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Abstract
Silicon as a promising candidate for the next-generation high-capacity lithium-ion battery anode is characterized by outstand-
ing capacity, high abundance, low operational voltage, and environmental benignity. However, large volume changes during Si 
lithiation and de-lithiation can seriously impair its long-term cyclability. Although extensive research efforts have been made 
to improve the electrochemical performance of Si-based anodes, there is a lack of efficient fabrication methods that are low 
cost, scalable, and self-assembled. In this report, co-axial fibrous silicon asymmetric membrane has been synthesized using 
a scalable and straightforward phase inversion method combined with dip coating as inspired by the hollow fiber membrane 
technology that has been successfully commercialized over the last decades to provide billions of gallons of purified drink-
ing water worldwide. We demonstrate that ~ 90% initial capacity of co-axial fibrous Si asymmetric membrane electrode can 
be maintained after 300 cycles applying a current density of 400 mA g−1. The diameter of fibers, size of silicon particles, 
type of polymers, and exterior coating have been identified as critical factors that can influence the electrode stability, ini-
tial capacity, and rate performance. Much enhanced electrochemical performance can be harvested from a sample that has 
thinner fiber diameter, smaller silicon particle, lower silicon content, and porous carbon coating. This efficient and scalable 
approach to prepare high-capacity silicon-based anode with outstanding cyclability is fully compatible with industrial roll-
to-roll processing technology, thus bearing a great potential for its future commercialization.
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TGA​	� Thermogravimetric analyzer
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XPS	� X-ray photoelectron spectroscopy
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G	� Gauge
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1  Introduction

Efficient energy storage devices with high energy and power 
density are much craved in the fields of portable electron-
ics, electric vehicles, and intermittent power generation [1]. 
Although state-of-the-art commercial lithium-ion batteries 
(LIBs) have decent capacity, high reliability, and durabil-
ity, they cannot fully meet the ever-increasing demand from 
the above-mentioned applications [2]. To further improve 
the potential of this dominating technology, revolutionary 
changes in electrode materials, binders, additives, and elec-
trolytes are needed [3, 4]. Recently, silicon-based anode has 
attracted significant research attention due to its impressive 
theoretical capacity (3580 mAh g−1 for Li14Si5 compared to 
372 mAh g−1 for commercial graphite anode), high abun-
dance, environmental benignity, and low operational voltage 
[5, 6]. However, large volume changes during Si lithiation/
de-lithiation can cause electrode delamination, detachment 
of active materials from conductive additives, unstable solid 
electrolyte interphase (SEI), thus resulting in rapid and per-
manent capacity loss [7]. Various nanostructures have been 
intensively explored to increase the cycling stability of Si-
based anode, including nanoparticles (NPs), nanowires, 
nanorods, thin film, core–shell particles, porous silicon to 
Si/C composites, etc. [6, 8]. Specific binders and electrolyte 
additives also have beneficial effects on the stability of Si-
based electrode [9, 10]. Most recently, 3-D nanostructures 
have demonstrated to be very efficient in stabilizing Si-based 
LIB anode [11–16]. However, significant challenges remain 
to prepare such 3-D nanostructures using a method that is 
efficient, low cost, scalable, and self-assembled [17].

Reverse osmosis asymmetric membranes can be repro-
ducibly fabricated on a large scale via a roll-to-roll process-
ing technology to provide billions of gallons of purified 
drinking water in the United States alone [18–20]. Thin 
film reverse osmosis asymmetric membranes have a nano-
porous skin layer and a macroporous bottom layer [21]. 
This unique 3-D porous structure has been adopted by our 
research group for the first time to improve the cycling per-
formance of various kinds of high-capacity LIB anodes to 

some extent [22–24]. The macroporous layer can efficiently 
accommodate large volume changes of high-capacity alloy-
ing electrodes while the nanoporous layer can prohibit frac-
tured active materials from falling away. However, fractured 
materials can be partially lost from the macroporous bottom 
layer [22, 25]. In addition, active materials on the surface of 
nanoporous layer may enter the electrolyte during repeated 
charging/discharging, thus contributing to certain capacity 
loss.

