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ABSTRACT: Mesoporous silicon nanofibers (m-SiNFs) have been ™"
fabricated using a simple and scalable method via electrospinning and
reduction with magnesium. The prepared m-SiNFs have a unique
structure in which clusters of the primary Si nanoparticles interconnect
to form a secondary three-dimensional mesoporous structure. Although
only a few nanosized primary Si particles lead to faster electronic and Li*
ion diffusion compared to tens of nanosized Si, the secondary nanofiber
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structure (a few micrometers in length) results in the uniform

distribution of the nanoparticles, allowing for the easy fabrication of electrodes. Moreover, these m-SiNFs exhibit impressive
electrochemical characteristics when used as the anode materials in lithium ion batteries (LIBs). These include a high reversible
capacity of 2846.7 mAh g™ at a current density of 0.1 A g, a stable capacity retention of 89.4% at a 1 C rate (2 A g™*) for 100
cycles, and a rate capability of 1214.0 mAh g~' (at 18 C rate for a discharge time of ~3 min).
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1. INTRODUCTION

For over a decade, lithium ion batteries (LIBs) have been the
preferred source of electric power for mobile devices such as
digital cameras, smart phones, and laptop computers. This is
owing to their high energy density per volume (volumetric) and
weight (gravimetric).' > However, the depletion of petroleum
resources coupled with regulations to reduce environmental
pollution has created a new demand for large-scale LIBs for
electrical vehicles (EVs)*® and for sustainable energy storage
systems (ESSs) to store energy from renewable sources (water,
sun, biomass, geothermal, and hydrogen) These large-scale
LIBs should ideally exhibit a variety of reversible capacities,
cyclabilities, and power capabilities to meet this demand.”””
Graphitic carbon has been widely used as a commercial
anode material because of its high coulombic efficiency and
superior cyclability.'”'" However, owing to its relatively low
theoretical capacity (372 mAh g™'), significant efforts have been
dedicated to finding high-capacity anode materials that exhibit
high efficiencies and long-term stability.”>'* Among the
various candidate materials, Si has been investigated extensively
because of its extremely high theoretical capacity (4200 mAh
g)."""" Nevertheless, the practical use of Si anodes is
hindered by the fact that the Si particles in the anodes undergo
pulverization accompanied by large volume changes (up to
300%) during cycling, resulting in electrically isolated and dead
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Si anodes. This is accompanied by the continuous growth of a
solid electrolyte interphase (SEI) layer on the newly exposed
surfaces of the Si anodes owing to electrolyte decomposi-
tion.">'®'? Various nanosized or nanostructured Si materials,
whose electrochemical performances are significantly better
than those of micrometer-sized Si materials,”® have been
proposed to address this problem.'”*'™** In particular,
nanoscaled Si structures such as nanowires,”' hollow nano-
particles,22 and nanotubes® can efficiently accommodate the
large strains and stresses that result from the Li—Si alloying
reaction. However, their synthesis methods have inherent
limitations, which prevent the commercial use of the thus-
synthesized Si anodes. For example, these processes are
complex and have low yields, and the synthesized anodes
exhibit low volumetric capacities owing to their packing
densities being low.****

Bao et al. employed a reduction process mvolvmg the use of
a silica template to produce porous Si*® Although various
previous studies have demonstrated mesoporous Si nano-
particles,”” hollow Si nanospheres,”® Si nanotubes,” and Si
nanowires®’ via the same process showing reliable electro-
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Figure 1. Schematic illustration showing the synthesis of mesoporous silicon nanofibers (m-SiNFs).

chemical performances as anode materials, the complicated
process for preparation of silica template or the use of the
expensive and toxic precursor, tetraethyl orthosilicate
(TEOS),*" hindered scaling up. Accompanying with an easier
and simpler pretreatment step, this method can be an attractive
approach to get nanostructured Si anodes. To achieve this goal,
here in, we describe a facile and environmentally benign
technique for synthesizing mesoporous Si nanofibers (m-
SiNFs) using an electrospinning method with a combination of
a reduction method. Well-ordered colloidal silica nanofibers
with aqueous polymer solutions were electrospun, and thereby,
the resulting fibers were thermally reduced with Mg powder.

