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H I G H L I G H T S

• A Si nanowires/Cu nanowires bilayer
fabric showed a capacitance of
156 F g−1.

• Deliver 68 F g−1 at a current density
of 20 A g−1.

• Deliver 210W h kg−1 at a power den-
sity of 193W kg−1.

• Deliver 43W h kg−1 at a power den-
sity 99 kW kg−1.
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A B S T R A C T

A light and binder-free bilayer fabric electrode composed of silicon nanowires and copper nanowires for lithium-
ion capacitors (LICs) is reported. A lithium ion capacitor is proposed employing pre-lithiated silicon/copper
nanowire fabric and activated carbon as the anode and the cathode, respectively. These LICs show remarkable
performance with a specific capacitance of 156 F g−1 at 0.1 A g−1, which is approximately twice of that of
activated carbon in electric double-layer capacitors (EDLCs), and still exhibit a fine specific capacitance of
68 F g−1 even at a high current density of 20 A g−1. At a low power density of 193W kg−1, the Si/Cu fabric//AC
LIC can achieve high energy density of 210W h kg−1. As the power density is increased to 99 kW kg−1, the
energy density still remains at 43W h kg−1, showing the prominent rate performance.

1. Introduction

Capacitors are energy storage devices that can provide high power
density and long cycle life, but suffered from low energy density, lim-
iting the diversity of the possible applications of capacitors [1–3].
Hence the birth of lithium ion capacitors (LICs), also called lithium ion
hybrid supercapacitors, promotes the performances to a whole new
level. LICs are newly developed energy storage devices composed of
one lithium ion battery (LIB)-type electrode and one capacitor-type
electrode in the organic electrolyte with lithium ion salt to deliver both
high energy density and high power density with long cycle life [4–6].
In fact, the replacement of one of the carbonaceous electrodes in the

capacitors with Li-storing electrode not only doubles the theoretical
specific capacitance, but also elevates the operating voltage from 2.7 V
to 4.2 V, leading a higher energy density around 4–5 times of the ori-
ginal value.

A typical reaction within a LIC involves the adsorption/desorption
of −PF6 at the capacitor-type electrode and the reactions between li-
thium ions and the LIB-type electrode [7]. Currently, the common ca-
pacitor-type electrode is usually made of carbonaceous materials with
high surface area, such as activated carbon (AC) [8,9], graphene [10],
and carbon nanotube [2]. On the other hand, the LIB-type electrode
materials are those able to intercalate or alloy with lithium ions, in-
cluding carbonaceous materials, intercalation compounds, and metal
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oxides. In the incipient studies of LICs, lithium-contained metal oxide
compounds like LiNi0.5Mn1.5O4 [11,12], LiFePO4 [13], and LiMn2O4

[14], were employed as the anode. In 2001, Amatucci et al. reported the
first case of an energy storage cell with the same conformation of LICs
utilizing Li4Ti5O12 and activated carbon as the anode and the cathode,
respectively, showing good cycle life with the capacity loss less than 6%
over 4000 cycles between 1.5 V and 2.5 V [15]. Du Pasquier et al.
bettered the capacitance of this device to 500 F with an energy density
of 11W h kg−1, a power density of 800W kg−1 [16], and a prolonged
cycle life over 10,000 cycles, suggesting hybrid supercapacitors pos-
sessed great potential for numerous automotive applications.

In addition, an even higher energy density can be achieved by sub-
stituting other materials with closer potential to lithium for those lithium-
contained metal oxide compounds. Intuitively, pre-lithiation would be an
effective way to lower the potential of the anode to be lithium metal-like,
resulting in a widened operating voltage window. Moreover, careful pre-
lithiation would lead to the formation of compact solid electrolyte inter-
face (SEI) layers, which were beneficial for the electrochemical perfor-
mances, resulting a better cycling life and higher energy density. Zhang
et al. developed an iron oxide/graphene nanocomposite as the anode
material, of which the capacity was over 1000mAh g−1 [7]. The LIC was
assembled with pre-lithiated iron oxide/graphene nanocomposite and 3D
graphene as the anode and the cathode, respectively, exhibiting energy
densities ranging from 204 to 65Wh kg−1 as the power density increased
from 55 to 4600Wkg−1, which was much higher than most lithium ion
capacitors ever reported before.

