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Abstract: Due to the rapid development of bendable electronic products, it is urgent to prepare
flexible anode materials with excellent properties, which play a key role in flexible lithium-ion
batteries. Although carbon fibers are excellent candidates for preparing flexible anode materials,
the low discharge specific capacity prevents their further application. In this paper, a hierarchical
porous and silicon (Si)/nitrogen (N) co-doped carbon nanofiber anode was successfully prepared, in
which Si doping can improve specific capacity, N doping can improve conductivity, and a fabricated
hierarchical porous structure can increase the reactive sites, improve the ion transport rate, and enable
the electrolyte to penetrate the inner part of carbon nanofibers to improve the electrolyte/electrode
contacting area during the charging-discharging processes. The hierarchical porous and Si/N co-
doped carbon nanofiber anode does not require a binder, and is flexible and foldable. Moreover, it
exhibits an ultrahigh initial reversible capacity of 1737.2 mAh g, stable cycle ability and excellent
rate of performance. This work provides a new avenue to develop flexible carbon nanofiber anode
materials for lithium-ion batteries with high performance.

Keywords: lithium-ion battery; flexible anode; hierarchical porous structure; Si/N co-doping;
high performances

1. Introduction

With the rapid development of bendable electronic products, such as flexible dis-
plays, wearable electronics and medical electronics, flexible energy storage systems with
higher energy density have become an urgent demand [1,2]. Lithium-ion batteries, as
energy storage devices, have attracted enormous attention due to their long cycle life,
fast charge-discharge, high energy density, and no memory effect [3-6]. Flexible anode
materials are a particularly important factor to obtain lithium-ion batteries with high elec-
trochemical performance [7,8]. Therefore, the development of flexible anode materials
with bendable function and excellent electrochemical performance has become one of the
research hotspots.
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Carbon fibers are one of the most widespread anode materials of flexible lithium-ion
batteries [9,10]. However, untreated carbon fibers make it difficult to achieve the high
performance demands of lithium-ion batteries due to their low reversible capacity. To
obtain high electrochemical performance, it is common to fabricate holes of different sizes
in carbon fibers [11-14]. Wang et al. reported that micropores can increase the number of
active sites of lithium storage and the ability of ion adsorption [15]. Guo et al. reported
that mesopores greatly enhance the capability rate and facilitate the transport of ions [16].
Chen et al. reported that abundant meso/macropores in carbon nanofibers can offer more
active sites for Li storage and facilitate electrolyte penetration of the inner part of carbon
nanofibers, improving the electrolyte/electrode contacting area [17]. In addition, element
doping is another measure of modifying electrode materials. Silicon materials have been
widely concerned because of their high theoretical capacity of 4200 mAh g~1 [18,19]. How-
ever, silicon materials undergo serious volume changes during the charging—discharging
process, which leads to particle pulverization and rapid capacity decay [20,21]. Silicon—
carbon composites can make use of the structural strength of carbon materials, so that the
volume change in silicon materials can be alleviated during the charging-discharging pro-
cess [22-25]. For example, Jang et al. prepared a pyrolytic carbon-coated silicon nanofiber
anode, which has high capacity and excellent cycling performance [26]. Xu et al. reported
a flexible 3D Si/C fiber paper anode with capacity of 1600 mAh g~!, which was synthe-
sized by simultaneously electro spraying nano-Si and polyacrylonitrile fibers, followed by
carbonization [27]. Traditionally, carbon materials are used to modify silicon materials to
obtain silicon-based anode materials with high electrochemical properties. Similarly, it may
be effective to use silicon materials to dope carbon fibers to obtain high-capacity carbon
fiber anodes. In addition, N doping was also used to improve the conductivity of carbon
materials [28-30]. However, it is difficult to fully meet the requirements of high electro-
chemical properties using a single modification strategy. Therefore, the synergistic effect of
various modification methods may be effective for the preparation of high-performance
carbon nanofiber anodes.

