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Embedding silicon nanoparticles into carbon nanofiber is one of the effective methods to

fabricate a self-standing and binder-free Si-based anode material for lithium ion battery.

However, the sluggish Li ion transport limits the electrochemical performance in the

regular strategies, especially in high rate condition. Herein, a kind of silicon nanoparticles

in porous carbon nanofiber structure (Si/PCNF) has been fabricated through facile

electrospinning and subsequent thermal treatment. By adjusting the mass ratio to 0.4: 1,

a Si/PCNF anode material with effective Li* migration pathway and excellent structural

stability can be obtained, resulting in an optimal electrochemical performance. Although

increasing the mass ratio of PEG to PAN further can lead to a larger pore size and

beneficial to the Li* migration and thus profitable for the rate capacity, the structural

stability will get worse at the same time as more defect will formed and lead to a weaker

C-C binding and thus decrease the cycling stability. Remarkably, the rate capacity

reaches 1033.4 mAh g at the current density of 5 A g-1, and the cycling capacity is 933.2

mAh g at 0.5 A g after 200 cycles keeping a retention rate of 80.9% with an initial

coulombic efficiency (ICE) of 83.37%.
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INTRODUCTION

Nowadays, the power supply of most portable electronic devices such as mobile phones,

laptops and electric vehicles (EVs) is provided by the rechargeable lithium ion batteries

(LIBs), which need long endurance and high power density to ensure the working time

and shorten the charging period."” Tremendous efforts have been made to improve the

abovementioned performance to meet the practical application. Silicon (Si) attracts lots of

researchers’ attention because it occupies ultrahigh theoretical discharge capacity (3579

mAh g') among all the anode candidates and moderate discharge potential (< 0.5 V vs.

Li*/Li).8° However, the intrinsic deficiencies such as relatively low electronic conductivity

(~10-% S:cm")'% and large volume variation beyond 300%'"'2 during lithiation process

confine its practical application, and the continuous consumption of Li* by repeatedly

generating of solid electrolyte interphase (SEI) in the interface between Si and electrolyte

causes the rapid decay of LIBs’ Li-storage performance.

Depending on a previous study result that below the critical size of ~150 nm did no

cracking occur'3, reducing the size of Si into nanoscale is one of the effective strategies
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to alleviate mechanical stress under Li-Si alloying status'#-'8, Further, compositing nano-

sized Si with carbonaceous material can enhance its electrochemical performance owing

to the increase of electrical conductivity and the separation of active Si from electrolyte

avoiding supererogatory formation of SEI'21920, A self-supporting structure that

embedding Si nanoparticles (NPs) in carbon nanofiber (CNF) using a facile

electrospinning?'-23 and subsequent calcination method has been adopted for anode

materials, which avoids the extra conductive additives and insulating binder. Later, more

efforts have been made to improve the performance of Si/CNF-based anode materials,

for instance, adding polyethylene glycol or TiO, as a dispersion agent to weaken the

aggregation of Si NPs in the CNF matrix2425, creating nanocavity around Si NPs as the

interspace to release the volume expansion?62” and creating porous structure in Si/CNF

matrix to further improve both the cycling and rate capacities. For the introduction of

porous structure, the volume expansion of Si NPs during lithiation process can be

accommodated by the adjacent pores, the contact interface between electrolyte and

active material can be increased due to the large surface of porous structure, and more

importantly, the transport pathway of Li* reacting with Si can be shortened enormously.
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Based on the advantages mentioned above, a Meso-C/Si-CNF structure had been

fabricated and exhibited excellent cycling stability (1140 mAh g' at 0.1 A g after 100

cycles) and high rate capability (969 mAh g at 2 A g-1)28. However, the extra carbon skin

decreased the mass ratio of Si and limited Li* transport.

Herein, a new anode material composed of silicon nanoparticles in porous carbon

nanofiber structure (Si/PCNF) has been fabricated, and its electrochemical performance

is enhanced by optimizing porous structure through controlling the mass ratio of

polyethylene glycol (PEG) in the electrospinning precursor. When the mass ratio of PEG

to polyacrylonitrile (PAN) is adjusted to 0.4:1, the high reversible capacity reaches 933.2

mAh g at 0.5 A g after 200 cycles keeping a retention rate of 80.9% with an ICE of

83.37%, and the optimal rate capacity is 1033.4 mAh g' at the current density of 5 A g-'.