Silicon (Si) possessing the highest theoretical specific capacity of
3579mA h g−1 [17–20], is a low-priced and earth-abundant element
studied as the anode material of LIBs in considerable reports [21,22].
Yet, only a handful of studies introduced Si into LICs, for instance, B-Si/
SiO2/C//AC LIC exhibited ordinary energy density from 89 to
128Wh kg−1, power density from 1.2 to 9.7 kW kg−1, and a 70% re-
tention when cycled at 1.6 A g−1 for 6000 cycles, which was reported in
2014 [23,24]. The near-lithium reaction plateau leads to a wider vol-
tage window, which is advantageous for LICs achieving a higher energy
density. Here, we investigate Si as the anode of LICs, which were as-
sembled by employing the pre-lithiated Si/Cu bilayer fabric and AC as
the anode and the cathode, respectively. We found that the Si/Cu bi-
layer fabric anode, which was a binder-free electrode, could provide a
large surface area for sufficient contacts with the electrolyte, a high
electrical conduction, and a large space available to tolerate volume
change, which can potentially improve the cycling stability and the rate
capability and promote the electrochemical performances toward the
top-right region of the Ragone plot. Scheme 1 shows the schematic
mechanism of the Si/Cu nanowires bilayer fabric//AC LIC and its
possible application. The specific capacitance achieves 156 F g−1 at a
current density of 0.1 A g−1, and still remains at 68 F g−1 at a high
current density of 20 A g−1. Additionally, the long cycle stability is the
admirable quality of Si/Cu fabric//AC LIC. After 1500 cycles, the LIC
shows a specific capacitance of 60 F g−1 at a current density of 5 A g−1.
As a result, the energy density is improved to 210W h kg−1, and yet
remains at a fine value of 43W h kg−1 at an ultrahigh power density of
99 kW kg−1.

2. Experimental section

2.1. Materials

All reagents and solvents were used as received. Oleylamine (OLA,
C18H37N, 70%), anhydrous toluene (C6H5CH3, 99.99%), chloroform
(CHCl3, 99.8%), ethanol (C2H5OH, 99.8%), hexanes (C6H14, 98.5%),
methanol (CH3OH, 99.8%), 1-dodecanethiol (C12H26S, 98%), hydro-
chloric acid (HCl, 37 wt%), diethyl carbonate (DEC, C5H13O3), bis(bis
(trimethylsilyl)amino)tin (Sn(HMDS)2), poly acrylic acid(PAA, Mw
450,000) were purchased from Sigma-Aldrich. Copper chloride (CuCl,
99.99%) was purchased from Alfa. Phenylsilane (MPS, C6H5SiH3) was
purchased from Gelest. Lithium hexafluorophosphate (LiPF6), fluor-
oethylene carbonate (FEC, C3H3FO3), electrolyte (1M LiPF6 in mixture
of ethyl carbonate (EC) and dimethyl carbonate (DMC) with volume
ratio of 1:1), polyvinylidene fluoride (PVDF, -(C2H2F2)n-), N-methyl-2-
pyrrolidone (NMP, C5H9NO), Super P carbon black, lithium metal foil,
copper metal foil, aluminum metal foil, Celgard membrane, coin-type
cells (CR2032) were purchased from Shining Energy Corp. Activated
carbon was purchased from China Steel Chemical Corp.