Being inspired by the hollow fiber membrane technol-
ogy that has been successfully commercialized in the last 
decades to provide billions of gallons of purified drinking 
water worldwide, we synthesized various kinds of fibrous 
silicon (Si) asymmetric membranes via a simple phase 
inversion method combined with dip coating to solve the 
intrinsic problems associated with thin film reverse osmo-
sis asymmetric membranes for high-capacity LIB anodes. 
It is because (1) the surface of fibrous Si asymmetric mem-
brane consists of nanoporous skin layer only; and (2) coat-
ing fibrous silicon asymmetric membrane with nanoporous 
carbonaceous membrane that does not contain any silicon 
can further reduce the loss of active materials. The fibrous 
asymmetric membranes have been studied using scanning 
electron microscope (SEM), energy-dispersive X-ray spec-
troscopy (EDS), Raman spectroscopy, powder X-ray diffrac-
tometer (PXRD), thermogravimetric analyzer (TGA), sur-
face area analyzer (BET method), and X-ray photoelectron 
spectroscopy (XPS), as well as various electrochemical char-
acterizations. Fiber diameter, Si particle size, Si concentra-
tion, type of polymer, and porous carbon coating have been 
identified as key factors that can influence the electrochem-
ical performance of these membrane electrodes. Co-axial 
fibrous Si asymmetric membrane electrode demonstrates the 
most outstanding cycling and rate performance, e.g., ~ 90% 
initial capacity at ~ 1200 mAh g−1 can be maintained in 300 
cycles applying a current density of 400 mA g−1.

2 � Experimental section

2.1 � Fabrication of fibrous Si asymmetric 
membranes using 21‑gauge (G) needle

Firstly, 0.50 g polyacrylonitrile (PAN, Mn ≈ 150,000, pow-
ders, Pfaltz & Bauer) or 1.0 g polysulfone (PS, Mn ≈ 60,000, 
pellets, Acros), 0.15 g carbon black (CB, TIMCAL SUPER 
C45 with a surface area of 45 m2 g−1), 0.30 g silicon pow-
der with a nominal average diameter of 50 nm (Alfa Aesar, 
laser synthesized, S1) or 100 nm (Alfa Aesar, plasma syn-
thesized, S1), 10 mL of N-methyl-2-pyrrolidone (NMP, 
Sigma Aldrich, > 99.5%), and 10 pieces of zirconia mill 
balls were placed in a 100-mL zirconia mill jar. The jar was 
then mounted on a planetary ball mill (Across International, 
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PQ-N04 Planetary Ball Mill) and set to 50 rotations per min-
ute (rpm) for 3 h to obtain a uniform slurry. Next, the slurry 
was transferred into a 10 mL syringe (Air-Tite Products Co.) 
equipped with a 21G needle (Air-Tite Products Co.). The 
slurry was extruded manually at a rate of ~ 1 mL min−1 into 
deionized water (> 17 MΩ cm) to generate fibrous mem-
branes via a so-called phase inversion mechanism [26, 27]. 
After being immersed in the water for 30 min, the fibers 
were collected, dried, and placed into an alumina combus-
tion boat (5 mL, Sigma Aldrich). The boat was then loaded 
into a quartz tube that was treated at 800 °C for 2 h using a 
Lindberg/Blue M™ 1100 °C tube furnace with a ramp rate 
of ~ 60 °C min−1 to yield carbonized, conductive fibrous Si 
membranes for LIB anodes. The boat was protected by 200 
sccm helium gas (99.9999%, Airgas He UHP300) during 
the treatment to avoid oxidation. Two kinds of asymmet-
ric membranes were prepared using this method, which are 
labeled (1) 21G high content PS/Si 100 nm and (2) 21G 
high content PAN/Si 100 nm. 21G and PS represent the size 
of needle and the type of polymer, respectively. Si 100 nm 
stands for the nominal Si particle size. Four other fibrous 
asymmetric membranes that contain lower Si content were 
prepared using the same procedure except that the slurry is 
composed of 0.50 g PAN or 1.0 g PS, 0.25 g CB and 0.20 g 
Si powders dispersed in 10 mL NMP. They are labeled as (1) 
21G low content PS/Si 100 nm; (2) 21G low content PAN/Si 
100 nm; (3) 21G low content PS/Si 50 nm; and (4) 21G low 
content PAN/Si 50 nm.

