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ABSTRACT: This study demonstrates the full infiltration of gel polymer
electrolyte into silicon-coated vertically aligned carbon nanofibers (Si-
VACNFs), a high-capacity 3D nanostructured anode, and the electro-
chemical characterization of its properties as an effective electrolyte/
separator for future all-solid-state lithium-ion batteries. Two fabrication
methods have been employed to form a stable interface between the gel
polymer electrolyte and the Si-VACNF anode. In the first method, the
drop-casted gel polymer electrolyte is able to fully infiltrate into the open
space between the vertically aligned core−shell nanofibers and
encapsulate/stabilize each individual nanofiber in the polymer matrix.
The 3D nanostructured Si-VACNF anode shows a very high capacity of
3450 mAh g−1 at C/10.5 (or 0.36 A g−1) rate and 1732 mAh g−1 at 1C (or 3.8 A g−1) rate. In the second method, a preformed gel
electrolyte film is sandwiched between an Si-VACNF electrode and a Li foil to form a half-cell. Most of the vertical core−shell
nanofibers of the Si-VACNF anode are able to penetrate into the gel polymer film while retaining their structural integrity. The
slightly lower capacity of 2800 mAh g−1 at C/11 rate and ∼1070 mAh g−1 at C/1.5 (or 2.6 A g−1) rate have been obtained, with
almost no capacity fade for up to 100 cycles. Electrochemical impedance spectroscopy does not show noticeable changes after
110 cycles, further revealing the stable interface between the gel polymer electrolyte and the Si-VACNFs anode. These results
show that the infiltrated flexible gel polymer electrolyte can effectively accommodate the stress/strain of the Si shell due to the
large volume expansion/contraction during the charge−discharge processes, which is particularly useful for developing future
flexible solid-state lithium-ion batteries incorporating Si-anodes.

KEYWORDS: 3D silicon anodes, gel polymer electrolyte, solid-state lithium ion battery,
silicon-coated vertically aligned carbon nanofibers, polymer infiltration, electrochemical impedance spectroscopy

■ INTRODUCTION

Lithium-ion batteries (LIBs) are widely used for powering
today’s portable electronics, and development is underway for
supporting future hybrid electric vehicles.1,2 The emerging
markets of electric vehicles (EVs) demand LIBs with higher
energy and power densities as well as long cycle life.1 While
extensive research efforts have been placed on developing high-
energy and high-power electrode materials, the increasing
attention toward safety and the hazards of flammable organic
solvents used in commercial LIBs has directed research
focusing on components with better safety and stability
properties.3 The development of solid-state batteries that
employ polymer electrolytes may be a viable solution.4 Solid
polymer electrolytes (SPEs) have shown great potential to
suppress the risks of thermal runaway in Li-ion or Li
batteries.2,4−6 However, the limited ionic conductivity (10−5−

10−6 S cm−1 at ambient temperatures), difficulties in infiltrating
into electrodes, and high interfacial resistance due to poor
contact and wetting of SPEs on common composite electrodes
prevented their implementation at the device level.4−6 To
obtain a good rate capability, long-term stability and cycling
ability, alternative polymer electrolyte should possess high ionic
conductivity along with sufficient cationic diffusion and stable
electrode/electrolyte interfaces to achieve fast charge−
discharge and long cycle life.3 Within this context, gel polymer
electrolytes (GPEs) have been considered as promising
alternative to SPEs.4 GPEs using polymer network as matrix
to immobilize the liquid components have higher ionic
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conductivity than that of intrinsic SPEs and higher stability than
electrolyte solutions. Various polymer materials such as
poly(methyl methacrylate) (PMMA),7,8 poly(vinylidene fluo-
ride-hexafluoropropylene) (PVdF-HFP),8,9 and so on have
been applied as polymer matrix in GPEs for LIBs.
The development of high capacity anode to replace carbon-

based materials, commonly used for commercial LIBs, is
another active research area for high-performance LIBs. Li-
alloying anodes (Si, Sn, Ge, etc.) have much higher Li storage
capacity than commercial carbon-based anodes (372 mAh
g−1).10−15 Among them, Silicon (Si) has been identified as one
of the best candidates. Si has a high theoretical specific capacity
of 4200 mAh g−1, a very low lithiation potential <0.5 V vs Li/
Li+, and is naturally abundant and environmentally benign.12,16

Moreover, Si also has a large volumetric capacity of 8322 mAh
cm−3.17,18 In the amorphous state, Si has a maximum obtainable
capacity of ∼3800 mAh g−1 at room temperature, which is ten
times higher than that of conventional graphite anodes.16

However, Li−Si alloying during charging causes up to 320%
volume expansion in the anode and hence induces severe
anisotropic stress, leading to particle pulverization, solid
electrolyte interphase (SEI) destabilization, and consequently
fast capacity fading in only tens of cycles.16,19 Various
nanostructured Si materials including nanoparticles, nanowires,
hollow spheres, egg yolk, etc. have been prepared to reduce the
internal stress and to make use of their large specific surface
area and short Li+ diffusion length in solids.10,20−22 Hybrid
core−shell nanofibers utilizing a highly conductive and stable
nanofiber core to support a coaxial Si shell has also been
demonstrated with the capability to further improve the power
rate while maintaining the high capacity and good cycle
stability.23−27