2.2. Synthesis of silicon nanowires

Sn-seeded Si nanowires were synthesized by supercritical fluid-li-
quid-solid (SFLS) method with the presence of tin as the seed. The 10ml
titanium reactor was first put into an argon-filled glovebox to assure the
inert environment inside the reactor, and then was sealed and brought
out from the glove box. The reactor was covered with heating tape with
the temperature kept at 490 °C. The inlet of the 10ml reactor was
connected to a six-way valve (valco) equipped with a 5ml injection
cylinder via stainless steel high-pressure (1/1600 i.d.) tubing. A high
pressure liquid chromatography (HPLC) pump (Lab Alliance, series
1500) in series to the six-way valve was employed to pressurize the
reactor as well as to deliver the reactant solution from the injection
cylinder into the reactor with pressure monitored by a digital pressure
gauge (Yan-Chang Technology). The reactant solution was prepared in
the glove box. In a typical Sn-seeded Si nanowires synthesis, 250 μL
MPS, 36 μL Sn(HMDS)2, and 4.75ml anhydrous toluene were well-
mixed and loaded to the 5ml injection cylinder after the reactor was
heated to reaction temperature (490 °C) and pressurized to 6.2MPa.
The reactant mixture, of which the molar ratio of Si to Sn is 22:1, was
fed to the reactor at a flow rate of 0.5mlmin−1 for 15min. The HPLC
pump was turned off afterward, and the reactor was removed from the
system and submerged in a water bath until it reached room tempera-
ture. The product was collected and then centrifuged with a mixture of
chloroform, toluene, and ethanol at a volume ratio of 1:1:1 at 8000 rpm
for 5min thrice to remove the byproducts. The resulting solid product
was dried and immersed in 10% HCl for 15min to remove all the tin
within the product, followed by rinsing it with methanol to remove the
residue HCl thoroughly [25]. Furthermore, the Si nanowires were
passivated with 1-dodecanethiol to improve the dispersity of Si nano-
wires in organic solvents and the oxidation resistance [26,27]. The Si
nanowires were placed in a 20ml sample vial, followed by the addition

Scheme 1. The schematic mechanism of the Si/
Cu nanowires bilayer fabric//AC LIC and its ap-
plication.
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of 15ml 1-dodecanethiol. The vial was heated and kept at 80 °C under
argon atmosphere with continuous vigorous stirring for 12 h. After the
thiolation of Si nanowires finished, the solid product was precipitated
and washed by centrifugation with a mixture of toluene and methanol
at a volume ratio of 1:1 to remove excess 1-dodecanethiol. Finally, Si
nanowires were put into a 20mL sample vial and stored in the argon-
filled glovebox for further uses.

2.3. Synthesis of copper nanowires

For Cu nanowires synthesis, 0.3 g CuCl and 30mL OLA were added
into a 50mL three-necked flask in the glovebox. The flask was then
connected to the Schlenk line with one side-neck sealed by a rubber
septa and the other by a thermocouple. The system was purged by a
continuous argon flow for the removal of oxygen. Then, the flask was
heated to 110 °C and kept for 50min for the removal of water. At last,
the three-necked flask was heated to 250 °C and kept for 50min.
Meanwhile, it could be clearly observed that the color of the solution
changed from bright yellow to red. After the reaction completed, the Cu
nanowires were removed from the three-necked flask and washed by
centrifugation with hexane for several times. The Cu nanowires were
put into the sample vial and stored in the glovebox for further uses.

2.4. Preparation of bilayer Si/Cu nanowire fabric electrode

Si nanowires and Cu nanowires were dispersed in toluene and
hexane, respectively. First, the Cu nanowires dispersion was dropcasted
into the Teflon mold (1 cm×1 cm). The Si nanowires dispersion was
then dropcasted into the Teflon mold after the hexane was fully eva-
porated. When all the toluene completely evaporated, the upper part of
the Teflon mold was lifted, and the layered Si/Cu nanowire fabric was
freed and annealed at 500 °C under hydrogen and argon flow. Finally,
the Si/Cu nanowires fabric was stored in the glovebox for further uses.
Typically, the mass loading of silicon in the bilayer fabric is around
0.5 mg, and it's easily tunable.