RESULTS AND DISCUSSIONS

As shown in Figure 1a, the enhancement of electrochemical performance can be

attributed to the relatively stable CNFs substrate and the favorable diffusion pathway of

Li* from the porous structural Si/CNF-based anode material. The porous structure can
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supply a fast Li* pathway to ensure the Li-Si alloying process and lead to a high rate

capacity. The mass loss of Si/PAN and Si/PAN/PEG in air is evaluated by TGA and shown

in Figure 1b. Compared with Si/PAN, Si/PAN/PEG has an evident mass loss in the range

of 130-180 °C, which can be attributed to the oxidative decomposition of PEG to produce

CO,and H,0, and the formation of porous structure occurs in this stage. The phenomena

of synchronously mass decrease of Si/PAN and Si/PAN/PEG with the increase of

temperature is mainly ascribed to the partial decomposition of PAN. Eventually, as shown

in Figure S1, the 56.9 wt% mass ratio of Si in the as-prepared Si/PCNF because Si NPs

are the only residuum after thermogravimetric process at 600 °C (Figure S2), indicates a

theoretical capacity of 2196.8 mAh g-'. Porous structure is further characterized by the

N, sorption as shown in Figure 1c, the result suggests the pores in Si/PCNF distributes

with a diameter within 1~2 nm. It is expected that the structure can shorten the transport

pathway of Li* to enhance the redox reactivity of Si NPs, especially at high current density,

and buffer the volume expansion during the lithiation process. The appearance of

macropore of nearly 10 nm and mesopore extending to 100 nm both in Si/PCNF and
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Si/CNF is attributed to the space between fibers, which ensures the full infiltration of

matrix fibers with electrolyte.

The Si/PCNF film with a uniform thickness of 65 ym is obtained (Figure 2a) and Si

NPs are embedded in continuous CNF with a typical diameter of ~200 nm forming a

nodular-like structure (inset in Figure 2a and Figure S3). Compared to Si/PCNF, the

diameter of electrospun fiber and the fiber after peroxidation are 250 nm and 210 nm,

respectively (Figure S4). The decrease of diameter with the heat treatment is attributed

to the loss of H, O and N elements in peroxidation process and ordered arrangement of

C atoms at the carbonization stage. XRD patterns of Si/PCNF and Si/CNF are shown in

Figure 2b. The characteristic peaks around 28.4°, 47.3°, 56.1°, 69.1° and 76.4° of 26

degrees correspond to the (111), (220), (311), (400) and (331) diffraction planes of

diamond cubic Si (JCPDS No. 27-1402), respectively. For Si/CNF, a broad peak near

23.4° is attributed to the C matrix from carbonized PAN with the larger interplanar of 0.38

nm (based on the Bragg formula). Si NPs are aggregated slightly and coated by a layer

of C, which has a thickness of ~10 nm (Figure 2c-d). The size of the micropores in CNF
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matrix is too small to be exhibited in TEM images. It is proved that a larger abo, of C can

facilitate the diffusion and storage of Li*.?°® Remarkably, while the intensity of the

diffraction peak of Si is normalized, the carbonic peak in Si/PCNF is weaker than that in

Si/CNF, suggesting that the existence of porous structure gives rise to the smaller

graphitic microcrystallines.

The influence of porous structure in Si/CNF-based electrode on the electrochemical

property is shown in Figure 3. CV curves of Si/PCNF anode are exhibited in Figure S5,

indicating the typical electrochemical reaction processes of Si. Under a current density of

0.5 A g, Si/PCNF electrode shows a higher cycling stability than Si/CNF’ during the

cycling process, and the ICE is increased from 75.26% to 83.37% (inset in Figure 3a).

The enhanced ICE is higher than other reported Si/CNF-based anode materials, shown

in table S1. The improvement of rate capacity for Si/PCNF electrode is shown in Figure

3b, with the increase of current density, higher capacities are obtained from Si/PCNF

electrode, suggesting a high rate performance benefiting from the porous structure.
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The overpotentials (originated from median potential) of Si/CNF and Si/PCNF
electrodes are obtained from charge/discharge profiles, as shown in Figure 3c. At the
current density of 5.0 A g, the overpotential of Si/CNF electrode is 0.791 V, in contrast,
for Si/PCNF ones, the value is only 0.479 V. Meanwhile, we found the diameter and
density of micropore are increasing with the mass ratio of PEG (Figure 1c). It is evident
that the electrochemical kinetics of Si/PCNF electrodes can be facilitated by the condition
of pore because they play the role of transport channels for Li* in the cycling process,
especially at high rates. Further, relative Li* diffusion coefficient (D) of two electrodes are
evaluated by CV curves (see Figure S6) to investigate the porous structure on Si/CNF
electrode. Based on Randles-Sevcik equation (Eq 1), peak current (4,) is the function of

scan rates (u).