Based on the above analysis results, we prepared a hierarchical porous and Si/N co-
doped carbon nanofiber anode by novel gas—electric co-spinning technology in this work.
Si doping can improve the specific capacity, N doping can improve the conductivity, and
the fabricated micropores, mesopores and macropores can increase the number of reactive
sites, improve the ion transport rate, and enable the electrolyte to penetrate the inner part
of carbon nanofibers to improve the electrolyte/electrode contacting area during charging—
discharging processes. This modified carbon nanofiber anode does not require a binder,
and has the advantages of flexibility and foldability. Moreover, it exhibits a high initial
reversible capacity of 1737.2 mAh g~!, good capacity retention and outstanding rate ability.
This work provides a new avenue for the development of flexible lithium-ion batteries.

2. Experiment
2.1. Materials

The reagents used in this paper included: polyacrylonitrile (PAN) (solid, molecular
weight 150,000, Macklin), graphene (commercially available), N, N-dimethylformamide
(DMF) (liquid, analytical purity, Macklin), nano silicon particles (Si) (50 nm) and poly-
methylmethacrylate (PMMA) (solid, Macklin). These reagents were analytically pure so
could be used directly.

2.2. Preparation of Materials

The flow chart of preparation of the hierarchical porous and Si/N co-doped carbon
nanofiber anode materials is shown in Figure 1. Firstly, 0.1 g graphene, 2 g polyacrylonitrile
(PAN) and a certain amount of silicon were dissolved in 50 mL N,N-dimethylformamide
(DMF) and vibrated with ultrasound for 20 min. Then, the pore-making agent polymethyl-
methacrylate (PMMA) was added to this solution, heated at 70 °C using a water bath and
stirred for 10 h. The obtained precursor solution was continuously spun on the flat plate
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for about 1 h to obtain a fiber cloth by the gas—electric co-spinning method. The feed speed
was 4 mL h™!, the voltage was 5 kV, and the air flow was 10 Psi. Subsequently, the fiber
cloth was placed in a blast drying oven for pre-oxidation, in which the temperature was
raised from room temperature to 280 °C with a heating rate of 2 °C min~! for 6 h. The
purpose of pre-oxidation was to make PAN undergo three chemical reactions: cyclization,
dehydrogenation and oxidation in this process, so as to make the carbon fiber cloth more
stable before carbonization. Finally, the fiber cloth was calcined at 950 °C under the protec-
tion of argon for 1 h, and then activated in ammonia for 30 min. High-temperature tubular
furnace was used to increase the temperature from room temperature to 200 °C with a
heating rate of 2 °C min~!, and then the temperature was reduced to room temperature to
obtain the hierarchical porous and Si/N co-doped carbon nanofiber anode materials.

Graphene/Nano-silicon/PAN PMMA

Ultrasound for 20 min Heat at 70 °C

] Stirfor 10 h ‘

\

— g Air

Pre-oxidation
Carbonization
Activation

Figure 1. The flow chart of preparation of the hierarchical porous and Si/N co-doped carbon
nanofiber anode materials.

In the process of preparing the materials above, by changing the mass ratio of
PAN:PMMA = 2:1, 2:2, 2:3 and 2:4, carbon nanofibers with different proportions of PMMA
were obtained (named CNFs-PMMA1, CNFs-PMMA?2, CNFs-PMMAS3 and CNFs-PMMA4,
respectively, according to the added PMMA masses of 1 g,2 g, 3 g and 4 g). After determin-
ing the optimal amount of PMMA, according to the added Si mass (0%, 5%, 10% and 15%,
the mass ratio of Si/PAN), the hierarchical porous Si/N co-doped carbon nanofiber anode
materials were named CNFs-5i0%, CNFs-5i5%, CNFs-5i10% and CNFs-5i15%, respectively.

2.3. Materials Characterization

Microscopic morphology of the samples was observed using scanning electron mi-
croscopy (SEM, HITACHI-SU8220, Tokyo, Japan), and the corresponding element mapping
on the surface of materials was analyzed by an energy dispersive spectrometer (EDS). The
hole size distribution of samples was measured using a nitrogen adsorption-desorption
apparatus (BET, BELSORP-minill, BEL Japan Inc., Osaka, Japan).