2.5. Preparation of activated carbon electrode

The electrode was prepared by mixing 70% activated carbon (AC),
20% super P carbon black, and 10% polyvinylidene fluoride (PVDF) in
weight percentage in N-methyl-2-pyrrolidinone (NMP) solvent forming
a homogeneous slurry. Then, the slurry was spread onto aluminum foil
by automatic coating machine to assure the uniformity of the electrode
thickness. The electrodes were dried at 60 °C in oven for 1 day and then
120 °C under argon for the removal of residual water. After the rolling
press treatment, the electrode was tailored to rounded shape with a
diameter of 11mm. The AC electrode was stored inside the glovebox for
further uses. The mass loading of AC on the electrode is easily tunable
with a 0.2mg–3mg range by adjusting the slurry concentration and the
thickness, and the mass loadings of AC are listed in Table S1.

2.6. Characterization

Both the silicon and copper nanowires were characterized by means
of scanning electron microscopy (SEM), transmission electron micro-
scopy (TEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray
diffraction (XRD). The high-resolution SEM images of Si and Cu nano-
wires were obtained utilizing a HITACHI-SU8010 field-emission SEM
with 10 kV accelerating voltage and 8mm working distance. The TEM
samples were prepared by drop casting the dispersion of silicon or
copper nanowires in toluene onto 300 mesh lacey carbon-coated copper
grids, which were later dried in an oven under vacuum overnight. High-
resolution TEM images and selected area electron diffraction (SAED)
were obtained by JEOL ARM200F. Meanwhile, EDS was carried out for
elemental analysis of Sn-seeded Si nanowires with as-prepared sample
on copper grids. XRD patterns were procured by a Rigaku Ultima IV X-

ray diffractometer with Cu target generating Cu Kα radiation (λ=
1.54 Å) as the source of X-ray.

2.7. Half-cell lithium-ion battery and lithium-ion capacitor assembly and
electrochemical characterization

The anode electrode of the half-cell lithium-lon battery was Si/Cu
nanowires fabric with the mass loading around 1mg/cm [2] of Si na-
nowires and 3mg/cm [2] of Cu nanowires. Si/Cu nanowires electrode,
microporous polyethylene separator wetted by the electrolyte com-
posed of 1M LiPF6 in EC/DEC 1:1 (v:v) with extra 5% FEC, and lithium
metal foil were assembled in this order within a CR2032 coin cell inside
the glovebox. Electrochemical performance of the Si/Cu nanowires
electrode was evaluated between 0.01 V and 1.5 V on Maccor Series
4000 instruments.

Before the lithium-ion capacitor assembly, the Si/Cu nanowires
electrode is prelithiated at a current density of C/20. Then, the Si/Cu
nanowires electrode was removed from the cell and fully dried for the
following LIC assembly. The activated carbon electrode was used as
cathode with 0.3mg/cm2 of activated carbon loaded on it. Prelithiated
Si/Cu nanowires electrode, microporous polyethylene separator wetted
by the 1M LiPF6 in EC/DMC 1:1 (v:v) electrolyte, and the activated
carbon electrode were assembled in this order in a CR2032 coin cell in
the glovebox. Electrochemical performance of the LIC was tested be-
tween 1.5 V and 4.2 V on Biologic VMP3 instruments.

The values of the specific capacitance (C, unit: F g−1), energy
density (E, unit: W h kg−1), and power density (P, unit: W kg−1) were
all calculated from the discharge curves by these three questions shown
below:

∫ ∫= × = ×IVdt I VdtE 1000 1000
t

t

t

t

1

2
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= × × −C E V V2 3.6 /( )max min
2 2
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where I (A g−1) is the discharge current density based on the mass of
active materials and is constant in each cycle, t (h) is the discharge
time, Vmax (V) is the maximum voltage during discharging and Vmin
(V) is the minimum voltage during discharging. Although the capaci-
tance and the power density of a LIC is not constant over the voltage
window or time, we can still obtain an average capacitance and power
density that can represent the electrochemical performance of the LIC
by invoking the equations above. Detailed integration is shown in
supporting information.

