unique
porous features in each carbon nanofiber will help to promote the transportation of Li-ion and electron
and relieve the large volume dilation while inserting the lithium ion. As expected, the obtained PCNF
electrode sample demonstrates a high reversible capacity of 1138 mAh g~! at C-rate of 0.1 C and
superior cycling durability with a capacity decay rate of ~0.013% per cycle upon 1000 cycles. It also
achieved outstanding high-rate capability with an invertible capacity of 101.2 mAh g~! at high C-rate
of 15 C. More interestingly, this composition exhibits a cut-price and primitive strategy that can be
used to fabricate a porous thin film anode for LIBs.

2. Experimental

2.1. Preparation of PCNF

All the chemical agents were analytical reagent and obtained from Sinopharm Chemical Reagent
Co. Ltd. The PCNF thin film were synthesized by a simple electrospinning process. Firstly, 2.34 g
polyvinyl-pyrrolidone (PVP, My, = 1,300,000) was dissolved in 20 mL mixture solution of alcohol
and soft water (V/V = 1:1) to obtain crystal liquor. After violently stirring for 24 h at 30 °C, the
viscous precursor solution was used to fill up a plastic injector with a 22 G stainless steel pinhead.
The electrospinning was performed under a 21 kV positive voltage with a flux rate of 15 pL min~1.
An aluminum foil was used as a collector and the distance between pinhead tip and the surface of
aluminum foil was 20 cm.

The collected PVP polymer films were exsiccated at 60 °C using vacuum drying chamber for 12 h to
eliminate remaining menstruum. For the preparation of carbon nanofibers films (CNF), the dried films
were stabilized under 280 °C for 2 h with a heat-up speed of 5 °C min~! under atmospheric environment
and were carbonized under inset ambient at 600 °C for 2 h with a heat-up speed of 2 °C min~!. Finally,
the as-prepared CNF were heated at 600 °C for 20 min under atmospheric condition to obtain PCNF.

2.2. Material Characterizations

For characterizing crystalline structure of PCNF, X-ray diffraction (XRD, Bruker D8 Focus,
BRUKER AXS, Karlsruhe, Germany) with Cu Ka radiation (A = 0.15418 nm) was performed at a sweep
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speed of 5° min ! in the 20 range between 5° and 80°. Scanning electron microscopy (SEM, Philips-FEI,
Tecnai Quanta 200F, FEI company, Hillsboro, America) and transmission electron microscopy (TEM,
Tecnai G2 F20, FEI company, Hillsboro, America) were used to characterize the surface feature, the
structure and distribution of the pores of fibers. In order to characterize the specific surface area
and pore size of materials, BET measurements were performed on a 3H-2000PS1 Surface Area and
Porosimetry Instrument.

2.3. Electrochemical Measurements

The electrochemical properties of the CNF and PCNF anode were evaluated by constructing a
2025-type coin cell without adding extra conductive agent and binder. The loading mass of anode
was around 1 mg cm 1. The half-cells were constructed in Ar-filled glove box (MBRAUN, Germany).
Lithium wafer and Celgard 2300 were employed as the counter electrode and diaphragm respectively.
In addition, the mixture solution of 1 M LiPF, ethylene carbonate (EC) and dimethyl carbonate (DMC)
(V/V =1:1) was used as a bath solution. To understand the performance of the assembled batteries,
constant current charge-discharge measurements were carried on an NEWARE battery test system
under various C-rates within a voltage range of 0.01-3.0 V. Meantime, electrochemical workstation
(PARSTAT 2273, Princeton, NJ, USA) was used to perform electrochemical impedance spectroscopy
(EIS) between 0.1 Hz to 100 KHz.