It is of great interest to combine the GPEs with high-
performance 3D nanostructured Si anodes, particularly for the
development of flexible thin-film batteries.28 However, the
progress in this area is hindered so far by the persistent
challenges in infiltrating polymer electrolytes into the interior
surface of the 3D nanostructured electrodes and maintaining
good electrical contact between polymer electrolytes and the
surface of active Si materials during charge−discharge.28,29 To
address these problems, several attempts have been made with
two efforts: (1) using the fluidic characteristics of GPEs at their
initial liquid states to form good contact with the electrodes and
(2) using vertical 3D Si electrodes to allow easier electrolyte
access. Kil et al. demonstrated highly ion-conductive, bendable
polymer electrolytes that are conformable to a 40 nm Si thin
film coated on an array of Cu micropillars (18 μm in height and
∼153 μm in diameter).29 However, the cycling performance of
the half-cell (Si anode/gel electrolyte/Li) was poor, and the
extract capacity quickly decreased from ∼1100 mAh g−1

(relative to Si mass) in the second cycle to ∼650 mAh g−1 in
the 10th cycle. Vlad et al. demonstrated that GPE can even
effectively infiltrate into the space between vertically aligned Si
nanowires to form a composite membrane with a more
meaningful Si mass loading that can be peeled off from the
supporting Si substrate.30 A properly connected half-cell
demonstrated a relatively high specific capacity of ∼2000
mAh g−1 (relative to Si mass) at C/20 rate with little capacity
decay over 50 cycles, but dropping to ∼1000 mAh g−1 at 1C
rate.30 They further built a flexible roll-up full battery by casting
LiCoO2 slurry on such free-standing Si nanowire-embedded
GPE membrane as the anode.

Recently, we reported that high specific capacity over ∼3000
mAh g−1 at 1C over 500 cycles can be obtained in volatile
conventional liquid electrolyte with a Si LIB anode in a unique
vertical 3D architecture, i.e., a nanostructured coaxial Si shell
coated on vertically aligned carbon nanofibers (VACNFs).31,32

This vertical 3D architecture was fabricated on a Cu foil and
can be flexibly bended without structural degradation. In this
study, this Si-coated VACNF anode is coupled with a self-
standing, bendable, solid-like, flexible GPE and characterized
toward the development of flexible solid-state LIBs. The
employed GPE has a high conductivity of ∼2.2 × 10−3 S cm−1,
sufficient cationic transference number, and good thermal and
mechanical stabilities, which can infiltrate into the high-capacity
3D-nanostructured silicon anode to form a stable electrode−
electrolyte interface. The infiltrated gel electrolyte is able to
effectively accommodate the stress/strain due to the very large
Si volume change (up to 400%) during charge−discharge which
has been a critical limiting factor for Si anodes. The Si-VACNFs
electrodes show high specific capacity, good rate performance,
and long cycling stability in such a solid-like, flexible GPE.

■ EXPERIMENTAL SECTION
Preparation of Gel Polymer Electrolyte. The copolymer,

poly(vinylidene fluoride-hexafluoropropylene) (PVdF-HFP; MW ≈
400 000), ethylene carbonate (EC, > 99%), dimethyl carbonate
(DMC, anhydrous, > 99%), and lithium bis(trifluoromethane)
sulfonimide (LiTFSI, 99.95%) were obtained from Sigma-Aldrich
and used without further purification. The intermediate solvent
tetrahydrofuran (THF, analytical grade) was purchased from Fisher
Scientific, U.S.A. The electrolyte solution was prepared by dissolving
LiTFSI in the binary solvent system of EC and DMC, where the salt
concentration and mixing ratio of EC and DMC were kept 1.0 M salt
and 1:1 (w/w) of EC/DMC, respectively. The gel polymer electrolyte
was prepared by a solution casting method.33 The host polymer PVdF-
HFP was separately dissolved in THF by magnetic stirring at ∼60 °C
and an appropriate amount of liquid electrolyte was mixed in this
solution. The resulting mixture was stirred for 12 h to form
homogeneous solution and then poured into glass Petri dishes and
allowed the intermediate solvent, THF, to evaporate to obtain a self-
standing solid, flexible, gel electrolyte film of thickness ∼0.3 mm
(Figure 1, parts a and b). The mass ratio of polymer to the LiTFSI
solution was about 1:6 in the resulting gel used to characterize Si-
coated VACNFs anode. The gel electrolyte films of other ratios (1:3,
1:4, and 1:5) were also prepared to measure conductivity and Li+

transport number for comparison. The viscous solution of gel polymer
electrolyte (in THF) was also used to fabricate cells with Si-coated
VACNFs anodes. The whole preparation process was performed in an
argon-filled glovebox (MBraun LabStar50, Stratham, NH, U.S.A.).