i, = 0.4663nF | AC\ (1)
Where n, F, R and 7 are the charge transfer number, Faraday constant, gas constant and

temperature, respectively, A and C are the active electrode area and concentration of

lithium ion, respectively. The linearity is established and the fitted slope of the curve
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belongs to the relationship between /, and u'2, as shown in Figure 3d. The relatively high

value of 10.95 obtained from Si/PCNF-0.40 electrode is higher than 6.52 from Si/CNF

electrode, suggesting that the porous structural electrode possesses a higher D owing to

the suitable diffusion pathway of Li*.

To further study the influence of porous structure on the electrochemical property, a

series of Si/PCNF electrodes are fabricated by controlling the mass ratio of PEG and the

properties are evaluated, where 0.25 g, 0.33 g, 0.40 g, 0.50 g and 0.55 g are mixed with

1 g PAN and 0.5 g Si NPs, named Si/PCNF-0.25, -0.33, -0.40, -0.50 and -0.55,

respectively. As shown in Figure 4a, at the current density of 0.2 A g', Si/PCNF-0.40

electrode shows the highest reversible capacity of 1260.2 mAh g after 120 cycles with

a capacity retention ratio of 76.1% and excellent ICE of 84.46% (inset in Figure 4a). The

high ICE can be ascribed to the open pore structure, which facilitates the participation of

more Li* in the electrochemical reaction rapidly3?. When the current density is increased

to 0.5 A g, as shown in Figure 4b, although the high ICE over 80% are obtained for every

electrode (insert in Figure 4b), the difference in capacity retention for the electrodes are
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more evident and Si/PCNF-0.40 shows the highest capacity of 933.2 mAh g-! after 200

cycles with a retention ratio of 80.9%. The distinct differences of long cycle life for

Si/PCNF-0.40 imply a high stability in electrochemical reaction process.

The rate capacities for the Si/PCNF electrodes are evaluated at a series of current

density. As shown in Figure 4c, the highest reversible capacity of 1033.4 mAh g for

Si/PCNF-0.40 electrode at 5 A g' can be obtained. As shown in Figure 4d, the rate

capacities at relatively low current densities (0.1, 0.2, 0.5 and 1 A g-') are approximate for

different electrodes except for the outstanding performance of Si/PCNF-0.40 with the

increase of current density (2 and 5 A g'). This phenomenon is further investigated by

overpotential, when the current density increases from 0.1 to 5 A g-, the charge/discharge

profiles vary with the mass ratio of PEG to PAN, as shown in Figure S7. The

overpotentials are smaller and almost unchanged at 0.1 A g' for every electrode, while

the smallest values of 337 and 445 mV are found in Si/PCNF-0.40 electrode compared

with other Si/PCNFs’ at 2 and 5 A g, respectively (Figure 4f and Table S2), indicating

the smallest value of voltage hysteresis at high current rates3".32,
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We also find that the electrochemical property of Si/PCNF electrodes deteriorates

when further increase of the mass ratio of PEG. To understand this phenomenon, Nyquist

plots of pristine and after 120 cycles of Si/PCNF-0.40 and Si/PCNF-0.55 are measured,

respectively, shown in Figure 5a-b (the corresponding equivalent circuit is shown in Figure

S8). Evidently, in Figure 5a, the rising values from 76 to 148 Q of Si/PCNF-0.40 suggest

that the electrode is relatively stable during electrochemical reactions, which is attributed

to the synergistic effect of appropriate pathway for Li* diffusion and firm framework

structure for electron transferring. However, a drastic increase of impedance from 66 to

325 Q in Si/PCNF-0.55 electrode (Figure 5b), indicates an inferior ability to maintain the

stability of electrode during cycling process. The morphology of Si/PCNF-0.40 and

Si/PCNF-0.55 after 120 cycles at 0.5 A g' is checked to further reveal the capacity fading

(Figure 5c-d). Compared with the unreacted electrode (Figure 1b), the morphology of

Si/PCNF-0.40 is almost unchanged (Figure 5c¢ and Figure S9) but Si/PCNF-0.55 is

severely broken after the cycling, indicating a deteriorative mechanical stability caused

by the superabundant pore existing in the matrix fiber. The broken electrode leads to the
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disconnection of the Si NPs from the carbon channels; thus, the electrical contact is

getting worse, and a decreasing electrochemical performance is caused.