2.4. Electrochemical Measurements

The prepared anode sheet of lithium-ion batteries was a flexible carbon fiber, which
did not require binders to be added and did not have to be coated on the copper foil, com-
pared with traditional electrodes. The prepared hierarchical porous and Si/N co-doped
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carbon fiber, after being sliced, can be used directly as a battery anode. The weight of the
anode was ~0.76 mg, the diameter of the electrode was 9 mm, and the mass loading was
~1.2 mg cm~2. A metal lithium sheet was used as the counter electrode, the electrolyte was
added in the ratio EC:DEC:EMC = 1:1:1 (v/v) to the solvent containing 20% fluoroethylene
carbonate (FEC) and lithium hexafluorophosphate (LiPFg), and the separator was porous
polypropylene. The electrochemical experiments were carried out by using commercial
CR2032 cells at room temperature. The blue electric system (Land CT2001A, Blue Power
Company) was set to maintain constant current charge—-discharge, and the voltage range
was from 0.01 to 3 V. The rate performance of batteries was tested at different current densi-
ties (0.05,0.1,0.2,0.5and 1 C, 1 C = 1000 mAh g~!). Princeton (PMC1000A) electrochemical
workstation was used to test the cyclic voltammetry (CV) in the voltage range of 0.01~3 V
with a scanning rate of 0.01 mV s~!. The electrochemical impedance spectroscopy (EIS)
tests were carried out in a frequency range between 0.1 Hz and 100 kHz with an amplitude
of 5mV.

3. Results and Discussion

Figure 2a shows the digital photo of a hierarchical porous and Si/N co-doped carbon
nanofiber cloth, which is flexible and foldable. It can be used directly as a flexible lithium-
ion anode without the addition of binders. The microstructure of the carbon nanofiber cloth
is further tested, and the SEM images of CNFs-PMMA1 and CNFs-PMMAS3 are shown in
Figure 2b,c. The diameter of the carbon nanofibers is about 400 nm and the fibers are cross-
linked. With the increase in the PMMA content from CNFs-PMMAT1 to CNFs-PMMA3,
many macropores of different sizes emerge in the fibers. It is speculated that micropores
and mesopores may also exist in the fibers. However, it is difficult to judge whether there
are smaller holes through SEM images. Therefore, the pore size distribution is further
explored by a nitrogen adsorption—-desorption test in the follow-up study.

Figure 2. (a) A digital photo of the hierarchical porous and Si/N co-doped carbon nanofiber cloth,
SEM images of (b) CNFs-PMMAT1 and (¢) CNFs-PMMAS3.

To obtain the optimal addition content of PMMA, the cycle and rate performances
of CNFs-PMMA1, CNFs-PMMA2, CNFs-PMMA3, and CNFs-PMMA4 anodes in lithium-
ion batteries are tested, and the results are used as the basis for selecting the content
of PMMA. Figure 3a shows cycle performance curves of the four anodes at a current
density of 0.05 C, from 0.01 to 3 V. The CNFs-PMMAS3 anode has the highest initial capacity
of 1437.2 mAh g~ ! among the four anodes. After 100 cycles, the CNFs-PMMA3 anode
can still reach 985.3 mAh g~ !. Figure 3b shows the rate performance curves of four
anodes. Compared with CNFs-PMMA1, CNFs-PMMAZ2, and CNFs-PMMA4 anodes, the
CNFs-PMMAS3 anode shows excellent rate performance. The specific capacity of the CNFs-
PMMAZ3 anode is 1469.9, 1307.6, 1213.1, 956.3 and 686.3 mAh g’1 at the current density
of 0.05, 0.1, 0.2, 0.5 and 1 C, respectively. Therefore, the amount of PMMA added in
CNFs-PMMAZ3 is selected as the optimal result.
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Figure 3. (a) Cycle performance and (b) rate performance curves of CNFs-PMMA1, CNFs-PMMA2,
CNFs-PMMA3, and CNFs-PMMA4 anodes in lithium-ion batteries.