VACNF Growth and Si Sputtering. Pure copper foils (84 μm,
Copper 102, Hamilton Precision Metals, PA) were coated with a 300
nm thick chromium layer, followed by a 30 nm nickel catalyst layer
using a high-vacuum PerkinElmer 4400 series magnetron sputtering
system at the UHV Sputtering Inc. (Morgan Hill, CA). The Cr/Ni
coated Cu sheets were then cut into ∼18 mm diameter disks for
VACNFs growth using a DC-biased plasma enhanced chemical vapor
deposition (PECVD) system (AIXTRON, CA) following a procedure
reported in the literature.34−36 First, a pretreatment procedure was
applied by thermally heating the substrate to 500 °C in 250 sccm NH3
at a pressure of 3.9 Torr, followed with a 40 W plasma treatment for
60 s. The combined effects of thermal dewetting and NH3 plasma
etching broke down the Ni film into randomly distributed nano-
particles that catalyzed the growth of VACNFs in a tip growth
mode.34,35 The diameter and areal density of the VACNFs were
determined by these Ni nanoparticles. Following the pretreatment, a
mixture of acetylene and NH3 was introduced as the precursor at 750
°C and a pressure of 4.6 Torr. The NH3 flow was controlled at a rate
of 250 sccm, and the acetylene was operated at 70 sccm for this
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experiment. The plasma power was kept at 45 W for 30 min to grow
∼5.0 μm long VACNFs. VACNFs have an average diameter of 150 nm
and an areal density of ∼1.1 × 109 CNFs cm−2. Pure silicon (Si) was
deposited on VACNFs to form the VACNF-Si core−shell nanowire
arrays by high vacuum magnetron sputtering under a processing
pressure of ∼8 mTorr (adjusted with a flux of ultrapure argon) at a
deposition rate of 30 nm per min in two different thickness at UHV
Sputtering Inc. The nominal thicknesses of Si (equivalent to the film
thickness on a flat surface) were measured as ∼0.456 and 1.50 μm in
situ, respectively, using a quartz crystal microbalance (QCM) and
validated by scanning electron microscopy (SEM) measurements of a
silicon wafer placed beside the Cu substrate.31

Cell Assembly and Electrochemical Measurements. To
evaluate the electrochemical performance of the VACNF-Si core−
shell nanowire array anode (two different Si thickness) with gel
polymer electrolyte, half cells were assembled into stainless steel coin
cells (CR2032-type) in a glovebox containing less than 0.5 ppm of
H2O or O2. The gel electrolyte was incorporated with two different
processes. In the first process, the viscous solution of gel polymer
electrolyte (in THF) was drop-casted over Si-coated VACNF anodes
and then allowed THF to evaporate completely. After 2−3 layers of
electrolyte coating, the anode was placed in the coin cell case, and an
Li-disc (16 mm, as counter and reference electrode) was placed over it
to complete the cell assembly. In the second process, the coin cell was
fabricated by sandwiching a solid, flexible, self-standing gel film
(punched into 18 mm diameter) between an Si-coated VACNF
electrode and an Li-disc (Figure 1c).
Galvanostatic charge−discharge cycling was performed at room

temperature and operated at voltages of 0.05−1.5 V versus Li/Li+

using an MTI 8 channel battery analyzer (MTI Corporation,
Richmond, CA). The gravimetric capacity was calculated by dividing
only the mass of Si over the electrode surface, which was calculated
from the nominal thickness (0.456 and 1.50 μm) measured by SEM at
the cleaved cross-section of a reference Si wafer and the density of
sputtered silicon (2.33 g cm−3). In a previous report,31 it was
demonstrated that the total Li+ storage capacity of Si-coated VACNFs
with 500 nm nominal Si thickness is about 10 times of that of bare
VACNFs. In addition, the low potential limit for Li insertion cycle was
increased from 0.001 to 0.05 V which further reduce the Li
intercalation into VACNF core. Therefore, in such core−shell

structure, >95% of the capacity was from the active Si-shell and,
hence, the capacity was calculated by taking only the mass of silicon. It
also provides a direct comparison with literature for better
understanding whether the full theoretical capacity of Si has been
utilized. Cyclic voltammetry (CV) was performed in the potential
range of 0.05−1.5 V versus Li/Li+ at different scan rates 0.1, 0.25, and
1 mV s−1 (three cycles at each rate) after initial 4 charge−discharge
cycles (2 cycles at 37.5 μA cm−2, and 2 cycles at 75 μA cm−2). AC
impedance spectroscopy was performed using a CHI 760D electro-
chemical workstation with a 10 mV AC potential over a frequency
range from 100 kHz to 0.01 Hz at different insertion potential (0.55 to
0.05 V versus Li/Li+). Both the as-prepared electrodes and those
disassembled from the coin-cells after half-cell tests were stored and
transferred in air before inspection with SEM (FEI Nova NanoSEM
430, 3.5 kV).

■ RESULTS AND DISCUSSION
Gel Electrolyte: Conductivity, Stability Window and

Li-Ion Transference Number. As described in the Exper-
imental Section, the PVdF-HFP based membranes were
swollen with an organic electrolyte made of a solution of
LiTFSI in EC/DMC. The primary goal is to prepare a GPE film
in such a composition that it can be used as electrolyte and
separator to characterize the Si-coated VACNF core−shell
nanowire array electrodes while maintaining vertically aligned
structure during cell operation. The copolymer PVdF-HFP can
retain a high amount of liquid electrolyte (up to 1:6 ratio) while
displaying highly flexible, stretchable, self-standing, nonbrittle
GPE film with the desired mechanical stability, which is an
important requirement for their application as electrolyte/
separator in nanostructured 3D LIBs. Figure 1, parts a and b,
shows two representative photographs of the GPE films,
demonstrating their transparent, self-standing, stretchable
properties.
For the applications as an electrolyte/separator in LIBs, the

gel film needs to have a high ionic conductivity, which strongly
depends on the polymer to liquid electrolyte ratio. Therefore,
the conductivity of the GPE is first investigated as a function of
the polymer and liquid electrolyte fraction. It can be seen from
Table 1 that the conductivity increases with increasing content

of liquid electrolyte, and a conductivity of ∼2.2 × 10−3 S cm−1

can be achieved for the gel film consisting of 1:6 polymer to
liquid electrolyte weight ratio. The increase of conductivity with
the liquid electrolyte content can be explained by the higher salt
concentration in the gel film and higher amount of solvent
molecules (EC and DMC), which allow a higher mobility of Li+

ions.
Figure 2a shows the temperature dependence of the electrical

conductivity of the gel polymer electrolyte (1:6 ratio) in the
temperature range from 60 to −40 °C in the first three heating/
cooling cycles. For the first heating cycle (marked as 1 in Figure

Figure 1. (a, b) Optical images of the flexible gel polymer electrolyte
film with good mechanical stability that can be easily bent or stretched.
(c) Schematic illustration of the Si-VACNF half-cell with the gel
electrolyte film.

