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a b s t r a c t

Silicon is an attractive lithium-ion battery anode material that is held back by its poor cycling stability.
Herein, we report the synthesis of a novel CueLi2O@Si core-shell nanowall array electrode by lithiation of
pre-synthesized CuO@Si core-shell nanowall arrays during the first cycle. The phase-transition progress
from CuO to CueLi2O was realized through an electrochemically driven reduction process based on our
voltage-controlled technique. CueLi2O@Si core-shell nanowall arrays, the actual anode material after the
first lithiation process, show a high reversible capacity (2421 mAh g�1 at 0.2 C) and enhanced rate
capability compared with planar CueSi electrodes. The composition and robustness of the core-shell
structure are confirmed by TEM characterization after 5 cycles. In addition, the electrochemical perfor-
mance of CueLi2O@Si nanowall arrays with different sputtering times has been investigated and the
cycling remains stable at much higher mass loading.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Silicon is the most attractive choice as an alternative anode
material for lithium-ion batteries (LIBs) due to its highest gravi-
metric capacity (4200 mAh g�1) and a relatively low discharge
electrode potential (~0.37 V vs. Li/Liþ) [1e4]. It is also the second
most abundant element in earth's crust and environmentally
benign. However, the implementation of silicon in commercial LIBs
has been limited by the poor cycling stability of bulk silicon [5]. The
large volume change (>300%) associated with the insertion and
extraction of Li leads to structural degradation and subsequent loss
of electrical contact between active material and current collector
[6e9]. Moving from conventional bulk to novel nanoscale silicon is
a feasible approach to increase the lifetime of silicon anodes by
managing the high internal stress induced during lithiation.
Various designs of nanostructured silicon have been proposed to
overcome the above-mentioned challenges and exciting progress
has been made. Nanoparticles [10e12], nanospheres [13e15],
eyang@zju.edu.cn (D. Yang).
nanowires [16e18], nanotubes [19e21], thin films [22e24] and
nanoporous silicon [25e27] have all shown improved cycling sta-
bility and high-rate capability by incorporating pores or voids to
accommodate expansion and shortening lithium ion diffusion
distances.

Another problem facing silicon anodes is their rather poor
electrical conductivity, and hence silicon-based composite mate-
rials have been employed to improve their electrochemical prop-
erties. Recently, Chae et al. developed a new FeeCueSi ternary
composite by spray-drying and facile heat treatment. As a result,
the FeeCueSi delivered high capacity retention and energy density
[28]. Although the approach is scalable, combining silicon with
electrochemically inactivemetal inevitably decreases the reversible
capacity of the ternary composite anode. Therefore, researchers
have designed nanostructured current collectors to load silicon that
facilitates improvement of electrical conductivity effectively
through reducing the contact resistance. For example, Zhang et al.
reported a nickel nanocone-array-supported silicon anode archi-
tecture with a high capacity of around 2400 mAh g�1 (at 0.2 C rate)
over 100 cycles [29]. Qu et al. prepared a self-aligned CueSi core-
shell nanowire array, which exhibited high coulombic efficiency
and good capacity retention [30]. These Si-nanowall anodes have
displayed enhanced lithium-storage capabilities as promising
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candidates for advanced LIBs. However, the synthetic process
usually involves complex templates and/or sophisticated
equipment.

Herein, we demonstrate the fabrication of CuO@Si core-shell
nanowall arrays (NWAs) on a copper substrate via a template-free
growth method and subsequent rf-sputtering of Si. Subsequently,
we improve the electrical conductivity of the core (i.e., CuO) by
introducing a voltage-controlled technique. When the upper
voltage cut-off is set below the reaction potential between Cu and
Li2O, the reaction between CuO and Li becomes irreversible,
enabling CueLi2O@Si core-shell NWAs to serve as the actual anode
material during cycling. Such a design has multiple advantages for
LIB anodes. Firstly, the conductive Cu nanoparticles in contact with
each other function as a built-in current collector, which allows
effective electron conduction. Secondly, the robust CueLi2O core
provides structural reinforcement to suppress the mechanical
rupture during the volume changes of silicon. Thirdly, the space
between the nanowalls and the Li2O matrix can accommodate
volume swings during cycling without losing structural integrity of
the electrode. Fourthly, this structure eliminates the need for any
binders or conductive additives that would add approximately 20%
extra weight to electrodes. Fifthly, compared to the previously re-
ported results, the synthesis route is simplified and facile since the
phase-transition process of CuO has been incorporated into the
electrochemical testing procedure, which could be extended to
other Si-based materials.