After determining the amount of PMMA, the effect of the silicon content on the hierar-
chical porous carbon nanofiber anode is further studied. The microscopic morphologies of
CNFs-5i0%, CNFs-5i5%, CNFs-5i10% and CNFs-5i15% materials are shown in Figure 4a—d.
These carbon nanofibers have a good fiber shape with a diameter of about 1 pm, which
are randomly intertwined to form a fiber cloth. With the increase in the Si content from
CNFs-5i0%, CNFs-5i5%, CNFs-5i10% to CNFs-5i15%, the white particles increase, due
to the agglomeration of nano silicon particles. The SEM image of CNFs-5i10% and the
corresponding EDS mapping of elements are shown in Figure 4e. Some holes exist in
the fiber, and the nanofiber is cross-linked. In addition, Si, C and N elements are evenly
distributed, indicating that Si and N are effectively doped in nanofibers. It is worth noting
that the N element is doped through ammonia activation during the experiment. It was
reported that N doping can improve the conductivity of carbon materials [28-30], which is
not discussed further in this work.

Figure 4. SEM images of (a) CNFs-Si0%, (b) CNFs-5i5%, (c) CNFs-Si10% and (d) CNFs-5i15%.
(e) SEM image and the corresponding EDS mapping of Si, C, and N elements in partial CNFs-5i10%.

Nitrogen adsorption-desorption curves of CNFs-5i0%, CNFs-5i5%, CNFs-5i10% and
CNFs-5i15% are shown in Figure 5a. When P/Pj > 0.4, a hysteresis loop appears in the
nitrogen adsorption-desorption curves of all samples, which belong to the IV isotherm.
The corresponding pore size distribution curves are shown in Figure 5b, which show that
all samples have micropores (pore size less than 2 nm) and mesopores (pore size between
2 and 50 nm), which aligns with the experimental expectation. Combined with the SEM
images and EDS mapping in Figure 4, this result indicates that a Si/N co-doped carbon
nanofiber anode with a hierarchical porous structure has been synthesized.
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Figure 5. (a) Nitrogen adsorption—desorption curves, and (b) the corresponding pore size distribution
curves of CNFs-5i0%, CNFs-5i5%, CNFs-Si10% and CNFs-Si15%.

Figure 6a shows cycle performance curves of CNFs-5i0%, CNFs-5i5%, CNFs-5i10%
and CNFs-Sil5% anodes at 0.05 C, from 0.01 to 3 V, in lithium-ion batteries. The initial
capacity of CNFs-Si10% is 1737.2 mAh g~ !, and still maintains a high reversible capacity
of 985.3 mAh g~ after 100 cycles, which is the highest capacity among the four anodes.
CNFs-5i10% and CNFs-5i15% anodes have a high initial capacity, which can mainly be due
to the addition of Si with high capacity, compared with CNFs-5i0%. The capacity of CNFs-
5i15% anode decreases significantly after 20 cycles, because the nano-silicon in the materials
experiences large volume expansion with the increase in silicon content, destroying its
structure. The initial Coulombic efficiency of the CNFs-5i0%, CNFs-Si5%, CNFs-5i10% and
CNFs-5i15% anodes is only 49.72%, 50.24%, 77.82% and 50.74%, respectively. The low initial
coulombic efficiency is due to the fact that with the addition of the pore-forming agent
PMMA, the number of micropores increases, providing many reactive sites, thus forming a
high irreversible capacity with the formation of an SEI film with a large area during the first
charge—discharge process. After the first charge—discharge, the Coulombic efficiency of each
anode is close to stable, basically around 90%, which can be attributed to meso/macropores,
which can offer more active sites for Li storage and enable the electrolyte to penetrate the
inner part of carbon nanofibers, improving the electrolyte/electrode contacting area.

Figure 6b shows the rate performance curves of CNFs-5i0%, CNFs-5i5%, CNFs-5i10%
and CNFs-5i15% anodes in lithium-ion batteries at different current densities. The CNFs-
5i10% anode still exhibits excellent specific capacities of 1719.9, 1593.1, 1484.3, 1255.7 and
995.8 mAh g_1 at0.05,0.1,0.2,0.5 and 1 C, respectively. It can be seen that when the current
density changes to 0.05 C again, the specific capacity of the CNFs-5i10% anode is greater
than 1518.1 mAh g~!, indicating good rate performance. This is because the synergistic
effect of N doping and the hierarchical porous structure can improve the conductivity,
increase the reactive sites, and improve the Li-ion transport rate. The results of cycling
and rate performances indicate that proper silicon/nitrogen co-doping and hierarchical
porous structure regulation are important to improve the electrochemical performance of
carbon nanofiber anodes. To the best of our knowledge, the outstanding electrochemical
performances of the CNFs-5i10% anode are much higher than other reported flexible carbon
fiber anodes for lithium-ion batteries (Table 1).
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Figure 6. (a) Cycle performance and (b) rate performance curves of CNFs-Si0%, CNFs-5i5%, CNFs-
5i10% and CNFs-Sil5% anodes in lithium-ion batteries. (c) The charge-discharge curves of the
CNFs-Si10% anode, (d) CV curves of the CNFs-5i10% anode, and (e) Nyquist plots of CNFs-Si0%
and CNFs-Si10% anodes in lithium-ion batteries.