Table 1. Room Temperature Conductivity and Li-Ion
Transference Number for Different Compositions of Gel
Polymer Electrolytes

gel electrolyte composition: conductivity
Li-ion transport

number

PVdF-HFP: 1 M LiTFSI in EC/DMC
(w/w) (S cm−1) (TLi

+)

1:3 1.4 × 10−4

1:4 6.4 × 10−4 0.46
1:5 1.6 × 10−3 0.45
1:6 2.2 × 10−3 0.41
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2a), the conductivity increases slightly in the temperature range
of 20 to 60 °C, while the conductivity in the cooling cycle
(marked as 2 in Figure 2a) first slowly decreases as the
temperature is lowered from 60 °C to −25 °C and then
suddenly drops by several orders of magnitude as the
temperature goes below −25 °C, which confirms that solvent
molecules (EC and DMC) in the polymer matrix were frozen
completely. In the heating cycle from −40 °C, the gel film
shows almost 1 order of magnitude less conductivity than in the
cooling cycle, which quickly increases at above room
temperature and matches the value in the first heating cycle
at around 50 °C. This conductivity measurement shows that
the gel can be used in the temperature range between 60 to
−20 °C. In this temperature range, the log σ vs 1/T plot shows
a nonlinear behavior (first cooling in Figure 2), which follows
the non-Arrhenius Vogel-Tammen-Fulcher (VTF) equation:

σ = −
−

−
⎛
⎝⎜

⎞
⎠⎟T AT

B
T T

( ) exp1/2

0 (1)

where, A is the pre-exponential factor, T0 is the equilibrium
glass transition temperature which is usually close to the Tg
values, and B is a pseudoactivation energy which is associated
with the critical free volume for the charge-carriers motion.
VTF eq 1 is a phenomenological way to interpret ion transport
data in amorphous polymer electrolyte above the glass
transition.37 The temperature dependent on conductivity
measurement shows that gel electrolyte exhibits ionic
conductivity of ∼3 × 10−3 S cm−1 at 60 °C and ∼2 × 10−4 S
cm−1 at −20 °C, defining the applicable temperature range in
the LIBs. Figure 2b shows the linear sweep voltammetry curve
of the GPE of 1:6 ratio. The potential of the working electrode
was scanned at 2 mV s−1 from 0 to 5.5 V vs Li/Li+. The
electrolyte is clearly stable up to 4.7 V, which is acceptable for
high voltage LIB applications. Only a small reduction current is
observed at 0, likely due to electroplating of Li. Setting the low
potential limit at 0.05 V can largely avoid this.
The differential scanning calorimetry (DSC) and thermog-

ravimetric analysis (TGA) curves of PVdF-HFP/EC-DMC-
LiTFSI (1:6) GPE are shown in Figure S1. The two
endothermic peaks at ∼5 and 114 °C are related to the
melting point of the entrapped liquid electrolyte and crystalline
part of the PVdF-HFP, respectively. The melting temperature

of the PVdF-HFP in the gel electrolyte is much lower than pure
PVDF-HFP (∼145 °C) and also the peak becomes relatively
broader indicating the amorphous nature of the gel electrolyte
film due to presence of a large amount of liquid electrolyte. The
amorphous phase is favorable to increasing the ionic
conductivity.5 The TGA curve (Figure S1b) shows only ∼3%
weight loss at 100 °C which indicates that the evaporation rate
of entrapped liquid electrolyte in the PVdF-HFP matrix is very
slow. The high retention ability of this gel electrolyte is critical
to ensure the higher safety of LIBs compared to the volatile
organic liquid electrolyte.
Li-ion transference number (TLi

+) is a key parameter to
optimize the performance of polymer electrolyte for LIBs. In
fact, high TLi

+ is required for high powder density. The TLi
+ of

the GPE is investigated by the combination of dc polarization
and ac impedance spectroscopy, as described in the Supporting
Information (SI). Figure S2 shows the chronoamperometric
and impedance measurement for PVdF-HFP/EC-DMC-
LiTFSI (1:6) gel electrolyte. The TLi

+ was calculated using eq
(2) of SI and presented in Table 1. The TLi

+ of PVdF-HFP/EC-
DMC-LiTFSI (1:6) gel electrolyte is 0.41, which is used to
fabricate half-cells in later studies. The TLi

+ value increases
slightly for gel electrolyte film with higher polymer contents
since ions tend to form ion pairs at higher liquid electrolyte
composition, which increases the ion size and hence decreases
their transfer velocity.38 Nevertheless, higher liquid electrolyte
composition is selected for use as electrolyte/separator due to
its good mechanical strength and flexibility. Moreover, the TLi