2.2 � Fabrication of fibrous Si asymmetric 
membranes using 33‑gauge (G) needle

Electrochemical performance of fibrous Si asymmetric 
membranes fabricated using 21G needle is quite inferior, 
mainly because the fibers are so thick that lithium-ion dif-
fusion is significantly hindered. To reduce fiber diameter, 
we tried to manually extrude the same slurry (0.50 g PAN, 
0.25 g CB, and 0.20 g Si powders dispersed in 10 mL NMP) 
using a smaller needle, e.g., 33 G (Air-Tite Products Co. 
TSK STERIJECT). However, we failed to do so because of 
the huge resistance coming from the viscous slurry. There-
fore, a special homebuilt device was fabricated to assist 
the extrusion process as shown in Figs. 1 and S2. One-ton 
manual arbor press was utilized to create enough compress 
load to eject highly viscous solution into deionized water 
to form fibrous membranes. The extrusion speed was con-
trolled at ~ 1 mL min−1. Low-cost disposable plastic syringes 
instead of expensive stainless-steel ones were used in this 
study. To avoid the deformation of the plastic syringe under 
the high-pressure loading condition, a cylindrical metal bar-
rel jacket was built to mechanically support the plastic barrel 
(S2). Metal block with a central hole was employed to pre-
vent leakage at the junction between the needle adapter and 
the syringe barrel during the high-pressure extrusion process 
(S2). In addition, plastic plunger was replaced by reusable 
house-made metal plunger to avoid bending and distortion. 
The as-prepared fibers were carbonized at 800 °C for 2 h and 
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Fig. 1   Illustrative diagram showing the fabrication process to obtain co-axial fibrous Si asymmetric membranes for high-capacity lithium-ion 
battery anode
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labeled as 33G low content PAN/Si 50 nm. Illustrative dia-
gram and photo images of the homebuilt device are shown 
in Figs. 1 and S2, respectively.

2.3 � Fabrication of 33G co‑axial fibrous Si 
asymmetric membranes using a dip‑coating 
method

33G low content PAN/Si 50 nm fiber was dipped into a poly-
meric solution that contains 5.0 w/v% PAN in NMP using 
a pair of plastic tweezers. Next, the fiber was slowly pulled 
out from the polymeric solution to make a uniform coating 
that does not contain any silicon. Lastly, the coated fiber was 
treated in a tube furnace at 800 °C for 30 min and labeled as 
33G low content co-axial PAN/Si 50 nm in this study.

2.4 � Fabrication of fibrous carbon asymmetric 
membranes using 33‑gauge (G) needle

Fibrous carbon asymmetric membrane that does not contain 
any silicon was fabricated using the same method as that of 
33G low content PAN/Si 50 nm, except that the slurry does 
not contain silicon particles (0.50 g PAN and 0.25 g CB 
dispersed in 10 mL NMP). The membrane is labeled as 33G 
PAN/CB and used as a control (S3).

2.5 � Characterization of fibrous Si asymmetric 
membranes

A field-emission scanning electron microscope (JEOL JSM-
7600F) attached with a transmission electron detector was 
employed for the morphological and structural characteri-
zation. Elemental compositions of fibrous membranes were 
analyzed using an electron-dispersive X-ray spectroscopy 
(EDS) attached to the SEM. The specific surface areas of 
fibrous membranes were measured using a Micromeritics 
ASAP 2020 Surface Area and Porosimetry Analyzer and 
Brunauer–Emmett–Teller (BET) calculation method. All 
samples were degassed at 50 µTorr and 300 °C for 30 min 
before the surface area measurement. The concentration of 
Si in fibrous membranes was quantified using a thermogravi-
metric analyzer (TA Instruments Q50 TGA) that was purged 
using high-purity compressed air gas (Ultra Zero, Airgas) at 
a flow rate of 20 mL min−1. The oven temperature was first 
ramped to 120 °C and held for 10 min. Then it was increased 
to 700 °C at a rate of 10 °C min−1 and held for 30 min.

A Thermo Scientific DXR SmartRaman Spectrometer 
was operated using a 532 nm laser of 1–3 mW, an objec-
tive lens of × 10, a hole aperture size of 25 µm, and a total 
exposure time of 300 s. Powder X-ray diffraction (PANa-
lytical Empyrean) was carried out using a Cu Kα radiation 
(λ = 1.542 Å) from 10 to 90° (two theta) with a step rate of 
0.1°/s. All samples were scanned for 32 times to improve 

signal-to-noise ratio. The acceleration voltage and current 
were 40 kV and 40 mA, respectively. The oxidation states 
of silicon particles in 33G fibrous Si membranes were ana-
lyzed using an X-ray photoelectron spectroscopy (PHI 5000 
Versaprobe XPS system from Physical Electronics, Inc.), 
which employed monochromatic Al Kα X-rays of energy 
1486.6 eV and 45° takeoff angle. Survey scans at a pass 
energy of 117.4 eV were performed for the chemical elemen-
tal identification while the pass energy for region scans is 
23.5 eV to determine Si oxidation states. X-ray spot size of 
200 μm was used for all the samples.