2. EXPERIMENTAL SECTION

Materials. The materials employed, poly(acrylic acid) (PAA) (M,
=450000 g mol ™}, Aldrich), colloidal SiO, (average diameter = 7 nm,
Brunauer—Emmett—Teller or BET surface area = 350 m* g™, 30 wt %
suspension in water, Aldrich), Mg powder (98%, Aldrich), and
hydrochloric acid (Aldrich), were used as received without further
purification.

Fabrication of the m-SiNFs. One gram of the colloidal SiO,
solution was added into a 7.5 wt % aqueous PAA solution, and the
mixture was stirred for 2 h at room temperature. The PAA/SiO, ratio
was fixed at 1:1 by wt %. The resulting viscous solution was loaded
into a syringe with a metal nozzle and then electrospun using an
electrospinning system (NanoNC). The syringe pumping rate and the
voltage applied were controlled to be 1.0 cm® h™' and 12 kV,
respectively. The spun fibers were collected on the surface of a metal
drum rotating at 500 rpm. The PAA in the SiO,/PAA fibers was
removed by calcination at 500 °C for 1.5 h in air. The SiO, fibers were
then reduced by a magnesiothermic reaction. Specifically, 1 g of the
silica fibers and 1 g of the Mg powder were mixed and placed in a tube
furnace filled with Ar. The furnace was then heated to 650 °C at a rate
of 2 °C min™’; the furnace was maintained at this temperature for 2 h.
The MgO formed during the reduction process was removed by
etching with HCI for 6 h, and the etched sample was washed several
times with water and dried in vacuum at 60 °C overnight.

Characterization of the m-SiNFs. The surface morphologies of
the samples were examined using scanning electron microscopy
(SEM) (Sirion, FEI). High-resolution transmission electron micros-
copy (HRTEM) (JEM-2100F, JEOL, 200 kV) was used to determine
the interplanar distance of crystalline Si at high magnifications. X-ray
diffraction (XRD) analyses (D/MAX-2500, RIGAKU) were per-
formed to examine the crystal structures of the calcined SiO, fibers, as
well as those of the SiNFs both before and after etching with HCI. The
nitrogen adsorption and desorption isotherms of the SiO, fibers and
the m-SiNFs were attained using the BET method (Micrometrics,
ASAP2010) after degassing the samples at 110 °C for S h.

Electrochemical Tests. Electrodes were made using the m-SiNFs
or SiNPs (the active material), Super P carbon black, and PAA (the

binder) in a weight ratio of 60:20:20. The mass loadings of Si were
0.4—0.6 mg cm ™, and the electrode density was controlled to be 0.6 g
cm™. These electrodes were then used in 2032 coin-type half cells,
whose potential profiles, cyclabilities, and rates were determined. The
2032 coin-type half cells were assembled in an Ar-filled glovebox and
consisted of the active electrodes, which were placed on copper foil, Li
metal counter electrodes, and a polypropylene separator (Celgard),
which was soaked with the electrolyte (a 1 M solution of LiPF in
ethylene carbonate/diethyl carbonate or EC/DEC (50/50 by vol %)
containing S wt % fluoroethylene carbonate, PANAX ETEC). The
assembled cells were cycled at current rates ranging from 100 mA g™'
to 80 A g~' over potentials of 0.005—1.5 V (vs Li/Li*) using a WBCS
3000 battery tester (Wonatech) at 25 °C.

3. RESULTS AND DISCUSSIONS

Figure 1 shows the scheme for the fabrication steps as well as
the proposed morphologies of the corresponding steps.
Electrospinning is an effective, simple, and scalable method
for obtaining nanostructures including polymeric,* inorganic,*
and composite®® one-dimensional (1D) nanofibers and three-
dimensional (3D) porous nanofibers for various types of energy
devices.>**® An aqueous solution containing polyacrylic acid
(PAA) and colloidal silica nanoparticles was electrospun to
form submicrometer-sized SiO, fibers, which had the
appearance of the strands of a nonwoven mat (Figure Sla,
Supporting Information). The water-soluble PAA polymer acts
as a template material and homogeneously blends with the
colloidal silica nanoparticles. This polymer template is then
removed thermally by heating the fibers at 500 °C for 1.5 h; the
process does not affect the morBhology of the fibers (Figure
S1b, Supporting Information).”” Then, the prepared SiO,
nanofibers are mixed with Mg powder and heated up to 650
°C for 2 h in an argon flow, producing Si and MgO. Finally, the
reduced MgO is removed by etching with a hydrochloric acid
solution (Figure Slc, Supporting Information).*® Using this
procedure, we could fabricate 3D mesoporous silicon nano-
fibers (m-SiNFs). Well-ordered colloidal silica was chosen as
the silicon source because of its small size and large surface area
(average particle size & 7 nm; surface area &~ 350 m* g™'); these
readily allow magnesium gases to penetrate into the fibers,
resulting in the magnesiothermic reaction to form Si nano-
crystals with no byproducts, such as Mg,Si and Mg,SiO,, being
produced.®® The prepared m-SiNFs have a unique structure:
the primary Si nanoparticles interconnect and form secondary
3D mesoporous nanofibers. Although the nanosized primary
particles lead to rapid electronic and ionic diffusion,'”*"** the
structure of the secondary nanofibers (a few micrometers in
length) permits the uniform distribution of nanoparticles, thus
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allowing for the easy fabrication of electrodes; these issues have
been the main barriers to the commercialization of LIBs based
on nanostructured Si materials.***°