3. Results and discussion

The Sn-seeded Si nanowires were synthesized via the supercritical
fluid-liquid-solid (SFLS) route with the 22:1 molar ratio of Si to Sn.
Described in the previous studies [28], MPS went through bimolecular
disproportionation by phenyl redistribution resulting in the formation
of silane and higher order phenylsilane The generated Si from the de-
composition of the silane dissolved into the Sn particles and crystallized
into nanowires [29]. Figure S1(a,b) shows the scanning electron mi-
croscopy (SEM) and the transmission electron microscopy (TEM)
images of the as-synthesized Sn-seeded Si nanowires, indicating the
average diameter of the Si nanowires is in the proximity of 20 nm and
the length around 25 μm. The sharp peaks in the X-ray diffraction
(XRD) spectrum shown in Figure S1(c) suggest good crystallinity of the
Si nanowires, and can be perfectly indexed to the face-centered cubic Si
(JCPDS no.89-5012) with the presence of crystalline Sn (JCPDS no.89-
4898). In addition, energy-dispersive X-ray spectroscopy (EDS) was
used to analyze the composition of the Si nanowires (Figure S2),
showing Sn exists only in the tip but not in the wire, which supports the
statement we claimed regarding the growth mechanism of the Si

C.-M. Lai et al. Journal of Power Sources 379 (2018) 261–269

263



nanowires. Inevitably, Sn particles were removed by simple treatment
in HCl for 15min, which is evidenced by the XRD spectrum (Figure
S3(a)) and the SEM image (Figure S3(b)), assuring that the lithiation
reaction is solely attributed to the Si nanowires. Furthermore, the Si
nanowires were single-crystalline as confirmed by the high-resolution
TEM image (Figure S3(c)), which showed clear lattice fringes. Other
than showing the single-crystalline nature, the corresponding selected-
area electron diffraction pattern with a zone axis of [1 1 1] also in-
dicates the Si nanowire grew along [1 1 2] direction. On the other hand,
Cu nanowires were synthesized by reacting CuCl with oleylamine ac-
cording to the previous study [30]. The SEM images (Figure S4(a,b))
shows the Cu nanowires with an average diameter of 55 nm and length
up to 30 μm. The crystallinity was identified by means of XRD with the
spectrum in close agreement with face-centered cubic Cu (JCPDS no.89-
2838) in Figure S4(c). Moreover, the single crystallinity of the Cu na-
nowires is observed from the high-resolution TEM image (Figure S4(d)),
showing the Cu nanowires grew along the [1 1 0] direction and a lattice
spacing of 0.13 nm corresponding to the (2 2 0) lattice plane.

The 1 cm×1 cm squares of Si/Cu bilayer fabric electrode composed
of densely entangled nanowires was prepared by drop-casting con-
centrated dispersions of nanowires in toluene into a Teflon mold. It is
instantaneously recognized that all nanowires are well-interlaced with
each other in the SEM image (Fig. 1(a)). The anode was treated with
pre-lithiation to obtain a widened operating voltage window and
compact SEI layer on the surface of the electrode, leading a LIC with
prolonged cycle life and an elevated energy density. SEM images of the
Si nanowires before and after lithiation (Fig. 1(a and b)) show that the
morphology nearly retains without any damage of cracking while the
average diameter of the pre-lithiated Si nanowires is widened from
∼20 to ∼150 nm, indicating that Si nanowires become an alloy with

lithium and the SEI layer forms on the surface.
To systematically assess the quality of the electrodes in the LICs we

report here, the performances of anode and cathode of this LIC were
tested separately prior to the evaluation of as-assembled LICs. As to the
cathode, activated carbon-based EDLCs were established and tested at
different current densities (Figure S5), showing good quality. As to the
anode, multiple types of silicon-based half-cell LIBs were constructed
and evaluated with charge/discharge galvanostatic cycles between
0.01 V and 1.5 V. The additional FEC we added could help grow a
proper and compact solid-electrolyte interface (SEI) layer on the surface
of the electrode. The specific capacity of Si/Cu fabric is 2800mA h g−1