2.6 � Electrochemical evaluation of fibrous Si 
asymmetric membranes as LIB anodes

Electrodes were prepared by gluing fibrous membranes 
directly onto copper discs (15 mm in diameter and 11 μm 
thick from MTI Corporation). The glue is made of 0.10 g 
carbon black and 0.16 g sodium carboxymethyl cellulose 
(Acros, Mw = ~ 90,000) that were uniformly dispersed in 
3 mL deionized water through 3-h ball milling at 50 rpm. 
The uncalendered electrode was then dried at 100 °C for at 
least 4 h to remove residual water. The final mass loading 
per electrode is ~ 1.0 mg. The electrodes were assembled 
into 2032-type coin cells inside an argon-filled glove box 
using lithium metal (EQ-Lib-LiC25, MTI Corporation) as 
the counter electrode and 60 µL 1 M LiPF6 dissolved in 
ethylene carbonate (EC), dimethyl carbonate (DMC), and 
diethyl carbonate (DEC) with a volume ratio of 1:1:1 (MTI 
Corporation) as the electrolyte. The concentration of oxy-
gen and water inside the glove box (LCPW, LC Technology 
Solutions, INC.) is below 1 ppm. The membrane separator 
is made of polyethylene/polypropylene blend (MTI Corpora-
tion). Galvanostatic cycling tests of LIB half-cells were con-
ducted using a multi-channel Potentiostat/EIS (BIO-LOGIC 
VMP3) at room temperature. The cells were charged and 
discharged at the same current density from 0.01 to  2.00 V 
(vs. Li/Li+). Two formation cycles at 50 mA g−1 were per-
formed before subsequent tests. Voltage was scanned peri-
odically between 10 mV and 2.00 V during the cyclic vol-
tammetry tests. Electrochemical impedance spectroscopy 
(EIS) measurements were carried out in a frequency range 
of 0.1 Hz–1 MHz with 10 mV AC perturbation in fully de-
lithiated state.

3 � Results and discussion

3.1 � Fabrication of fibrous Si asymmetric 
membranes

Thick fibrous Si asymmetric membranes can be simply pre-
pared by pushing the slurry in a plastic syringe through a 21G 
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needle into deionized water, in which the slurry experiences 
phase separations to form asymmetric porous structure. NMP 
(solvent) in the slurry is de-mixed from polymer and mixed 
with water (non-solvent) to form one phase; whereas polymer 
(PAN or PS), CB, and Si NPs in the slurry precipitate to form 
another phase (Fig. 1). As a result, 3-D asymmetric porous 
structure with nanoporous skin and macroporous core can 
be naturally formed (Figs. 2, S3 and S4). The porosity and 
pore morphology can be tuned by varying the kind of solvent 
and no-solvent, type of polymer, polymer concentration, etc. 
[23, 28]. CB is used as a filler to maintain the asymmetric 
porous structure during high-temperature treatments, which 
can also increase the matrix conductivity [24, 29]. However, 
electrochemical performance of 21G fibrous Si asymmetric 
membranes is generally inferior mainly because the fibers are 
so thick (~ 400 µm, Figs. 2a–f, 6) that lithium-ion diffusion 
can be significantly hindered [30]. To reduce the thickness 
of fibrous membrane and thus enhance its electrochemical 
performance, a homebuilt extrusion system has been created 
to facilitate the ejection of viscous slurry under high pressure 
through a much smaller needle, e.g., 33G (Figs. 1, S2). It is 
noteworthy that such a method is highly scalable as evident by 
forming ~ 30-m-long continuous fibers per minute under our 
experimental conditions (S2). Equipped with needle arrays, 
yield could be further increased by orders of magnitude.

The porosity of co-axial fibrous silicon asymmetric 
membrane was calculated to be ~ 0.70 using the following 
formula:

where theoretical density is equal to the density of silicon 
times its mass percentage plus the density of carbon times 
its mass percentage 

(

dSi × wt%Si + dC × wt%C

)

 , and nominal 
density is equal to the mass of co-axial fibrous silicon asym-
metric membrane divided by its volume 

(

Mass of co−Axial fibrous Si

�r2L
;

r is the radius of Si fiber;L is the length of Si fiber
)

 . Such a 
high porosity is necessary and beneficial for Si-based LIB 
anodes because the volume change of silicon is as large as 
~ 400% during lithiation and de-lithiation [8].

It is also notable that the mass ratio of silicon to car-
bon can be well controlled by tuning the composition of the 
slurry made of PAN, CB, and Si. After the carbonization, the 
mass ratio of silicon to carbon is very close to our theoretical 
calculation using the following formula:

Since the linear formula of PAN is (C3H3N)n, 
(

3× 12

3× 12+ 14

)

 
represents the mass percentage of carbon in PAN.

Porosity = 1 −
Nominal density

Theoretical density
,

MassSilicon

MassCarbon
=

MassSilicon

MassCarbon black +MassPolyacrylonitrile ×
(

3× 12

3× 12+ 14

)

As shown in Fig. 2g, the diameter of fibrous Si asymmet-
ric membrane can be significantly reduced to ~ 220 µm using 
our homebuilt extrusion system. By coating the surface of 
33G fibrous Si asymmetric membrane with a thin layer of 
carbonaceous membrane (~ 2 µm thick) that does not contain 
any Si particles, excellent cyclability can be obtained, i.e., 
~ 90% initial capacity can be retained even after 300 cycles 
at 400 mA g−1 (Figs. 2h–j, 6).