The morphologies of the as-prepared electrospun PAA/SiO,,
calcined SiO,, and reduced Si nanofibers were confirmed using
field emission scanning electron microscopy (FESEM), trans-
mission electron microscopy (TEM), and high-resolution TEM
(HRTEM) (Figure 2). The morphologies of the electrospun

Figure 2. SEM images of the (a) electrospun PAA/SiO, nanofibers,
(b) SiO, nanofibers after being calcined, and (c) and (d) m-SiNFs
after the Mg reduction and HCl etching processes. TEM images of (e)
an m-SiNF and (f) an HRTEM image of an m-SiNF.

PAA/SiO, and calcined SiO, nanofibers were almost similar,
and they had a diameter of approximately 200 nm. The Si
nanofibers formed after the completion of the magnesiothermic
reaction, and the etching process also had a similar morphology
and diameter; the only exception was that the size of their pores
was greater than that of the parent SiO, nanofibers (Figure 2e).
As can be seen from a HRTEM image (Figure 2f) of an m-
SiNF, the interplanar distance was approximately 0.31 nm; this
corresponded to the crystalline Si (111) plane.”® In addition,
the Si of the m-SiNFs was identified to be purely crystalline in
nature. The crystal structure of the synthesized m-SiNFs was
further studied using powder X-ray diffraction (XRD) analysis.
Figure 3a shows the XRD patterns of the as-prepared calcined
SiO,, magnesiothermically reduced Si, and chemically etched Si
nanofibers. The XRD pattern for the calcined SiO, nanofibers
exhibited a broad peak at approximately 23°; this was indicative
of the presence of an amorphous phase of SiO,. After the Mg-
based reduction reaction, peaks attributable to MgO (JCPDS,
No. 00-045-0946) and Si (JCPDS, No. 00-027-1402) were
detected, and the broad SiO, peak disappeared from the XRD
spectrum, indicating that all of the SiO, was effectively reduced
to Si. The pattern for the prepared m-SiNFs exhibited
diffraction peaks at 28.3°, 47.2° $56.1°, 69.2°, and 76.5°
which corresponded to the (111), (220), (311), (400), and
(331) lattice orientations of Si crystals,>”*" respectively. These
results suggested that the synthesized m-SiNFs were free of
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Figure 3. (a) XRD pattern of the calcined SiO, nanofibers and those
of the m-SiNFs before and after being etched with HCL. (b) BJH pore
diameter distributions of the calcined SiO, nanofibers and the m-
SiNFs after etching with HCL