2. Experimental section

2.1. Synthesis of CuO NWAs on Cu substrate

CuO NWAs were prepared by a modified solution-phase method
as reported elsewhere [31]. In a typical procedure, a copper foil was
degreased in acetone, followed by ultrasonic washing in a 0.1 MHCl
aqueous solution for 15 min and rinsing with deionized water for
several times. The cleaned copper substrate was then hung verti-
cally in a sealed glass beaker containing a solution of 5 mM
ammonia at a fixed temperature of 60 �C for 20 h. After growth, the
sample was removed from the solution, washed with deionized
water and dried in air at 60 �C.

2.2. Synthesis of CuO@Si NWAs

Silicon layer was deposited onto a CuO NWAs by radio frequency
(RF) magnetron sputtering with a 99.999% silicon target at 80 W
and a working pressure of 2 Pa. The mass loading of Si was
~0.03 mg cm�2 for the sample with 30 min sputtering time, which
Fig. 1. Schematic illustration of the transformation process from a CuO@Si nan
was calculated by weighing the CuO nanowall array substrate
before and after the RF magnetron sputtering via a DENVER TB-25
analytical balance. By adjusting deposition time (15, 30, 45 and
60 min), four types of thickness-controlled electrodes were pre-
pared for comparison of their electrochemical performance.

2.3. Characterization

The microstructure of the CuO@Si NWAs was investigated by
field emission scanning electron microscopy (FESEM, HITACH
S4800) and transmission electron microscopy (TEM, FEI F20). An
energy-dispersive X-ray spectrometer (EDX) attached to the SEM
and TEM apparatus was used for local elemental analyses.

2.4. Electrochemical measurement

Electrochemical measurements were carried out using CR2025-
type coin cells with lithium foil as counter electrode and micro-
porous polyethylene as separator. The electrolytewas a commercial
solution of 1 M LiPF6 in dimethyl carbonate (DMC) and ethylene
carbonate (EC) (1:1 in volume ratio). These cells were assembled in
an argon-filled glove box (Mbraun, Labstar, Germany) with oxygen
and water contents less than 5 ppm. Galvanostatic cycling of the
assembled cells was carried out on a Land CT2001A systemwithin a
voltage window of 0.01 Ve2.0 V vs. Li/Liþ at a current density of
840 mA g�1 (1 C ¼ 4.2 A g�1). Cyclic voltammetry (CV) measure-
ments in the same potential range were recorded on an Arbin BT
2000 system at a scan rate of 0.1 mV s�1.

3. Results and discussion

CuO NWAs were grown on the surface of copper substrates by
oxidation of copper in hot alkaline ammonia solution. The Cu2þ

ions released continuously from the copper foil can be immediately
captured through the coordination with OH� and NH3 to form
Cu(OH4)2� and Cu(NH3)42þ, respectively. The as-formed copper
complex ions will be transformed into CuO in the hot alkaline so-
lutions [31]. Followed by rf-sputtering of Si, the obtained samples
were assembled in half cells where CuO@Si NWAs converted to
CueLi2O@Si NWAs in the first lithiation process as shown in Fig. 1.
By limiting the voltage window (e.g., 0.01e2 V), CuO nanowalls
react with Li according to: CuO þ 2Liþ þ2ee / Cu þ Li2O, and
irreversibly transform into copper nanoparticles which are
embedded in a Li2O matrix. Therefore, CueLi2O nanowalls function
as mechanical support and a more efficient electron conducting
pathway compared with CuO in the subsequent cycles. Moreover,
the space between the nanowalls can accommodate volume swings
owall to a CueLi2O@Si nanowall and subsequent charge/discharge status.
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during cycling without losing structural integrity of the electrode,
thus leading to enhanced electrochemical performance.

A SEM image of the as-prepared CuO NWAs (Fig. 2a) reveals that
thin CuO nanowalls with the thickness of 15e30 nm are oriented
perpendicular to the copper substrate uniformly. After sputter-
coating with Si for 30 min, the resulting structure at different
magnifications is shown in Fig. 2b and c. The thickness of the core-
shell CuO@Si NWAs increases to ~120 nm. In addition, the EDX
spectrum (Fig. 2d) further verifies the synthesis of CuO@Si NWAs,
while the Cu signal comes from both themetallic substrate and CuO
nanowalls.