(Fig. 2) when cycled at 0.1 C, which is much higher compared to the
respective performances of Si powder and Si nanowires on the Cu foil.
Si/Cu fabric shows a stable capacity of 2500mA h g−1 with over 98%
Coulombic efficiency during 50 cycles at a slow rate of C/10, which is
higher than Si powders (500mA h g−1) and Si nanowires
(1900mA h g−1) on the Cu foil. Additionally, Si/Cu nanowire fabric
displays a fine capacity of 900mA h g−1 when cycled at an increased
rate of 1C (Figure S6(a)). The discharging profile (Figure S6(b)) reveals
a clear reaction plateau at 0.2 V for lithium intercalation as the dein-
tercalation occurs at 0.25 V observed in the charging profile with the
current density ranging from C/10 to 1C. With this superior perfor-
mance, we supposed that Cu nanowires are well-contacted with Si na-
nowires and acted as a perfect current collector. Ultimately, LICs were
fabricated by combining the activated carbon-based cathode and one of
those silicon-based anodes for evaluation. Fig. 3(a) shows the cycle
performance of the LICs applying AC with the three pre-lithiated elec-
trodes in the voltage window from 1.5 V to 4.2 V, and Fig. 3(b) is
converted from Fig. 3(a) to see the relation between capacitance and
current density clearly. The capacitance of Si/Cu fabric//AC LICs is

Fig. 1. SEM images of the Si/Cu bilayer fabric on the silicon side (a)
before lithiation (b) after lithiation. The insets are the corre-
sponding photos. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this
article.)

Fig. 2. Cycling performances of Li-ion half cells using silicon as the
active material and copper as the current collector in three different
cases at a slow C rate of 0.1 C: Si/Cu bilayer fabric, Si nanowire on
Cu foil, and Si powders on Cu foil. (For interpretation of the re-
ferences to color in this figure legend, the reader is referred to the
Web version of this article.)
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156 F g−1 at a current rate of 0.1 A g−1, which is higher than those of Si
powder (132 F g−1) and Si nanowires (145 F g−1) on Cu foil. Even at a
high current density of 20 A g−1, the specific capacitance of LIC using
the bilayer fabric electrode still remains 68 F g−1. Such remarkable

properties of Si/Cu nanowire fabric in cycle stability and rate capability
make it a superior candidate of lithium ion capacitor with better energy
density and power density.

It is inevitable to reach a best compromise between energy and
power considering that capacitors are likely used as a power device,
therefore, the influence of the mass ratio of AC to Si is investigated and
presented in Fig. 4, showing the performances with the mass ratio from
0.32 to 6.5. At the ratio of 2.0, it's clear that the lithium ion capacitor
achieves the highest power density of 99,000W kg−1 while the energy
density maintains at a fine value when cycled at increased charging/
discharging rates. In addition, the CV curves were measured in various
scan rates (Fig. 5(a)). Different from the symmetric supercapacitor, the
shapes of the CV curves of the LICs were not exactly rectangular. As far
as we're concerned, the near-rectangular shape in CV plot was ex-
tremely normal in LICs, even sharp peaks representing the reaction of
lithium ion batteries could be observed in some cases [7,31,32]. We
concluded that it sufficed to say that the Si/Cu//AC LICs we reported
here could be categorized as hybrid electrochemical capacitor. Fur-
thermore, the higher current density is tested for Si/Cu fabric//AC LIC
in Fig. 5(b). At the high current density of 30, 40, and 50 A g−1, the
capacitance still remains at 98, 89, and 69 F g−1. The charge/discharge
profiles clearly shows near-triangular shape with no platform in the
voltage window of 1.5–4.2 V, indicating the Si/Cu fabric//AC lithium
ion capacitor behaves capacitively (Fig. 5(c and d)). The IR drop of LICs
shown in Fig. 5(d) was frequently observed in many previous studies,
and it was inevitable due to the battery component [33–36]. Especially

Fig. 3. Electrochemical performances of LICs using silicon as the
active material and copper as the current collector in three dif-
ferent cases: Si/Cu bilayer fabric, Si nanowire on Cu foil, and Si
powders on Cu foil. (a) Rate capability of lithium ion capacitors
from 0.1 A g−1 to 20 A g−1. (b) Specific capacitance in different
current density from 0.1 A g−1 to 20 A g−1. (For interpretation of
the references to color in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 4. Ragone plot of the LICs with different mass ratios of AC to silicon. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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when applying an increased current rate, the IR drop would become
more obvious.