impurities such as Mg,Si or Mg,SiO,, which are hard to remove
by etching with HCI. Previous studies have reported that these
impurities are inevitably produced when vaporized Mg cannot
adequately infiltrate into the nanofibers.® This clearly indicates
that our method provides colloidal silica nanoparticles with
well-ordered large surface area porous structures and enables
vaporized Mg to infiltrate readily. As a result, no undesirable
byproducts, such as Mg,Si and Mg,SiO,, are produced.
Further investigation of the pore structure of calcined SiO,
nanofibers and the m-SiNFs etched with HCI were conducted
using nitrogen adsorption/desorption isotherms (Figure S2,
Supporting Information) and Barrett—Joyner—Halenda (BJH)
pore diameter distributions (Figure 3b). The isotherms of both
types of fibers exhibited hysteresis at high relative pressures,
and this reflects the evidence of their mesoporous structures.*'
The specific surface areas of the porous calcined SiO,
nanofibers and the m-SiNFs were 202.6 and 160.3 m? g_l,
respectively. In addition, the pore size distributions of the
nanofibers, determined via BJH analyses suggested that the
average pore diameters of the SiO, nanofibers and the m-SiNFs
were 9.14 and 12.95 nm, respectively. Higher surface areas of
the m-SiNFs (and their pore diameters were lower) compared
to that of the SiO, nanofibers ascribes to the changes in their
pore structure caused by the Mg reduction and MgO etching
processes.”” The presence of mesopores in the anodes of LIBs
may allow for easier penetration of the electrolyte, thus
improving accessibility for the Li* ions. Such anodes can also
accommodate the severe volume changes during battery
operations.*” Therefore, m-SiNFs with a 3D mesoporous and
interconnected structure can be expected to show desirable
electrochemical properties as anode materials for LIBs.

dx.doi.org/10.1021/am403798a | ACS Appl. Mater. Interfaces 2013, 5, 1200512010



ACS Applied Materials & Interfaces

Research Article

A B
2.0 3000
— m-SiNFs ' 100 g)
S — SiNPs —~ 2500 | lgp €
. 15‘ D) g
2 < 2000 8 L g0 T
3 1% cycle @ 100 mA g < 2 2000 mAg 8 =
8 104 3. 1500 L70 0
8 s =l
= & 1000 L60 =
l9]
o 0.5 4 ] . <
5 (&) 500 + - m-SiNFs 50 ~
a v= SiNPs S
0.0 T T — 0+ T T T T T 40
0 1000 2000 3000 4000 0 50 100 150 200 250 300
c Capacity (mAh g”) Cycle numbers
3000
05A/g 1A/lg  2A/g  3A/g  4A/g  SA/g  BA/g BA/g 10A/g 12A/g 16A/g 20A/g 24A/g 36A/g 80A/g 0.5A/g
2500 - ®eese
=
2 2000 aoacy
<
E 1500
2z coaco
S 1000
3
O 500 - 8089
0 T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Cycle numbers

Figure 4. (a) Potential profiles of unit cells fabricated using SiNPs and

the m-SiNFs during the first cycle at 0.1 A g/, (b) cycling performances and

coulombic efficiencies of the unit cells fabricated using SiNPs and the m-SiNFs at 2 A g™', and (c) rate capability of the m-SiNF electrode measured

at a series of current rates.

The electrochemical performance of the m-SiNFs was
investigated using 2032 coin-type half cells, which employed
counter electrodes made of Li metal. In addition, for the
purpose of further elucidating the effect of the mesoporous
structure of the m-SiNFs on their performance, pore-free
anodes of commercial silicon nanoparticles (SiNPs) (particles
<100 nm in diameter), the morphologies of these anodes were
also confirmed using scanning electron microscopy (SEM) and
TEM (Figure S3, Supporting Information), were also prepared
and evaluated under the same conditions. The potential profiles
of the unit cells fabricated using the m-SiNFs and SiNPs are
shown in Figure 4a; these were determined at a current rate of
C/20 (100 mA g~") over voltages ranging from 0.00S to 1.5 V
(vs Li/Li*). Both cell types (m-SiNFs and SiNPs) exhibited
characteristic plateaus associated with the lithiation and
delithiation of crystalline Si at ~0.1 and ~0.4 V, respectively.
These were consistent with the results of previous studies on
Si-based anode materials.”>*" The initial discharge capacities
were 2846.7 and 2576.9 mAh g~' for the cells based on the m-
SiNFs and SiNPs, respectively; the corresponding initial
coulombic efficiencies (ICE) were 74.5 and 74.9%, respectively.
An interesting point to note is that the ICE of the unit cell
based on the m-SiNFs was very similar to that of the cell based
on SiNPs; this implies the absence of byproducts such as
Mg,SiO, and residual SiO, in the m-SiNFs. Previous studies
have reported ICEs of only approximately 60% for mesoporous
Si materials obtained from magnesiothermic reduction
processes.>®” This was because the byproducts and the
residual SiO, remained within the mesoporous Si nanostruc-
tures and irreversibly reacted with Li" jons during the first
charging process.*> Moreover, the reversible capacity of the unit
cell based on the m-SiNFs was higher than that of the cell based
on SiNPs, which is attributed to the unique 3D mesoporous

structure of the m-SiNFs that allows for efficient lithiation and
delithiation, even at low current densities.