3.2 � Characterization of fibrous Si asymmetric 
membranes

SEM images reveal that the type of polymer, Si concentra-
tion, and Si particle size can influence the porosity and pore 
morphology (Fig. 2). In general, fibrous membranes made 
from PS have larger finger-like pores and higher porosities 
as compared to the fibers made from PAN. It is well known 
that the type of polymer has a drastic impact on phase sepa-
ration kinetics (de-mixing process) and thereby result in a 
huge difference in porosity and pore morphology, which 
phenomenon has been well studied by membrane society 
[31, 32]. The quicker de-mixing kinetics in PS solution leads 
to the formation of larger finger-like voids [32–34]. Higher 
Si content and smaller Si particle can decrease membrane 
porosity and pore size (Fig. 2) because smaller Si particles 
may easily infiltrate into finger-like pores and thereby reduce 
the porosity and pore size. Such an argument is also corrobo-
rated by the fact that PAN/CB fibrous asymmetric membrane 
that does not contain Si particles are much more porous 
compared to PAN/Si membranes (S3 vs. Fig. 2g). Elemen-
tal mapping and EDS line scan (S4) confirm that silicon is 
uniformly distributed throughout the porous, carbonaceous 
matrix in fibrous membranes, thus benefiting uniform elec-
trode expansion and structural stability.

Si concentration in fibrous membranes can be quantified 
using a thermogravimetric analyzer that utilizes compressed 
air as the purging gas (Table 1 and S5; Si: 27–44 wt%) [22]. 
High content PS/Si 100 nm membrane has relatively low 
content of silicon compared to high content PAN/Si 100 nm 
membrane because the concentration of PAN in the slurry is 
only 5% while the concentration of PS is 10%. Notably, 5% 
PS solution tends to form droplets instead of fibrous mem-
branes because it is not viscous enough. Low content PAN/
Si 100 nm membrane has a lower Si concentration compared 
to high content PAN/Si 100 nm because their slurries have 
different CB:Si ratios (see experimental section). Carbon 
concentration in 33G low content co-axial PAN/Si 50 nm 
asymmetric membrane is slightly higher than that of 33G 
low content PAN/Si 50 nm membrane because the coating 
is composed of pure carbon without silicon (Figs. 2j and 
S4). Specific surface areas of different kinds of fibrous Si 
membranes are listed in Table 2. Carbonized membranes 
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Fig. 2   Scanning electron micro-
scope images of a 21G high 
content PS/Si 100 nm; b 21G 
high content PAN/Si 100 nm; c 
21G low content PS/Si 100 nm; 
d 21G low content PAN/Si 
100 nm; e 21G low content PS/
Si 50 nm; f 21G low content 
PAN/Si 50 nm; g 33G low 
content PAN/Si 50 nm, h 33G 
low content co-axial PAN/Si 
50 nm; i nanoporous surface of 
33G low content co-axial PAN/
Si 50 nm; and j cross-sectional 
EDS line scan of 33G low 
content co-axial PAN/Si 50 nm 
fibrous asymmetric membrane, 
indicating the presence of 
~ 2-µm-thick porous carbon 
coating on the core of fibrous Si 
asymmetric membrane
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made from PAN have much lower specific surface areas 
compared to the ones made from PS, which in fact is con-
sistent with SEM data (Fig. 2). Smaller Si (50 vs. 100 nm) 
particles can easily infiltrate into carbonaceous porous struc-
ture and thus reduce specific surface area (Fig. 2, Table 2). 
The specific surface area of 33G low content co-axial PAN/
Si 50 nm membrane (~ 86 m2 g−1) is larger than that of 33G 
low content PAN/Si 50 nm membrane (56 m2 g−1) because 
the highly porous carbonaceous membrane on the top sur-
face does not contain any Si nanoparticles which may block 
the pores and reduce the surface area (Table 2, S3, S4, and 
S6). Although the specific surface area of membranes made 
from PS is relatively high, the membranes are too fragile to 
survive the dip-coating process.