The morphology and composition of CuO@Si were further
characterized by transmission electron microscopy (TEM). The TEM
and high-resolution TEM images (Fig. 3a and b) show clearly that
the CuO@Si nanowall has a core-shell structure. The HRTEM image
(Fig. 3b) taken at the interface of CuO and Si also shows an amor-
phous outer layer, which is the characteristic of sputtered silicon
[18,29]. The lattice fringes of the d-spacing value (2.7 Å) at the black
core correspond to a CuO {110} plane, indicating the crystalline
nature of the CuO nanowall. Energy dispersive X-ray (EDX) spec-
troscopy was employed to analyze the element distribution in the
nanowalls. The image (Fig. 3c) was taken over the square region in
the high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). The element mapping of Cu, O and Si
shown in Fig. 3d also confirms the formation of the core-shell
structure.

The electrochemical performance of the CuO@Si NWAs as anode
of LIBs has been systematically investigated. Fig. 4a shows the cyclic
voltammetry (CV) curves of a CuO@Si composite electrode with a
sputtering time of 30 min. The peaks at 0.05 and 0.1 V in the first
discharge scan agree well with the formation of an amorphous LixSi
phase [29]. In the anodic branch (Li dealloying), two broader peaks
are revealed at 0.35 and 0.45 V, which can be ascribed to the
delithiation back to amorphous Si [14]. These peaks discussed
above are consistent with the results previously reported for silicon
Fig. 2. (a) SEM image of CuO NWAs; (b) and (c) SEM images of C
anodes [32]. After the first cycle, scans assume remarkably
repeatable shapes, implying high reversibility of the
alloyingedealloying reaction. It should be noted that CuO is elec-
trochemically active and thereby responsible for the cathodic peaks
at 0.83 and 1.27 V in the first cycle that disappear from the latter
ones [33,34]. Both of its typical anodic peaks, located at about 2.5
and 2.7 V [33,34], are far beyond the potential window of the CV
test conducted herein (i.e., 0.01e2.0 V). Moreover, no anodic peaks
other than those arising from Si were found in the CV curves,
confirming that the phase-transition progress from CuO to CueLi2O
is completed after the discharge stage in the first cycle. In the
following cycles, the CueLi2O nanowalls serve primarily as both a
mechanical support and an effective electron transport pathway
and contribute negligibly to the measured charge capacity. Fig. 4b
shows the voltage profiles of the CuO@Si NWA anodes cycled at
0.2 C (840mA g�1) with voltage cutoffs of 0.01e2 V. Sloping profiles
between 0.25 and 0.01 V during discharge and plateaus at about
0.5 V during charge are observed, which are consistent with re-
ported cycling behavior of amorphous silicon [14,29]. The lithiation
potential also shows plateaus at 0.8 and 1.2 V during the first cycle
that disappear in the cycles afterwards, indicating the insertion of
lithium ions into the CuO. Since the de-lithiation potential of CuO
lies beyond the voltage range (0.01e2.0 V), these lithium ions
inserted in the CuO nanowalls are “trapped”, resulting in the irre-
versible lithium capacity in the first cycle.

Fig. 4c shows the cycling performance of the CuOeSi NWA
electrodes at a rate of 0.2 C. The first charge and discharge capac-
ities are 2421 and 6729 mAh g�1, giving a low initial coulombic
efficiency of 36%. The restricted coulombic efficiency during the
first cycle could be caused by several side processes: (i) the major
portion of the initial capacity loss is due to the irreversible reaction
of Li with CuO, evidenced by CV curves and voltage profiles (Fig. 4a
and b); (ii) the formation of the solid electrolyte interphase film
(SEI) would inevitably consume lithium during the first cycle; (iii)
lithium irreversibly reacts with the dangling bonds and surface
uO@Si core-shell NWAs; (d) EDX spectrum of CuO@Si NWAs.



Fig. 3. (a) TEM image and (b) HRTEM image of an individual CuO@Si nanowall; (c) HAADF-STEM image and (d) EDX elemental mappings of Cu, O and Si for the CuO@Si nanowall.