3. Results and Discussion

Figure 1 shows the synthetic process and photographic image of the PCNF samples. Firstly,
a nanofibers thin film structure was prepared by a simple electrospinning technique following a
stabilization process which made the thin film more stable due to cyclization and cross-linking
reactions of PVP. Then the as-prepared PVP nanofibers films was heated under 600 °C for 2 h in argon
atmosphere to produce CNF materials. At last, the PCNF sample was prepared by heating the CNF
samples in air at 280 °C for 2 h. It is found that the obtained PCNF samples possess a great deal of
mesopores which were irregularly scattered among every fiber and also exhibited good flexibility.
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Figure 1. (a) Diagrammatization of synthesis process of the polyporous carbon nanofibers films;
(b) Photographic images of the PVP fiber, pretreated PVP fiber, CNF and PCNF.
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Figure 2a exhibits the XRD pattern of CNF (black) and PCNF (red) samples. It is found that
almost the same diffraction pattern of CNF and PCNF samples has been obtained. In Figure 2a, the
broad diffraction peaks and the inferior peak at 28 of 25° and 43° which corresponded to the (002)
graphitic layers and the (100) disordered carbon flat [42,43], respectively. It shows that the crystalline
structure of PCNF sample didn’t make a difference during the air etching process, compared with
that of CNF sample. In the Raman spectrum (Figure 2b), both of the CNF and PCNF sample had a
couple of peaks at 1343 cm~! and 1588 cm !, which could be ascribed to D and G-band of a typical
carbonaceous material.
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Figure 2. The XRD and Raman images of CNF (black) and PCNF (red) samples: (a) XRD pattern;
(b) Raman pattern.

In order to characterize the microstructure of the PVP nanofibers, CNF and PCNF samples, SEM
and TEM tests were carried out. Figure 3 exhibited the SEM and TEM micrographs of PVP nanofibers
(a, d, g), CNF nanofibers (b, e, h) and PCNF nanofibers (e, {, i). It is found from the images that similar
interconnected nanofibers were interwoven into these thin film samples. The original PVP nanofiber
thin film (Figure 3a,c) was glossy on the outside and the diameter of each of the nanofibers was about
300—400 nm. So to improve the electrical property of PVP nanofibers, the samples were carbonized
under Ar atmosphere. The obtained CNF thin film still maintained the original PVP nanofiber structure,
but the diameter decreased to 200-300 nm and the surface became rough (Figure 3b,e). The constriction
which gave rise to PVP nanofibers was mainly brought about by the evaporation of solvent and
the decomposition of PVP under a high temperature. After undergoing the air etching process, the
PCNEF still kept a uniform cylindrical fiber structure. However, the diameter and appearance changed
obviously, the carbon nanofibers occurred severely to the sink mark and the surface became more
porous and rough due to the carbon reacting with oxygen (Figure 3c,f). TEM test were performed to
further confirm the porosity characteristic of PCNF samples. As Figure 3g—i showed that the carbon
nanofibers shrunk from 300-400 nm to 100-150 nm and the surface became obviously porous after a
carbonization and an air etching process.

To acquire specific information of the specific surface area and hole sizes for CNF and PCNF
samples, nitrogen adsorption-desorption tests were carried out. Figure 4 exhibits shows the Nj
adsorption-desorption isotherms and hole sizes distribution of CNF and PCNF samples. Compared
with the CNF samples (Figure 4a), PCNF nanofibers showed a type-IV isotherm with H3-type hysteresis
loop and demonstrated a high specific surface area of 288.50 m? g~ (Figure 4c) which was twice that
of the CNF (117.84 m? g~!, Figure 4a), implying a more porous structure which could provide more
active sites for lithium storage. This is attributed to oxygen reacting with carbon nanofibers during the
air etching process. These results were in good conformity to the SEM and TEM measurements. In the
bore diameters distribution graphs shown in Figure 4b,d, the CNF sample had a main peak at 2 nm
and the adsorption capacity was mainly derived from micropores. However, plenty of mesopores in
the range of 2-100 nm were observed in the PCNF sample. For electrode, the mesopore structure in
the PCNF sample could be more suitable for rapid charge and discharge, due to a greater wettability