Raman spectra of various fibrous Si asymmetric mem-
branes are shown in Fig.  3. The peak centered around 
520 cm−1 can be attributed to Si NPs while carbon G and D 
peaks are located at ~ 1600 and 1350 cm−1, respectively [35, 
36]. Powder X-ray diffraction data confirm the presence of 
crystalline silicon in all kinds of fibrous Si asymmetric mem-
branes as evident by three intense peaks at 28.34°, 47.27°, 
and 56.06° (Fig. 4). The three intense peaks correspond to 
the diffractions from crystal planes of Si (111), (220), and 
(311), respectively (JCPDS No. 27-1402) [37]. There is also 
a small sharp peak around 26.5° for 33G low content PAN/
Si 50 nm, 33G low content co-axial PAN/Si 50 nm, and 33G 
PAN/CB membranes, which can be assigned to graphitic 
materials [38]. The same peak does not show up for other 
samples because PAN is relatively easier to form crystalline 
carbon after being treated at high temperatures as compared 
to PS [39]. In addition, lower concentration of silicon (impu-
rity) can benefit the formation of crystalline carbon [40, 41]. 
The oxidation states of Si in 33G low content PAN/Si 50 nm 
and 33G low content co-axial PAN/Si 50 nm membranes 
are identified using Si(2p) XPS spectra shown in Fig. 5a 
while their C (1 s) spectra are provided in Fig. 5b. The peaks 
centered at 99.2 and 103.2 eV can be assigned to elemental 
Si (0) and oxidized silicon (IV), respectively [42]. The peak 
ratio between Si (0) and Si(IV) does not change significantly 
before and after the coating (~ 1:1), indicating silicon NPs 
are chemically stable under our processing conditions, i.e., 
neither oxidized nor reduced significantly during the coat-
ing and following carbonization process. The mass ratios of 
Si to C were calculated to be 25:75 and 26:74 for 33G low 

content PAN/Si 50 nm and 33G low content co-axial PAN/
Si 50 nm membranes, respectively. Since XPS is a surface 
analytical instrument with a limited penetration depth, the 
mass ratios are quite different from the ones obtained from 
thermogravimetric analysis shown in Table 1. The lower Si-
to-C mass ratios calculated from XPS data imply that sili-
con nanoparticles are surface coated with carbon thin film, 
thereby benefiting the formation of stable solid electrolyte 
interphase [43].

3.3 � Electrochemical properties of fibrous Si 
asymmetric membranes as LIB anodes

33G low content co-axial PAN/Si 50 nm fibrous asymmetric 
membrane demonstrates the most outstanding electrochemi-
cal performance among eight types of membranes that are 
different in Si particle size, Si concentration, type of polymer, 
fiber thickness, and carbonaceous coating as shown in Fig. 6. 
The initial capacity loss of co-axial fibrous membrane elec-
trode calculated from the first formation cycle is only ~ 14% 
(see S7), implying that the unique structure can well with-
stand the large volume changes of active material, Si without 
significant electrode delamination and pulverization. The first 
de-lithiation capacity at a current density of 400 mA g−1 is 
as high as 1420 mAh g−1 or 20.5 mAh cm−2 (Fig. 6a). This 
capacity is based on the overall electrode mass including both 
silicon and carbon. After deducting the contribution from 
carbon (~ 66 wt%, ~ 280 mAh g−1 at 400 mA g−1; Table 1 and 
Fig. 6c), the specific capacity of Si in 33G co-axial fibrous 
asymmetric membrane was calculated to be 3650 mAh g−1 
which is very close to its theoretical capacity. The capacity 
drops to 1200 mAh g−1 or 17.3 mAh cm−2 in ten cycles and 
then remains highly stable until the end of cycling test with 
~ 90% capacity retention (10th vs. 300th; Fig. 6a). The initial 
capacity drop is probably due to the formation of SEI layer 
and fracturing of large particles from commercial Si. When 
the current density is increased from 50 to 800 mA g−1, the 
capacity is reduced by ~ 40%, which is still remarkable con-
sidering that the fiber is thicker than 200 µm (Figs. 2h, 6b). 
100th, 200th, and 300th cycles of co-axial fibrous membrane 
electrode have quite similar lithiation and de-lithiation volt-
age profiles (Fig. 6d), implying that a stable SEI layer has 
been formed and the unique porous structure is integral dur-
ing the cycling test. The de-lithiation overpotentials for 5th 

Table 1   Concentration of silicon and carbon in various types of fibrous Si asymmetric membranes

21G high 
content PS/Si 
100 nm

21G high 
content PAN/
Si 100 nm

21G low 
content PS/Si 
100 nm

21G low 
content PAN/
Si 100 nm

21G low 
content PS/Si 
50 nm

21G low 
content PAN/
Si 50 nm

33G low 
content PAN/
Si 50 nm

33G low content 
co-axial PAN/Si 
50 nm

Si wt% 35 44 27 33 28 35 39 34
C wt% 65 56 73 67 72 65 61 66
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and 10th cycles are slightly higher than other cycles because 
a stable SEI layer has not been fully developed yet. It is 
believed that such an excellent electrochemical performance 
originates from the unique structure of co-axial Si fibrous 
membrane. Firstly, the macroporous core can efficiently 
accommodate the large volume expansion of silicon dur-
ing its alloying with lithium. Secondly, the nanoporous skin 
can prohibit the fractured silicon particles from falling off 
the electrode to certain degree. Thirdly, the co-axial carbon 
coating can not only further reduce the loss of fractured Si 
particles but also benefit the formation of stable SEI layer. 
Additionally, the carbonaceous co-axial coating is electri-
cally conductive and highly porous, thus facilitating efficient 
transport of both electrons and lithium ions.