CONCLUSIONS

By controlling the mass ratio of pore-forming agent, we successfully designed a

Si/PCNF and optimized the electrochemical performance as an anode material of LIBs.

As a result, the sample of Si/PCNF-0.40 exhibits an optimal rate capacity of 1033.4 mAh

g at the current density of 5 A g-' and an excellent specific capacity of 933.2 mAh g-' at

0.5 A g after 200 cycles keeping a retention rate of 80.9% with a high ICE of 83.37%.

The enhancement of the electrochemical performance can be attributed to the more

elastic carbon fiber-based substrate and the favorable diffusion condition of Li* for the

porous structural Si/CNF-based anode material.

EXPERIMENTAL SECTION

Preparation of Si/PCNF: 0.25 g Si NPs (~80 nm, as shown in Figure S10) are soaked in

5% hydrofluoric acid for 30 min to remove their surface silica layer and then centrifuged
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by dimethylformamide (DMF) for three times. Subsequently, the as-prepared Si NPs and

0.5 g PAN (M, = 150,000) are dissolved in 5 g DMF with 10 hours stirring at room

temperature. A certain amount of PEG (My = 15,000) is added into the Si/PAN/DMF

solution and uniformly dispersed by fiercely stirring. The as-prepared homogeneous

solution as the precursor for electrospinning is transferred to a plastic syringe with an

inner needle diameter of 0.4 mm. 21 kV voltage is applied between the collecting plate

and the tip of the needle and the collection distance maintains 21 cm. To ensure the

optimal electrospinning condition, the ejecting rate is kept at 0.6 mL h' with the

temperature and humidity of 40 °C and 10%, respectively. The electrospun sample

(SiI/PAN/PEG) is dried at 80 °C for 10 h, pre-oxidized at 280 °C for 180 min in air and

carbonized at 900 °C for 180 min under one bar pressure in Ar with a heating rate of 5 °C

min-' to enhance the electrical conductivity34. Eventually, the obtained Si/PCNF film is cut

into wafer with a diameter of 10 mm acting as the anode in LIB.

Materials characterizations: The as-prepared Si/PCNF is investigated by field emission

scanning electron microscope (FE-SEM, Apreo S, 30 kV). The crystallographic structures
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of SI/PCNF are analyzed using X-ray diffraction (XRD, A = 1.5406 A) system. To analyze

thermal stability of PEG and calculate the mass ratio of Si to C in Si/CNF film,

thermogravimetric analysis (TGA) is performed (Diamond TG/DTA) in air with a heating

rate of 5 °C min-' at temperature ranging from 50 to 700 °C for Si/PCNF and 2 °C min-'

at 50 to 380 °C for Si/PAN and Si/PAN/PEG-0.40, respectively. N, sorption isotherms are

measured at 77 K with an ASAP 2020 (Micromeritics, US), and the pore size distribution

is calculated by the density functional theory (DFT) method from the adsorption branches

of the isotherms.

Electrochemical measurements: The electrochemical performance of the Si/PCNF as

anode materials in LIBs are characterized using CR 2032-type coin half cells. The wafer-

like Si/PCNF film is directly used as working electrode without conductive additives and

binder material, lithium foil is used as the counter/reference ones and the two parts of

electrodes are separated by a separator (polypropylene (Celgard 2325)). 1 M LiPFg in

ethylene carbonate (EC) and dimethyl carbonate (DMC) mixture (1:1 v/v) act as the

electrolyte. The whole assembly process is operated in an Ar-purged glove box with the
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contents of H,O and O, under 1 ppm, respectively. The galvanostatic charge/discharge

and rate capacity of the assembled coin cell is measured using a multi-channel battery

tester (LAND, CT2001A) within the voltage range of 0.01-1.20 V (vs. Li*/Li). The cyclic

voltammetry (CV) test is performed at a scan rate of 0.1 mV s and electrochemical

impedance spectroscopy (EIS) is analyzed in the frequency range of 1-10° Hz carried by