Si/Cu fabric//AC lithium ion capacitor also exhibits long-term cy-
cling stability. In Fig. 6(a), the cycling performance tests 1500 cycles at
a constant current density of 5 A g−1. The capacity remains 60 F g−1

with near 70% coulombic efficiency, whose retention is as high as 54%
after 1500 cycles with an AC to silicon mass ratio of 2:1. In this design,
AC is the limiting reagent despite the mass ratios we employed because
of the high capacity of silicon (3579mA h g−1), which indicates only
partial silicon reacts during cycles, and this is probably why our LICs
exhibit long cycling life despite that silicon is known for short cycling
life, resulting from its volume expansion during cycles. The character-
istic linear charge/discharge curves in Fig. 6(b) suggest that the AC
electrode undertake a non-Faradaic capacitive reaction which is merely
adsorption and desorption on the surface. EIS measurements are exe-
cuted to evaluate the electrical conduction and the Li+ diffusion pro-
cess to assess the quality of the whole lithium ion capacitor. The Ny-
quist plots before cycling and after cycling are shown in Fig. 6(c). The
high-frequency semicircle is assigned to the charge-transfer impedance
of the electrode/electrolyte interface, reflecting two processes: anions
adsorbing/desorbing onto/from the surface of cathode and Li ions
passing through from the electrolyte to the surface of anode. The linear

section corresponds to the Li diffusion process inside the electrodes,
revealing the Li ions intercalate/deintercalate at the anode. The semi-
circles clearly indicate that the transfer resistance increases with cy-
cling. Additionally, the impedance in both real and imaginary parts are
larger than that before cycling, which can be attributed to the increased
resistance in the diffusion and migration pathways of the electrolyte
ions. In our other attempt using more SiNWs (AC/Si= 0.32) in the Si/
Cu fabric//AC LIC, the cycling performance is tremendously bettered,
showing a higher retention of 90% with an extremely more lasting cycle
life of 30,000 cycles when cycled at an even higher current density of
10 A g−1 (Fig. 6(d)), which is foreseeable as the result of the increased
usage of silicon in this asymmetrically-designed LIC, implying an in-
creased quantity of active sites, hence the lengthened cycling life.
Fig. 6(e) shows the SEM image of the SiNWs which experienced long
cycling test, and the morphology of the SiNWs remains nearly intact,
which is in accordance with the observed long-term cycling stability. A
single coin cell was demonstrated powering up green LED bulbs
(Fig. 6(f)). This LIC provided higher voltage and better energy density
than supercapacitors, which couldn't turn on the green LED bulbs. In
addition, the LIC was repeatedly charged in 1min and then used to
illuminate the LED bulbs to present both high power density and high
energy density.