In addition, the cell based on the m-SiNFs exhibited superior
cycling performance compared to that of the cell based on
SiNPs at 1 C rate (2000 mA g~') (Figure 4b). The unit cell
based on SiNPs exhibited rapid capacity fading after 100 cycles
(59.1% of its initial capacity, which was 11254 mAh g™'), and
its average coulombic efficiency (CE) was 94.6%. These results
indicate that commercial SiNPs do not exhibit sufficiently high
cyclability as an anode material for LIBs. It is likely that the
absence of voids in the electrodes fabricated from SiNPs causes
a loss in electrical contact among the particles. This, in addition
to the pulverization of the SiNPs, is the main cause of the
inferior capacity retention and poor CE."” In contrast, the cells
based on the m-SiNFs exhibited a discharge capacity of
approximately 2000 mAh g~', retaining 89.4% of its initial
discharge capacity after 100 cycles and 70.0% after 300 cycles
(1363.4 mAh g™ "). The reversible volumetric capacity of the m-
SiNFs was 1200 mAh cm?®, which is approximately 2.4 times
larger than that of commercial graphitic carbon anodes (ca. S00
mAh cm?®). The electrode density of the m-SiNFs is 0.6 g cm™
(mass loading of m-SiNFs, 0.6 mg cm™%; electrode thickness, 10
um). Moreover, its average CE was 99.8% for up to 100 cycles;
this value was comparable to those of commercial graphitic
carbons.

The cells based on the m-SiNFs also exhibited excellent rate
capabilities for current densities ranging from 0.5 to 80 A g™
(Figures 4c and S4 (Supporting Information)). Even when the
current rate was increased 72-fold, from 0.5 to 36 A g, the
rate capability of the cells remained as high as 1214.0 mAh g™
for a discharge time as short as ~3 min. In addition, as the
current density was lowered to 0.5 A g™, the cells recovered
80.8% of its original capacity (2064.0 mAh g~'). Because
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Figure 5. SEM images of the m-SiNF electrode (a) before cycling and (b) after 300 cycles.

loading mass plays a crucial role in determining cell
performances and rate capabilities of the unit cells, it was not
possible to precisely compare the cell performances of each
group. However, compared with various Si anode materials
introduced in previous studies, the m-SiNFs are not only easily
synthesized via scalable method but also show excellent rate
capability (Table S1, Supporting Information). The superior
electrochemical characteristics including high reversible ca-
pacity, capacity retention, CE during cycling, and rate
capability, exhibited by the unit cells based on the m-SiNFs
are evidence of the positive effects of the mesoporous and
bicontinuous structure composed of nanosized primary Si
particles of the synthesized m-SiNFs on LIB performance.
Finally, to determine whether the morphology of the m-
SiNFs was preserved after battery cycling, the cells based on the
m-SiNFs were disassembled, and the anode was examined
(Figure S). The SEM images of the anode indicated that the
overall fibrous structure of the m-SiNFs remained unaffected;
however, the diameter of the fibers increased from 250 to 350
nm, owing to the change in the volume of the fibers during
repeated cycling. This stability of the morphology indicated
that the porous m-SiNFs allowed excellent pathways for the
electrolyte in spite of the large changes in their volume.

4. CONCLUSION

In summary, we successfully prepared 3D mesoporous silicon
nanofibers using a simple technique involving electrospinning
and the magnesiothermic reduction of silica. These m-SiNFs
exhibited highly desirable electrochemical characteristics for use
as an anode material for LIBs. The cells fabricated using these
m-SiNFs showed a reversible capacity as high as 2846.7 mAh
g ! at a current density of 0.1 A g~". It also exhibited a stable
capacity retention of 89.4% at a 1 C rate (2 A g') over 100
cycles and a rate capability of up to 36 A g~' (1214.0 mAh g™ ").
These electrochemical properties of the m-SiNFs can be
attributed to the fact that their constituent Si nanoparticles
form mesoporous and interconnected nanostructures that
permit the fibers to not only accommodate large changes in
volume during battery operation but also allow Li" ion greater
access. Moreover, given the scalable and facile nature of the
synthesis procedure, these m-SiNFs can be exploited
commercially as an anode material for LIBs.
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