The cyclability of control sample, 33G PAN/CB is also 
outstanding as evident by no apparent capacity loss in 100 
cycles (Fig. 6c). However, its specific capacity is quite low, 
i.e., ~ 280 mAh g−1 at 400 mA g−1 because it is made of 
carbon only. Fibrous membrane thickness has been identified 
as the most dominating factor that can impact both initial 
capacity and cycling stability, dwarfing other factors such 
as the size of Si particle, type of polymer, concentration of 
Si. All fibers fabricated using 21G needle are characterized Ta
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by both low capacity and poor cyclability mainly due to its 
large thickness (~ 400 μm, Figs. 2, 6c). However, the fib-
ers made from PAN do have much higher initial capacity 
than those made from PS because PAN tends to form more 
crystalline graphitic materials after being carbonized, thus 

being more electrically conductive and mechanically robust 
[40, 44]. Reducing the concentration of Si in fibrous mem-
branes can improve its cycling stability to certain degree 
but not dramatically because lower Si content corresponds 
to smaller electrode volume expansion. The size of Si par-
ticles also has certain effect on the cyclability and initial 
capacity. For instance, 21G low content PAN/Si 50 nm has 
a higher initial capacity than that of 21G low content PAN/
Si 100 nm because the use of smaller Si particles can shorten 
lithium-ion diffusion length. It is well known that Si has a 
very low lithium-ion diffusion coefficient compared to com-
mercial graphite anode (DLi+ in bulk Si: ~ 3 × 10−14 cm2 s−1; 
DLi+ in 50 nm Si: ~ 5 × 10−12 cm2 s−1) [45]. The diffusion 
coefficient of lithium in 50 nm Si was calculated using its 
geometric area instead of the real contact area, resulting in 
a greater-than-real diffusivity as acknowledged by Chen and 
Lieberwirth et al. [45]. Furthermore, smaller Si particles are 
mechanically more robust as revealed by in situ TEM obser-
vations, thereby leading to an improved cyclability [46]. The 
fibrous membrane made using a smaller needle, 33G low 
content PAN/Si 50 nm has a much enhanced cycling stability 
compared to 21G low content PAN/Si 50 nm, 86% of whose 
initial capacity can be retained in 100 cycles (Fig. 6c). It was 
reported that very thick electrodes suffer from gigantic ionic 
and electrical resistance, as well as large electrode volume 
change, thus causing inferior electrochemical performance 
in general [47, 48]. In our case, fibrous membranes fabri-
cated using 21G needle (~ 400 µm) are nearly twice as thick 
as that of membranes prepared using 33G needle (~ 220 µm), 
which is the leading cause for the poor electrochemical per-
formance of 21G fibrous membrane electrodes.

33G low content co-axial PAN/Si 50 nm fibrous asymmet-
ric membrane electrode was also studied using cyclic vol-
tammetry shown in Fig. 7a. Open circuit potential is scanned 
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periodically down to 0.01 V and then back to 2.00 V using 5 
different rates (0.1, 0.2, 0.4, 0.8, and 1.6 mV/s in sequence). 
The broad cathodic peak ranging from 0.5 to 0.75 V in the 
1st cycle using a scan rate of 0.1 mV s−1 can be ascribed to 
electrolyte decomposition on the surface of membrane elec-
trode [29]. However, the intensity of the broad peak drasti-
cally decreases in the subsequent cycles (2nd to 5th) at the 
same scan rate, implying that SEI layer can be rapidly sta-
bilized in the unique co-axial fibrous membrane electrode. 
Another cathodic peak at ~ 0.1 V in the 1st cycle relates to 
the lithiation of crystalline silicon [37]. Two broad anodic 
peaks centered at ~ 0.35 and 0.55 V can be attributed to the 
de-lithiation of non-crystalline Si–Li alloy. It was reported 
that the lithiation process can cause amorphization of Si–Li 
alloy, which in turn lowers overpotential and enhance anodic 
currents in the subsequent cycles [49–51]. For example, the 
0.1 V cathodic peak in the 1st cycle is shifted to ~ 0.2 V in 
the subsequent scans at 0.1 mV/s, indicating that overpo-
tential is reduced after Si being amorphized. When the scan 
rate is increased from 0.1 to 1.6 mV/s, overpotentials for 
both lithiation and de-lithiation have been elevated, i.e., Si 
lithiation peak is decreased from 0.2 to 0.05 V while Si alloy 
de-lithiation peak is increased from 0.55 to 0.75 V. This fact 
is consistent with our rate test results (Fig. 6b) and related to 
the intrinsically low diffusion coefficient of lithium ions in 
Si as mentioned above. Assuming interfacial charge transfer 
is rapid and lithium diffusion is the rate limiting process, the 