an electrochemical workstation (Chen Hua Shanghai Corp., China, CHIG60E).
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Figure 1. Structure and mechanism of Si/PCNF. (a) The improvement of the porous

structure for the conduction of Li*, a shorter pathway for Li* can be supplied by the porous

structure. (b) The TGA investigating of the formation process of pores, suggesting that

the introduction of PEG acting as the pore-forming agent is feasible. (c) The pore size

distribution varies with the introduction of pore-forming agent. Micropores are obtained by

introducing PEG.
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Figure 2. Morphology and microstructure of Si/PCNF. (a) Cross-section of SEM image of

the Si/PCNF film with a uniform thickness of 65 um (inset is the top view of the Si/PCNF
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film). (b) XRD patterns of Si/PCNF and Si/CNF. (c) TEM image of Si/PCNF. Si NPs are

aggregated slightly and coated by a layer of carbon. (d) High resolution TEM image shows

that the crystalline silicon particle is embedded in the carbon layer with the thickness of

~10 nm.
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Figure 3. Comparison of the electrochemical properties of Si/CNF with Si/PCNF. (a)

Cycling performance of the two electrodes at the current density of 0.5 A g (the inset is

the corresponding coulombic efficiency). (b) Rate capacity of the electrodes under
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different current density. A higher rate capacity is shown in Si/PCNF, especially in high

current density. (c) Median potential is measured at the current density of 5 A g

1. (d)

Relative Li* diffusion efficient of Si/CNF and Si/PCNF. Peak current is obtained from cyclic

voltammetry curves at the scan rates of 0.1, 0.2, 0.3, 0.4 and 0.5 mV s™.
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Figure 4. Electrochemical property of different Si/PCNF electrodes. (a) Cycling

performance of Si/PCNF materials at the current densities of 0.2 A g' and (b) 0.5 A g™,

the insets are the corresponding coulombic efficiency, individually. (c) Rate capacities

and (d) Variation of the rate capacities with the mass ratio of PAN. Si/PCNF-0.40 shows

the highest rate capacity when the current density is increased to 2.0 and 5.0 A g™. (e)

Comparison of the rate capacity of different reported Si/CNF-based anode materials. With

the increase of current density, our Si/PCNF-0.40 shows the highest rate capacity,

especially at 5.0 A g'. (f) Median voltages of different Si/PCNF anode materials at a

series of current densities.
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Figure 5. Mechanism of the deteriorating condition when the further increase of PEG. (a)

EIS under pristine state and after 120 cycles of Si/PCNF-0.40 and (b) Si/PCNF-0.55.

oNOYTULT D WN =

11 Comprising with Si/PCNF-0.40, an unstable impedance suffering from 120 cycles is

14 shown in Si/PCNF-0.55 electrode, suggesting a poor structural stability because of

18 excessive pore-forming agent. (¢) SEM morphology of Si/PCNF-0.40 and (d) Si/PCNF-

21 0.55 suffer from 120 cycles at the current density of 0.2 A g-'.
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SUPPORTING INFORMATION

Detailed experimental methods and additional explanations are included in the supporting
information: Table S1 lists the electrochemical performance of various Si/CNF-based anodes.
Table S2 shows the polarization potentials of Si/PCNF-based electrodes during different current
densities. TGA investigation of the mass ratio of Si nanoparticles in the matrix fiber is shown in
Figure S1. Figure S2 gives the evidence that Si NPs are the only residuum of Si/PCNF after
thermogravimetric process at 600 °C. EDX-mapping of Si/PCNF and the elements distribution of
Si and C are shown in Figure S3, respectively. Figure S4 shows the morphology and the diameter
distribution of the fibers in different stages. Figure S5 is the first three cyclic voltammetry curves
of Si/PCNF anode with the voltage range of 0.01-1.2 V and scan rate is 0.1 mV s-!. Figure S6 is
the CV curve of Si/PCNF and Si/CNF at 0.1 to 0.5 mV s! to calculate the relative Li* diffusion
efficient. Figure S7 shows the galvanostatic charge/discharge profiles of Si/PCNF anode materials
at different current densities. Figure S8 is the equivalent circuit of electrochemical impedance
spectroscopy. Figure SO is the TEM image of Si/PCNF-0.40 after 200 cycles at the current density

of 0.5 A g!. Figure S10 shows the SEM image and the diameter distribution of Si NPs we used.
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