+

of this GPE is comparable to the organic liquid electrolyte and
other PVdF-HFP based electrolytes.39,40

Microscopic Characterization of Si-Coated VACNF
Anode. Figures 3, parts a and b, and S3 show the SEM
images of an as-grown VACNF array on a Cu foil and Si-coated
VACNF array with thickness 0.5 and 1.5 μm, respectively. The
CNFs are firmly attached to the Cu foil substrates, providing a
highly conductive electron pathway between the active Si shell
and the current collector.32 The conductivity of CNFs is ∼2.5
× 103 S cm−1. After sputter-coating of the Si layer, the
individual CNFs show a cotton swab appearance with a larger
mass at the tip that tapers gradually down the CNFs. SEM
images indicate that Si form coaxial shells with larger radical
thickness at the fibers tips and gradually thinned moving down
to the base. The largest average outer diameter is ∼450 nm,

Figure 2. (a) The “Conductivity vs 1/T” plot of the gel polymer electrolyte film (1:6 ratio) for the first three heating/cooling steps. (b) Linear sweep
voltammetry curve of a cell: SS |gel polymer electrolyte | Li at the scan rate of 2 mV s−1. Working electrode: Stainless steel disk. Reference and
counter electrode: Li foil.
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appearing near the fiber tips (Figures 3b and S3b). More
thorough characterization with the cross-sectional FESEM and
TEM images of the Si-coated VACNFs scraped off from the
surface can be found in our previous publications.31,32,41 A
rough texture extends across the shell surface, representing a
distinctive feature of the nanocolumnar microstructure that
commonly formed in thick sputtered films.32,42 The detailed
structural characterization of Si-coated VACNF anode is
described in our previous publications.31,32,41 The nano-
columnar structure of Si-coated VACNFs facilitates the
electrolyte penetration into the Si shell and also increases the
active electrochemical surface area of the anode for fast Li-ion
diffusion, which helps to reduce the polarization during cycling.
In the 1.5 μm thick Si-coated VACNFs, the open space
between the CNFs is reduced significantly with respect to the
thinner Si coating, as shown in Figure S3(d−f). As a result, the
gel electrolyte is not able to access the entire Si shell, leading to
slightly lower specific capacity than the thinner Si coating as
will be shown in later sections.
Figures 3, parts c and d, and S4 depict SEM images of the

electrodes disassembled after half-cell tests from the coin-cells.
The upper surface of the GPE film is smooth and only a few
longer CNFs tips stick out, indicating that the nearly all
VACNFs are embedded in the gel polymer electrolyte. The
cross-sectional view of the cut electrode (Figures 3c and S4b)
confirms that even the preformed GPE film, originally
sandwiched between Li metal and Si-VACNFs electrode, was
able to infiltrate into the Si-VACNF anode. The 3D electrode
structure remained stable during both cell assembly and
electrochemical characterization. Besides, the filled GPE also
enhances the mechanical tolerance of the Si shell against
volumetric changes during cycling. Alternatively, the GPE was
directly drop-casted over a Si-coated VACNFs array when it
was still in the initial liquid state. As shown in Figures 3d and

S4 (c and d), the GPE was able to fill in the open space
between VACNFs and the vertically aligned 3D structure of the
Si-VACNFs anode remained intact after complete evaporation
of THF and during cycling.

Electrochemical Characterization. Figures 4 and S5
show the cyclic voltammograms of a representative half-cell

made of Si-coated VACNF anode and the GPE at different scan
rates. In the cathodic scan, the formation of the Li−Si alloy
began at a potential ∼0.33 V, and the cathodic current reaches a
maximum at ∼0.15 V, indicating the largest Li insertion. Since
the CV was recorded after the initial 4 stabilization charge−
discharge cycles, the Si shell was already converted into
metastable amorphous structure (Li−Si) without forming
intermediate crystalline phases.42 In the anodic scan, two
delithiation peaks at ∼0.35 and ∼0.53 V are observed, which is
typical for amorphous Si anodes.10,31,43 At higher scan rates
(Figure S5), the formation of the Li−Si alloy began at the same
potential (∼0.33 V) and became quite large below 0.1 V. Upon
delithiation, peak slightly shifts toward higher potential and
became broader. The CV characteristics were consistent with
the reported literature of Si anodes in organic liquid
electrolytes.10,13,44

The voltage profiles of the Si-VACNFs/GPE half-cell in the
first and second galvanostatic cycles at the C/21 rate as well as
the sixth and twelfth cycles at C/10.5 rate are shown in Figure
5a. The specific capacity was calculated using the mass of
coated Si. To make consistent comparison, all referred C-rates
are based on the theoretical specific capacity of amorphous Si ≈
3800 mAh g−1 rather than using the actual charge−discharge
time which varies with the conditions and history of cell
operations. In the first cycle, the insertion and extraction
capacities reached 4743 and 3618 mAh g−1, respectively, and
the Coulombic efficiency is only 76%. The low efficiency for
the first cycle can be mainly due to the excess reaction in the Li
insertion process associated with the formation of an
irreversible SEI layer at the Si surface,45 reactions of Li with
SiOx impurities present on the Si surface (SiOx + 2xLi → Si +
xLi2O), and other irreversible side reactions, which is common
in Si anodes.31 In addition, the first insertion curve displayed a
short step at about 0.82 V and a long plateau below 0.35 V,
confirming the SEI formation similar to that in the case of Si/
organic electrolyte.46 However, the second cycle showed

Figure 3. SEM images of (a) an as-grown VACNF array with an
average length of 5 μm, (b) a similar VACNF array after sputter-
coating with silicon at a nominal thickness of 0.5 μm, (c) and (d) the
Si-coated VACNF electrodes after half-cells charge−discharge cycles.
The half-cells were fabricated by (c) sandwiching a solid gel electrolyte
film and (d) drop-casting the liquid polymer electrolyte over Si-
VACNF electrode and then drying it. Panels (a) and (b) are 45°
perspective views, and panels (c) and (d) are the cross-sectional view.