diffusion coefficient of Li in co-axial PAN/Si 50 nm fibrous 
membrane electrode can be roughly estimated using the data 
shown in Fig. 7b and Randles–Sevcik equation as shown 
below:

where Ip is the cathodic peak current in amps corresponding 
to lithium insertion, n is the number of charges transferred, 
A is the surface area of 50 nm Si particles (25.3 m2 g−1 [52]) 
in cm2 that is equal to the product of BET surface area and 
electrode mass, CLi is the bulk concentration of lithium 
in mol cm−3, and v represents CV scan rate in V s−1. DLi 
in co-axial PAN/Si 50 nm electrode was calculated to be 
16.9 × 10−13 cm2 s−1 that is close to literature reported value 
as mentioned above [45, 53].

EIS spectra of fully de-lithiated (2.0 V) 33G low con-
tent co-axial PAN/Si 50 nm fibrous asymmetric membrane 
electrode at different cycles are shown in Fig. 7c. Ohmic 
internal resistance remains almost unchanged during the 
cycling test, implying that there is a good adhesion between 
fibrous membrane and copper current collector, and the 
fibrous membrane can efficiently accommodate the large 
volume expansion of silicon particles without significant 
electrode delamination. EIS spectra of the membrane elec-
trode at 100th, 200th, and 300th cycles are very similar to 
each other, indicating the formation of integral and stable 
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SEI layer throughout the 300 cycles. In contrast, the charge 
transfer resistance of the membrane electrode at the 1st 
cycle is about twice as much as that of other cycles because 
a stable SEI layer has not been fully developed yet and the 

native non-conductive layer on Si particle consisting of sili-
con oxide and silanol has not been efficiently broken down 
to lower charge transfer resistance [54]. The Nyquist plots 
were fitted using an equivalent circuit shown in Fig. 7c, 
where Rs is the total resistance of electrolyte, separator, 
and electrodes at the high frequency, Rct and RSEI repre-
sent the charge transfer, and interfacial SEI resistances at 
lower frequencies, CPE stands for the constant phase ele-
ment related to the double layer capacitance and Wd is the 
finite-length Warburg diffusion impedance [55]. The fitted 
data (S9) show that Rct stays around 200 ohms without 
much change during the cycling test. However, there is a 
significant reduction in RSEI between the 1st and 100th 
cycles (138 to 59 ohms). RSEI values at 100th, 200th, and 
300th cycles are very close to each, further confirming the 
formation of stable interfacial layer and being consistent 
with the cycling performance and SEM examinations (S8).

We also opened the cycled cell containing co-axial sili-
con fibrous asymmetric membrane for SEM imaging and 
elemental mapping (S8). No cracks were observed on the top 
surface of the fiber, indicating the formation of integral and 
stable SEI layer as the result of its unique co-axial asymmet-
ric porous structure that can efficiently withstand the large 
volume expansion of Si-based anodes.

4 � Conclusions

Eight types of fibrous Si asymmetric membranes have been 
prepared to explore the effects of Si particle size, Si con-
centration, type of polymer, fiber diameter, and co-axial 
coating on their electrochemical performance as lithium-
ion battery anode. In general, smaller Si particle, lower Si 
concentration, smaller fiber diameter, and co-axial coating 
can significantly enhance both capacity and cyclability. 
Membranes made using PAN demonstrate better electro-
chemical performance because carbonized PAN is not only 
mechanically strong but also electrically conductive. Co-
axial fibrous Si asymmetric membrane possesses the most 
outstanding cycling performance because of its unique 3-D, 
co-axial, porous structure that can efficiently accommodate 
large volume expansion, prohibit the loss of fractured Si 
particles, and facilitate the formation of stable SEI layer. The 
asymmetric membrane electrode can be fabricated continu-
ously at a high speed using an adapted method from water 
purification industry (hollow fiber membranes), thereby sig-
nificantly reducing the fabrication cost and increasing the 
commercialization potential of Si-based anodes.
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