Table 1. Electrochemical performance of flexible carbon fiber anodes for lithium-ion batteries reported
in this work.

Anodes

Mass Loading (mg cm~2)

First Reversible Capacity (mAh g—1)

Cycle Performance (mAh g—1)

Rate Performance (mAh g—1)

Reference

V,03/MCCNFs
In,O;@CF
v-Fe;O3/C films
am-Fe, 03 /rGO/CNFs
FeCo@NCNFs-600
Sn@C@CNF
NCNFs
y-Fe,O3@CNFs
G/Si@CFs
C/CuO/rGO
CNF@SnO,
Fe304/NCNFs
MoO,/C
FCNF-3/4
10-SnO,@CNFs/CNT
ZnSe@CNFs-2.5
CNFs/CNTs
SnO, /TiO,@CNFs
CNFs-5i10%

1.5~25
14
1
1.5~2.0
1.77~2.65
2
7.64
2.0
0.65~1
1.30~1.95
1.77~3.54
133
85.7
1.0
1.5-25
0.8-1.2
127
/
12

790.6 (0.1 A g™1)
510(0.1A g 1)
92397 (02Ag™!)
825(0.1A g 1)
7363 (0.1 Ag™1)
891.2(0.1A g™ 1)
752.3 (0.05 A g™ 1)
1065 (05A g™1)
1036 (0.1 Ag™)
550 (0.1 A g 1)
793 (0.5A g™ 1)
686 (0.1 Ag™1)
7525(02Ag 1)
775(02A g™ ")
500.9 (0.1 Ag™1)
737501 A g™ 1)
1500.5 (0.05 A g™ 1)
1061.2 (0.1 Ag™1)
1737.2(0.05 A g™ 1)

487.7 (5 A g~1, 5000 cycles)
435 (0.1 A g1, 500 cycles)
1088 (0.2 A g1, 300 cycles)
739 (1 A g1, 400 cycles)
566.5 (0.1 A g~*, 100 cycles)
610.8 (0.2 A g™, 180 cycles)
411.9 (0.1 A g1, 160 cycles)
430 (6 A g1, 1000 cycles)
896.8 (0.1 A g1, 200 cycles)
400 (1 A g1, 600 cycles)
485 (0.1 A g™, 850 cycles)
522 (0.1 A g1, 200 cycles)
450 (2 A g1, 500 cycles)
630 (0.2 A g, 100 cycles)
460.3 (0.1 A g1, 200 cycles)
426.1 (5 A g™, 3000 cycles)
545 (0.2 A g1, 400 cycles)
729.6 (0.1 A g~1, 150 cycles)
985.3 (0.05 A g1, 100 cycles)

4568 (5A g™ )
190 (15A g™ 1)
380(5Ag 1)
5702 Ag™ 1)
1302Ag™1)
3051 2Ag 1)
1488 2Ag™)
222 (60 Ag 1)
543(1A g1
3002Ag 1Y)
359 (4Ag )
407(5Ag™ Y
4322Ag7h
250 (5A g 1)
2222 (32A¢g7")
547.6 5Ag)
34482Ag 1)
2062(3Ag 1)
9958 (1A g 1)

[31]
[32]

Figure 6¢ shows galvanostatic charge—discharge curves of the CNFs-5i10% anode
during the 1st, 10th and 50th cycle at 0.05 C in the voltage range of 0.01-3 V. During
the first cycle, the charge-discharge capacity is 2232.5 and 1737.2 mAh g~ !, respectively,
corresponding to an initial Coulombic efficiency of 77.82%. Irreversible capacity loss is
mainly due to the formation of the SEI film and the decomposition of the electrolyte during
the initial charge-discharge process [48]. From the 10th to 50th cycle, the discharge capacity
dramatically reduces from 1640 to 1421.7 mAh g~!, which may be due to the production
of a residual irreversible side reactant after charging and discharging multiple times. It is
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noteworthy that the Coulombic efficiency value increases to 95.7% and 96.6% during the
10th and 50th cycle, respectively.