Appl. Sci. 2019, 9, 1016

and accessibility of electrolyte, quicken lithium ion diffusion and transport from the bath solution
to the surface of the electrode, in comparison with the micropore feature. Therefore, the presence of
a large proportion of mesopore in PCNF could be expected to lead to an improved electrochemical

performance in LiBs.
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Figure 3. SEM and TEM measurements (images) of PVP, CNF and PCNF nanofibers: (a,d,g) PVP
nanofibers; (b,e,h) CNF nanofibers; (¢, f,i) PCNF nanofibers.
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Figure 4. (a) N, adsorption-desorption isotherms of the CNF; (b) pore diameter distribution of the
CNF; (c) N, adsorption-desorption isotherms of the PCNF; (d) pore diameter distributions of the PCNEF.
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To assess the electrochemical properties, the CNF and PCNF samples were used as anodes without
adding any binder or conductive additive for button cell. In the coin cells, metallic lithium and Celgard
2300 film were employed as the counter electrode and separator, respectively. Figure 5a displays
the first charge-discharge images of the CNF and PCNF materials at 0.1 C at a working potential
from 0.01 to 3.0 V (vs. Li/Li*). For the maiden charge and discharge cycle, the PCNF showed a
high discharge capacity of 2070 mAh g~!, which was much better than the CNF (1391 mAh g 1).
Nevertheless, the invertible discharge capacities decreased to 1138 and 785 mAh g~!. In the initial
charge-discharge curve, both of CNF and PCNF sample had an obvious irreversible capacity loss, their
initial coulombic efficiency was only around 55% and 56%. This large irreversible capacity loss was an
inherent defect for almost all carbon electrodes, mainly due to the blemished structure of samples that
showed irreversibly depleted extra lithium ions [43,44] and the appearance of solid-state electrolyte
interphase (SEI) film [43-47]. It also irreversibly consumed an abundance of electrolyte and lithium
ions. Interestingly, comparing with graphite materials [26,48], the PCNF sample shows a much higher
invertible capacity up to 1138 mAh g, which will be helpful to obtain high energy anode materials
of LIBs.

Good rate performance had a significant impact on the application of LIBs in the energy storage
field. The rate capabilities of the CNF and PCNF anode materials were further evaluated under
different C-rates and the results were seen in Figure 5b. The cells with CNF anode displayed invertible
specific capacities of 785, 322.8, 234.5, 170.7, 98.9, 60, 48.7, 39.1 mAh g’l at0.1C,05C,1C,2¢C,
5C,8C, 10 C and 15 C, respectively. Meantime, the homologous specific discharge capacities of
the PCNF sample were 1138, 609.8, 450.4, 401.9, 303.8, 201.3, 151 and 101.2 mAh g_l, far more than
that of the CNF anode. Furthermore, after cycling for 80 times at different C-rates, the discharge
capacity recovered to 449.4 mAh g~! while the ampere density was returned to 1 C, following a high
capacity retention of 99%, implying the positive performance rates of the PCNF sample. In addition,
the long circulation measurements were conducted under a high C-rate of 5 C of the CNF and PCNF
electrode were displayed in Figure 5c. It could be obviously observed that the PCNF anode showed
a good invertible capacity of 317.7 mAh g~! at initial discharge process and remained at 278 mAh
g~ ! for the 1000th circulation, with a high capacity retention of 87.51% and a capacity decrease ratio
as low as ~0.013% for each time. In contrast, the CNF sample exhibited a relative poor discharge
specific capacity of 109.7 mAh g~! at the initial discharge process and 88.3 mAh g~! after cycling for
1000 times, respectively. Based on these results, the PCNF electrode sample with hierarchical pore thin
film structures delivers a remarkable rate capability as well as cycling ability which was better than
the carbon materials reported in previous work (Table 1). The porous network structure derived from
PVP precursor could speed up the conveying of both electron and lithium ion in order to enhance the
electrochemical property and serve as a feasible electrode for LIBs.