Figure 4. Cyclic voltammogram of a Si-VACNF electrode (Si
thickness of 0.5 μm) in the gel electrolyte between 1.5 to 0.05 V
(vs Li/Li+) at the scan rate of 0.10 mV s−1 (three cycles). The
measurements are made after 4 initialization charge−discharge cycles
(2 cycles at 37.5 μA cm−2 and 2 cycles at 75 μA cm−2).
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insertion and extraction capacities of 3536 and 3452 mAh g−1,
respectively, with Coulombic efficiency jumping up to ∼97.6%.
After initial 4 cycles, the capacities stabilize at ∼3450 mAh g−1

at C/10.5 rate with the Coulombic efficiency >98% in
subsequent cycles. The capacity loss in the initial cycles is
partially attributed to the conversion of the crystalline Si
coating with a higher theoretical capacity (∼4200 mAh g−1)
into amorphous Si with a lower capacity (∼3800 mAh g−1).16

In the later cycles, the lithium insertion shows a sloping profile
between 0.25 and 0.05 V which is consistent with the behavior
of amorphous silicon.47,48

After the initial stabilization cycles, the rate performance of
Si-coated VACNFs electrode with gel polymer electrolyte was
evaluated by galvanostatic charge−discharge at different
currents from C/10.5 (0.360 A g−1) to as high as 2.4 C (9.20
A g−1), each for five cycles. Figures 5b and S6a show the
insertion/extraction capacities versus the cycle number and
voltage profiles at different rates, respectively. The extraction
capacities based on the Si mass are 3342.8, 2588.2, 2342,
1732.8, and 1006.1 mAh g−1, derived from the last cycle at C/
10.5, C/3, C/2, 1C and 2.4C, respectively. The capacities at
each rate were almost stable with very small fading. Thus, the
Si-coated VACNFs anode with solid-like GPE has shown a high
reversibility and good capacity retention. It is noted that these
results clearly surpassed the specific capacity of ∼2000 mAh g−1
at C/20 rate and ∼1000 mAh g−1 at 1C rate reported in the
state-of-the-art flexible battery study with GPE infiltrated into
vertically aligned Si nanowires.30

The high rate was known to cause electrode degradation and
thus when the rate was changed from 2.4C back to C/2, the
capacity was found to drop from 2342 mAh g−1 to 1926 mAh
g−1. After the rate test, the same cell was cycled at C/3 (1.28 A
g−1) rate for 150 cycles (Figure S6b). The cell retained a
capacity of >810 mAh g−1 after 225 overall cycles, which is still
more than two times larger than that of graphite. To examine
the long-term cycling stability, another half-cell fabricated by
sandwiching a GPE film between a Si-VACNFs (Si ∼ 0.5 μm)
anode and a Li metal was charge−discharged at a high rate of
2.6 A g−1 (or C/1.5 rate) for more than 100 cycles (Figure 5c)
after 4 initialization cycles at C/21 rate. The capacity retention
of the cell is ∼88% from fifth to 100th cycle with Coulombic
efficiency ∼99%. Even at the high current density of 2.6 A g−1

(or C/1.5 rate), the solid-state half-cell was able to maintain a
capacity ∼1050 mAh g−1.
The 1.5 μm thick Si-coated VACNFs anode were also

characterized using the GPE. Figures S7a and S7b illustrate the
rate performance and voltage profiles at different rates,
respectively, for such a half-cell. The extraction capacities
based on the Si mass were 2517.6, 1969.3, 1280.9, and 1003.1
mAh g−1 derived from the last cycle at C/13, C/5, C/2.4 and
C/1.8, respectively. After the rate performance, the cell was
cycled at C/4 rate until 200 cycles (Figure S7c). After 200
cycles, the capacity remained >570 mAh g−1. The thick Si-
coated VACNFs anode showed less specific capacities,
particularly at higher rates, which is most likely due to two
reasons: (i) the 1.5 μm Si-coating on VACNFs present less
open volume between fibers compared to 0.5 μm Si-coating

Figure 5. (a) The voltage profiles of the 1, 2, 6 and 12th galvanostatic charge and discharge cycles of the half-cell: Li | drop-casted gel electrolyte | Si-
VACNFs (Si ≈ 0.5 μm), at the C/21 (1 and 2) and C/10.5 (6 to 12) rates (C rate is calculated based on the theoretical capacity of amorphous Si ≈
3800 mAh g−1). (b) The rate performance of the half-cell: Li | drop-casted gel electrolyte | Si-VACNFs, at various rates from C/10.5 (0.36 A g−1) to
2.4C (9.2 A g−1). (c) Cycling performance of the Si-VACNFs (Si ≈ 0.5 μm) electrode with a sandwiched gel polymer electrolyte film at C/1.5 rate
(current density of 2.6 A g−1) between 0.05 to 1.5 V (black ■: lithium insertion into Si-VACNFs; red ▲: lithium extraction from Si-VACNFs; blue
⧫: Coulombic efficiency.
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(Figures S 3d-f), which make it difficult for the gel electrolyte to
penetrate down to the bottom of the fibers to form a good
interface with all Si surfaces; and (ii) the slow diffusion of Li+ in
Si limited the reaction only in the outer portion of the material
at this charge−discharge rate.
For a comparison, half-cells were also fabricated by