To further appraise the lithium storage performance of the CNFs-5i10% anode, CV
curves of five initial cycles were obtained from 0.01 to 1.5 V at a scan rate of 0.1 mV s 1
as shown in Figure 6d. During the first lithiation, generation of the SEI film and the
decomposition of the electrolyte could lead to a broad irreversible peak at 1.3 V, which
disappears in the following cycles. Subsequently, a sharp anodic peak below 0.1 V corre-
sponds to the phase transformation from Si to LixSi and lithium-ion insertion with carbon
nanofiber materials in the CNFs-5i10% anode [48]. Upon delithiation, two cathodic peaks
at around 0.31 and 0.5 V are attributed to the dealloying process of Li,Si into Si, which is
consistent with the reported results [49]. In the second cycle, a broad anodic peak located
at around 0.19 V appears, which is associated with the lithiation of Si. In the following
cycles, the cathodic and anodic peak positions are consistent, indicating good concurrency
and reversibility. For the anodic peak at 0.19 V and the two cathodic peaks at 0.31 and
0.5V, the current intensities gradually enlarge in subsequent cycles, corresponding to the
activation process as a result of the reaction of more active sites with lithium-ion [50]. This
phenomenon is typical for the Si-based anode for lithium-ion batteries [51,52]. The results
show that the CNFs-5i10% anode has good stability.

To further explore the effect of Si doping on the performance of lithium-ion batteries,
the EIS of CNFs-5i0% and CNFs-5i10% anodes were tested. Figure 6e shows the Nyquist
plots of CNFs-5i0% and CNFs-5i10% anodes in lithium-ion batteries. The curve consists
of an overlapping semicircle in the high-frequency region and an oblique line in the low-
frequency region. The semicircle at high frequency refers to the diffusion and migration
process of Li* in the SEI, and the oblique line at low frequency represents the migration
impedance of Li* in the active substance [53]. The semicircle of the CNFs-Si0% anode is
almost the same as that of the CNFs-5i10% anode, meaning that the small amount of silicon
doping does not reduce the impedance of CNFs. Compared with the CNFs-5i0% anode,
the CNFs-5i10% anode has a larger slope at low frequency. The larger the slope, the lower
the Li-ion diffusion resistance. Therefore, the CNFs-5i10% anode has a higher capacity and
lower lithium-ion diffusion resistance than the CNFs-Si0% anode. Meanwhile, the excellent
cycle and rate capability results of the CNFs-5i10% anode also show that the nano silicon
is dispersed in the porous of carbon fibers, and the porous structure can provide a buffer
space for the Si volume change during the Li deintercalation process [53,54].

4. Conclusions

In this work, we successfully synthesized hierarchical porous and Si/N co-doped
carbon nanofiber anodes. SEM images and nitrogen adsorption—desorption tests confirm
that a hierarchical porous structure exists in carbon nanofiber materials, and the EDS
mapping confirms that Si and N elements are doped into carbon nanofiber materials.
Compared with other anodes, the CNFs-5i10% anode obtained has a high initial reversible
specific capacity, high capacity retention, and excellent rate performance in lithium-ion
batteries. This excellent electrochemical performance is mainly due to the fact that Si doping
can improve specific capacity, N doping can improve conductivity, and the fabricated
hierarchical porous structure can increase the number of reactive sites, improve the ion
transport rate, and enable the electrolyte to penetrate the inner part of carbon nanofibers to
improve the electrolyte/electrode contacting area during charging—discharging processes.
This work provides a new avenue for developing flexible anode materials for lithium-ion
batteries with high performance.
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