Finally, electrochemical impedance spectroscopic (EIS) experiments were employed to further
understand the kinetics of the CNF and PCNF samples. As shown in Figure 5d, the EIS Nyquist
plots consisted of a depressed semicircle located on the high-frequency region and an oblique line
seated at the low-frequency region for both of the CNF and PCNF electrodes, which accorded with the
electrode/electrolyte interphase interfacial charge-transfer resistance (Rct) [49,50] and the Warburg
impedance (Wp). Obviously, the PCNF electrode (90 (2) showed a much lower value of R than that of
the CNF (135 ) because of its large BET and multi-level porous framework which could facilitated
transportation of both electron and ion, bringing about an excellent rate performance and outstanding
cycling ability.
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Table 1. The comparison of electrochemical performance of various carbon materials.

7 of 11

Materials Initial Discharge Capacity Rate Performance Cycling Performance Ref.
Short Carbon Nanotubes 1291 mAh g ! at25mA g~! - 410 mAh g~ ! at 25 mA g~ ! after 50 cycles [21]
Porous carbon nanofibers 1900 mAh g*1 at 50 mA g*1 - - [51]
Carbon nanofiber 885 mAh g~ ! at 50 mA g~! 345mAh g ! at0.54C 454 mAh g~ at 0.13 C after 80 cycles [52]
Free-standing carbon nanofibers 826 mAh g_1 at 200 mA g_1 125 mAh g_1 at 900 mA g_1 143 mAh g_l at 200 mA g_l after 200 cycles [53]
Porous carbon nanofibers 950 mAh g~! at 150 mA g~ ! 256 mAh g~ at900 mA g=! 354 mAh g—! at 200 mA g~ after 100 cycles [54]
PVP-derived carbon nanofibers 1770 mAh g_l at 100 mA g_1 650 mAh g_1 at 250 mA g_1 766 mAh g_l at 100 mA g_l after 100 cycles [55]
Nitrogen Doped Porous Carbon 880 mAh g~!at0.1C 190 mAhg'at10C 410 mAh g~ at 5 C after 500 cycles [38]
Lignin-based fibrous nanocarbon 1471 mAh g~ ! at 50 mA g ! 75mAhg=!at1000mA g~! 110 mAh g~! at 300 mA g~ ! after 1000 cycles [56]
Porous Carbon Nanofibers Film 2070 mAh g1 at0.1C 101 mAhglat15C 278 mAh g~ ! at 5 C after 1000 cycles This work
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Figure 5. Electrochemical measurements of CNF and PCNF samples. (a) First discharge-charge images
at 0.1 C; (b) rate capability; (c) Long cycling capability at 5 C; (d) electrochemical impedance spectra.

4. Conclusions

In summary, a highly porous nanofibers film has been fabricated via simple and low-cost
electrospinning method followed by a carbonization and air etching process. As expected, the obtained
nanofiber thin film exhibits an interconnected porous network and a highly porous surface which
significantly increased lithium ion storage sites. It is found that the PCNF anode shows a high invertible
capacity of 1138 mAh g~! at 0.1 C. Furthermore, a low capacity decrease ratio of ~0.013% for each time
upon 1000 cycles at 5C and a good discharge capacity of 101.2 mAh g~! even at when a high C-rate
of 15 C is obtained, shows a favorable cycling property and a good rate performance. The significant
enhancement on electrochemical properties can be ascribed to two main factors: (1) the interconnected
carbon nanofibers network of the PCNF electrode remarkably improved the conductivity of materials;
(2) the hierarchical porous architecture not only provided enough space for storage of more Li*, but
also promoted the carriage transportation of ions and electrons. More interestingly, this work delivers
a portable and cheap method to prepare high-perform anode material for lithium ion batteries.
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