Fig. 4. (a) Cyclic voltammograms of CuO@Si NWAs between 0.01 and 2.0 V at a scan rate of 0.1 mV s�1; (b) galvanostatic charge/discharge profiles plotted for the 1st, 5th, 10th and
20th cycles at 840 mA g�1; (c) cycling performance of the CuO@Si NWAs at current density of 840 mA g�1 and (d) rate capabilities of CuO@Si NWAs and planar Si film.
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Fig. 5. (a) TEM image, (b) HRTEM image and (c) corresponding SAED pattern of a CueLi2O@Si nanowall recovered from fully charged battery cells.
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oxides possibly introduced in silicon during sample transportation
and battery assembly. Nevertheless, the irreversible capacity
contributed by all these side reactions decreases after the first cycle,
rendering the coulombic efficiency above 95% after 5 cycles. The
CuO@Si NWAs is able to deliver a reversible capacity of 1381 mAh
g�1 after 50 cycles, exhibiting reasonable reversibility and stability.
The rate capability of the CuO@Si NWAs is demonstrated in Fig. 4d
along with a bare Si electrode deposited (30 min) directly on a Cu
planar substrate for comparison purpose. The former achieve spe-
cific capacities of about 2219, 1601, 1344, 1092 and 812 mAh g�1 at
0.05, 0.1, 0.2, 0.5 and 1C, respectively, whereas the capacities of the
planar electrode drops dramatically during the first five cycles and
merely delivers a specific capacity of 80 mAh g�1 at 1C. The
enhanced rate capability of the CuO@Si NWAs can be attributed to
the core-shell array structure, which allows for better accommo-
dation of large strain, good conductivity to the current collector and
extended surface area in contact with active materials.

To demonstrate this CueLi2O@Si nanowall structure directly, the
silicon based electrodes were subjected to deep cycling
(2.0e0.01 V) and then recovered for examination with TEM at a
Fig. 6. SEM images of CuO@Si NWAs with different thickness of Si layer fabricated by sputt
fully charged state after 5 cycles. Bright field image (Fig. 5a) shows
that the global shape of the initial nanowall is preserved, while the
core nanowall disintegrates into numerous 5e10 nm nanoparticles.
The presence of Cu and Li2O in thematerial can be clearly identified
from the HRTEM image (Fig. 5b) that the lattice fringe spaced by
2.08 Å corresponds to Cu {111} distance, while the fringe spaced by
2.6 Å corresponds to Li2O {111} distance. The copper nanoparticles
are dispersed in a lithia matrix, the nature and composition of
which remain stable during cycling. The composition of the nano-
wall is further evidenced by the SAED pattern (Fig. 5c) for the fully
charged sample, which shows rings made up of discrete spots
related to the polycrystalline nature of the material. These rings
were unambiguously indexed indicating the presence of amor-
phous Li2O and metallic copper with no appearance of the rings
associated to CuO, confirming our assumption that the reaction is
irreversible after the first lithiation process.

To optimize the deposition parameters, we investigated the
electrochemical performance of CuO@Si composite electrodes with
different active material mass loading. Fig. 6 shows the SEM images
of the as-prepared samples for four different deposition times
ering for different time: (a) 15 min, (b) 30 min (c) 45 min and (d) 60 min, respectively.



Fig. 7. Discharge capacities versus cycle number of CuO@Si NWAs with four different
thicknesses of Si layer.
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ranging from 15 to 60 min. It can be observed in Fig. 6 that the
deposited Si film becomes thicker with the prolonged sputtering
time. Specifically, as shown in Fig. 6d for a 60-min deposition time
sample, a coalescence effect is observed due to the coverage with
an excess Si film. These CuO@Si NWAs were tested for their elec-
trochemical performance in a galvanostatic mode at the same
current density (840 mA g�1). The discharge capacities versus cycle
number for CuO@Si NWA anodes with the sputtering time ranging
from 15 to 60 min are shown in Fig. 7, where no obvious difference
of cycling behavior between those electrodes can be observed. All
the four anodes show excellent performance owing to the above
mentioned advantages of the structure. Even when the mass
loading reaches up to 0.062 mg cm�2 for a 60-min deposition time
sample, the electrode can still exhibit high capacity and cycling
stability.
4. Conclusions

In summary, we have designed and fabricated CueLi2O@Si core-
shell NWAs by using RF sputtering and a voltage-controlled tech-
nique. By limiting the voltage window, CuO irreversibly reacts with
Li and transforms into copper nanoparticles which are embedded
in a Li2O matrix. The synthetic process of pristine CuO@Si NWAs is
facile and the voltage-controlled technique is integrated into the
electrochemical testing procedure. Therefore, this synthetic route is
much more facile than other complicated metal-current-collector
fabrication methods and could be extended to other Si-based ma-
terials. These CueLi2O@Si NWAs show a high reversible capacity
and enhanced rate capability compared with planar CueSi elec-
trodes. The core-shell structures can improve the conductivity and
accommodate the volume change during the lithiation/delithiation
process, making it an ideal anode candidate for high-power
lithium-ion batteries. Electrochemical behavior of the electrodes
prepared with different sputtering times suggests that the Cue-

Li2O@Si NWAs are able to exhibit high specific capacity and cycling
stability when the mass loading is increased.
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