Fig. 5. Electrochemical performance of Si/Cu fabric//AC li-
thium ion capacitors with the AC/Si mass ratio of 2: (a) CV
profiles of LIC scanning from 5mV s−1 to 50mV s−1 (b) Rate
capability of the LIC from 0.1 A g−1 to 50 A g−1 (c–d) Voltage
profiles of the LIC from 0.1 A g−1 to 50 A g−1.
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The Ragone plot (energy density vs. power density) is illustrated in
Fig. 7, of which the calculations of the energy density and the power
density are based on the total mass of active materials in both elec-
trodes, and all the detailed information on this figure is given in
Table 1. It is obvious that the performances of the Si/Cu fabric//AC LIC
are the best compared to other reported LICs considering both energy
density and power density. The Si/Cu bilayer fabric anode provides a
large surface area for sufficient contacts with the electrolyte, a high
electrical conduction, and a large space available to endure volume
change, which leads to good cycling stability and excellent rate cap-
ability and pushes the electrochemical performances toward the top-
right region of the Ragone plot. At a low power density of 193W kg−1,
the Si/Cu fabric//AC LIC can achieve high energy density of
210Wh kg−1. As the power density is increased to 99 kW kg−1, the
energy density still remains at 43W h kg−1, showing the prominent rate
performance. With the previous experience of the Ge/Cu fabric LIBs
anode we recently reported [48], the great high-rate performance of
this Si/Cu fabric//AC LIC can be attributed to the entanglement of the
two layers of nanowires at the interface, which not only creates strong

wire-to-wire adhesion that prevents the detachment of the active ma-
terial, but also provides better electrical conduction, resulting from the
two layers of nanowires penetrating into each other instead of a clean
boundary. Hence, the bilayer Si/Cu nanowire fabric is a perfectly sui-
table anode material for high-power lithium ion capacitors.

4. Conclusion

In this work, a light and binder-free bilayer fabric electrode com-
posed of silicon nanowires and copper nanowires for lithium-ion ca-
pacitors (LICs) is reported. This fabric electrode exhibits a high specific
capacity of 2800mA h g−1 and excellent cycling stability after 50 cy-
cles, showing good potential as the anode of LICs. The LICs we proposed
employed pre-lithiated silicon/copper nanowire fabric and activated
carbon as the anode and the cathode, respectively. Moreover, cases
involving various mass ratios of silicon to active carbon were in-
vestigated to determine the optimal ratio that leads to the best com-
promise of energy density and power density of LICs. These LICs
showed remarkable performance with a specific capacitance of

Fig. 6. (a) Cycling performance of the LIC with the AC/Si mass ratio of 2 at 5 A g−1 (b) The corresponding voltage profiles of the LIC before cycling and after cycling (c) The corresponding
electrical impedance spectra (EIS) before and after cycling (d) Cycling performance of the LIC with the AC/Si mass ratio of 0.32 at 10 A g−1 (e) The SEM image of Si/Cu bilayer fabric on
the silicon side after cycling for 30,000 cycles at 10 A g−1 (f) Demonstration of Si/Cu fabric//AC LIC lighting up two green LED bulbs. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Ragone plot of Si/Cu fabric//AC lithium ion capacitor along
with other reported lithium ion capacitors [4,7,37–47].
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156 F g−1 at 0.1 A g−1, which was approximately twice of that of ac-
tivated carbon in electric double-layer high current density. This Si/Cu
fabric//AC LIC shows good cycling stability with a fine retention of
54% after 1500 cycles when cycled at 5 A g−1, and the cycling per-
formance is enhanced greatly when the mass ratio of AC/silicon is de-
creased from 2 to 0.32, resulting in a higher retention of 90% with an
extremely more lasting cycle life of 30,000 cycles when cycled at an
even higher current density of 10 A g−1. At a low power density of
193W kg−1, the Si/Cu fabric//AC LIC can achieve high energy density
of 210W h kg−1. As the power density is increased to 99 kW kg−1, the
energy density still remains at 43W h kg−1, showing the excellent rate
performance. Hence, the bilayer Si/Cu nanowire fabric is a perfectly
suitable anode material for high power lithium ion capacitors. This LIC
having working voltage window from 1.5 V to 4.2 V can light up green
LED bulbs and provide higher voltage and better energy density than
supercapacitors, which fails to turn on those green LED bulbs, in-
dicating various applications of LICs. In future research, there must be
effort put in the factors concerning the cycling durability, including the
stability of AC and the influence of volumetric expansion upon lithia-
tion and delithiation of Si nanowires, to further assemble the pouch cell
of Si/Cu fabric//AC to obtain an even higher capacitance to be used in
more applications, such as EV and HEV.
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