sandwiching the flexible, self-standing gel films between the
Si-coated VACNFs electrode (Si ∼ 0.5 μm) and the Li-disc.
Figure S8 shows the performance of the cell at different rates
varying from a low value of C/11 (0.330 A g−1) to a relatively
high value of 1.3C (4.80 A g−1). In the first slow cycle, the
insertion capacity was high (3676 mAh g−1) as usual, but the
extraction capacity was only 2552 mAh g−1, much lower than
the value in liquid electrolytes.31,32 In the next few cycles, the
insertion and extraction capacities became close to each other
as the gel infiltrated into Si-VACNFs and stabilized at ∼2800
mAh g−1 at C/11 rate after 6 cycles. After these initial cycles,
the rate performance was evaluated by galvanostatic charge−
discharge at different currents from C/11 to as high as 1.3C,

each for five cycles, and then followed by a long cycling at C/
2.4 (1.6 A g−1) rate (Figure S8). The cell performed fairly well.
However, in comparison with the cell fabricated by drop-
casting method, the specific capacity was lower at C/11 rate
(∼2800 mAh g−1 vs ∼3340 mAh g−1) and dropped more at
higher rates (∼1200 mAh g−1 vs 2342 mAh g−1 at ∼ C/2). This
confirms that the drop-casting method allows the initial fluidic
GPE to infiltrate better into the Si-VACNF electrode, which is
beneficial for high rate performance and long cycling stability.
The effect of Si thickness on the electrochemical perform-

ance with gel polymer electrolyte is further illustrated in Figures
6a and 6b, which compare the specific capacities versus C-rate
and areal current density, respectively. As shown in Figure 6a,
the half-cells with 0.5 and 1.5 μm nominal Si-thicknesses have
specific capacities of ∼3450 and 2800 mAh g−1 at C/11 rate,
respectively. In case of 1.5 μm Si-VACNFs anode, the specific
capacity decreases rapidly on increasing the C-rate whereas 0.5
μm Si-VACNFs anode shows relatively high capacity of ∼1840
mAh g−1 at 1C (or 3.8 A g−1) and ∼1000 mAh g−1 at 2.4C (9.8

Figure 6. (a) The specific extraction capacities versus the C-rate, (b) specific extraction capacities versus the areal charge−discharge current density
of the half-cells: Li | drop-casted gel electrolyte | Si-VACNFs, for the Si thickness of 0.5 and 1.5 μm, respectively.

Figure 7. Nyquist plots of the half cell: Li | drop-casted gel electrolyte | Si-VACNFs (Si thickness ∼0.5 μm), after (a) 10th cycle and (b) 110th cycle at
different static potential from 0.55 to 0.05 V vs Li/Li+. (c) The equivalent circuit used to fit the impedance data.
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A g−1). Clearly, the thinner Si coating is fully activated and
provides the specific capacity close to the maximum of
amorphous Si. In the case of thick Si coating, only a fraction
of the exterior silicon is activated in the GPE. The 0.5 μm thick
Si-coated VACNFs electrodes have shown excellent electro-
chemical performance in solid-like GPE, comparable to the
reported results of Si-based electrodes in liquid electrolytes.10,31

Interestingly, the two Si-VACNF electrodes show very similar
dependence on the areal current density, as shown in Figure 6b,
which further validates that the amount of Si involved in the
reaction is similar at any given current. The inner portion of the
thick Si shell is not actively used.
It is noteworthy that the vertical structure of the Si-VACNF

on Cu foil infiltrated with the GPE is flexible and can be
repeatedly bended without irreversible damage. Thus, it has the
potential to be used for the development of flexible thin-film
rechargeable microbatteries.28,30 Along this direction, the areal
specific capacity is an important metric. For the Si-VACNF
with 0.5 μm nominal Si thickness, it is ∼0.33 mAh cm−2

(∼3343 mAh g−1) at C/10.5 rate and ∼0.17 mAh cm−2 (∼1733
mAh g−1) at 1C rate. For the Si-VACNF with 1.5 μm nominal
Si thickness, it increases to ∼0.84 mAh cm−2 (∼2800 mAh g−1)
at C/11 rate and ∼0.37 mAh cm−2 (∼1200 mAh g−1) at 1C
rate. For such applications, a thicker Si coating does have an
advantage in boosting up the areal specific capacity due to the
larger Si mass loading. Longer VACNFs (up to 20 μm) may be
used in future studies to further raise the areal capacity to
match the value of ∼4 mAh cm−2 at C/20 rate in the state-of-
the-art flexible LIB anode30 using 25 μm long Si nanowires. In
addition, the mass ratio between carbon (from VACNF) and Si
(in the shell) is only ∼1:1 in the Si-VACNF with 0.5 μm
nominal Si thickness and decreases to only ∼1:3 in samples
with 1.5 μm nominal Si thickness. Thus, using larger Si
thickness may help to reduce the relative mass of the current
collectors.
To understand the interface of Si-VACNFs/GPE, electro-

chemical impedance spectroscopy (EIS) was carried out at
various states of charge (SOC) and after varied long cycles.
Figure 7, parts a and b, shows the Nyquist plots measured at
potentials from 0.55 V (∼30% SOC) to 0.05 V (∼100% SOC)
after the initial 10 cycles at slower rates (initial 2 cycles each at
C/10.5 and C/5 rates for cell stabilization and then another 6
cycles at C/10.5 rate) and further 100 cycles at ∼1C (3.6 A
g−1). Figure 7c depicts the equivalent circuit used to fit the EIS
data. The resistance measured at very high frequencies
corresponds to the resistance of the GPE (Rb) and is added
in series to the circuit. In the high frequency region, the plots
consist of two semicircles.49−51 The first small semicircle
represents the contribution of the charge transfer between the
gel electrolyte and the SEI (as indicated by the short arrows in
the Figure 7, parts a and b) which can be seen more clearly
after 110 cycles (Figure 7b). The second semicircle represents
the charge transfer between the SEI and the Si anode. In the
equivalent circuit (Figure 7c), Rb is the ohmic resistance, RSEI is
the charge transfer resistance between the SEI layer and the
electrolyte, Rct is the charge transfer resistance between the SEI
and Si-VACNFs anode, QSEI is a constant phase element (CPE)
of the SEI, and Qct is a CPE accounting for the fast
pseudocapacitive Li reaction with the active Si shell.52,53 The
low frequency region shows the diffusion behavior of the Li+ in
the Si electrode which cannot be modeled properly by a finite
Warburg element.52,54,55 Here, we replaced the finite diffusion
by a CPE (QD) which permits us to obtain a good fitting to the

experimental data. The admittance response of CPE (Q) can be
expressed as follows:
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where ω is the angular frequency. A CPE represents a resistor
when n = 0, a capacitor with capacitance C when n = 1, an
inductor when n = −1, and a Warburg resistance when n =
0.5.52,54 In this study, the CPE appears to be a pseudocapacitor
with n lying between 0.5 and 1.
The equivalent circuit model fits all EIS curves very well (χ2

≈ 1 × 10−4) and the simulated spectra for some EIS
experimental data are compared in Figure S9. The fitting
parameters are summarized in Tables S1 and S2. Clearly, Rb is
comparable to the measured ohmic resistance of the flexible
GPE film and slightly increases after 110 charge−discharge
cycles from ∼12 Ω to ∼15 Ω and unaffected with SOC. The
value of RSEI increases from ∼1.2 to ∼2.1 Ω after 110 cycles
which confirms that the formation/deposition of SEI products
is a dynamic process varying during the charge−discharge
cycles.32 The value of Rct decreases gradually upon lithiation
from 8.89 to 6.83 Ω after 10 cycles and from 9.41 to 6.12 Ω
after 110 cycles. QD values are very similar in the two sets of
data. The small increase in the values of Rb, RSEI and Rct after
100 cycles confirms that the degradation of the GPE is due to
its reduction during SEI formation/growth. However, the value
of Rb is unchanged during the lithiation of Si-anode (or
increasing SOC), which confirms the stability and flexible
nature of the GPE. During the volume expansion, the gel is able
to accommodate the pressure/stress and the liquid component
is not squeezed out of the bulk GPE. Thus, the GPE forms a
stable interface with Si-coated VACNFs anode and performs
well at high rates and during long cycling. Furthermore, unlike
Si-coated VACNFs anode in liquid electrolytes, even the EIS
(both before and after long cycles) at 0.05 V did not show the
induction loop at low AC frequencies, which served as an
indication of a large contribution from SEI formation
accompanying lithiation of the Si electrode.32

■ CONCLUSIONS

In this work, the electrochemical performance of the 3D
nanostructured Si-VACNF anode in a gel polymer electrolyte is
carried out as an effort to develop solid-state lithium-ion
batteries. We demonstrated that gel polymer electrolyte can
infiltrate into the high-capacity 3D nanostructured anode and
form a stable interface. The gel polymer electrolytes shows high
conductivity ∼2.2 × 10−3 S cm−1 and sufficient cationic
transference number at ambient temperature along with good
thermal and mechanical stabilities. The Si-VACNFs/gel
electrolyte half-cells have shown high specific capacity, good
rate performance, and long cycling stability. By drop-casting the
initial fluidic gel polymer electrolyte onto the Si-VACNFs
anode, a high capacity of 3450 mAh g−1 at C/10.5 (or 0.36 A
g−1) rate and 1732 mAh g−1 at 1C (or 3.8 A g−1) rate can be
obtained. The half-cell also delivers a very high capacity (∼1070
mAh g−1) at C/1.5 (or 2.6 A g−1) rate with almost no capacity
fade for up to 100 cycles. The electrochemical impedance
spectroscopy study confirms that the interface between the Si-
VACNFs anode and the gel polymer electrolyte is stable, and
the interfacial resistance remains rather constant after 100
cycles at high rates. The excellent rate capability and cycling
stability of Si-VACNFs/gel polymer electrolyte cell is attributed
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to the open vertical 3D nanostructure which allows better gel
polymer infiltration and provides freedom for Si expansion. The
flexible nature of gel polymer electrolyte helps to accommodate
the stress/strain during charge−discharge processes. These
results show a promising potential for the development of solid-
state lithium-ion batteries using the vertical 3D nanostructured
electrodes and may be applicable for novel flexible thin-film
microbatteries.
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