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Performance Lithium-Ion Batteries 
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 The development of Li-ion batteries with high capacity, long 
lifespan, and fast charge/discharge rates is of great techno-
logical importance for future portable electronics, power tools, 
electric and hybrid vehicles, and renewable energies. [  1–3  ]  Silicon 
is a particularly appealing anode material for Li-ion batteries 
because of its high theoretical capacity of 4200 mAh g  − 1  [  4  ]  and 
it has been the subject of extensive research efforts. [  5  ,  6  ]  How-
ever, lithium alloying and de-alloying with Si are accompanied 
by an enormous volume change ( > 300%), which induces severe 
pulverization and electrical disconnection from the current 
collector. [  7  ]  This structural and electronic degradation thereby 
leads to drastic and fast capacity fading and hindrance of practical 
implementation. To overcome these drawbacks, one effective 
approach is to design powder-based composites (e.g., a Si-metal 
active/inactive matrix concept), [  8  ,  9  ]  preferably Si-carbon com-
posites which have been investigated for many years. [  10–13  ]  Pre-
vious research has shown improvement of the electrochemical 
performance of Si-based anodes but only to a limited extent. [  6  ]  
Alternatively, silicon anodes made of very thin fi lms (a few tens 
of nanometers in thickness) have been reported to display a 
stable capacity over many cycles, [  14–16  ]  whereas an increase in 
fi lm thickness was urgently required to provide suffi cient active 
material. Unfortunately, stress-induced cracking and the high 
inherent resistance of silicon lead to a poor cycling performance 
and rate capability owing to an increase in fi lm thickness. [  6  ]  

 Recently, nanostructured silicon composites anodes with a 
specifi c layout were developed to address the above issues, [  17–20  ]  
in which an appropriate structure can provide the space to 
accommodate the volumetric change of the active silicon 
whereas an additional component facilitates the electron collec-
tion and transport. For instance, Yi Cui’s group demonstrated 
anodes based on crystalline-amorphous core-shell Si nanowires 
(NWs) directly grown on metal current collectors. [  18  ]  By limiting 
the charging potential above 150 mV versus lithium metal, the 
amorphous shells can be selectively used for lithium ion storage 
with excellent cycling stability and rate capability whereas the 
crystalline cores remain intact and function as effi cient electron 
transport pathways and stable mechanical supports. However, 
these methods have some disadvantages such as comparatively 
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high synthesis costs, weak adhesion of the nanostructures to 
the substrate, and strict voltage control which is not feasible in 
practical Li-ion batteries. [  6  ]  

 Here we introduce a nickel nanocone-array (NCA) sup-
ported silicon anode architecture and demonstrate its mean-
ingful improvement in cycling life and power rate for Li-ion 
batteries.  Figure  1   illustrates a typical preparation procedure of 
the electrode. The design includes uniform nickel NCAs as the 
electron collection and transport medium as well as the struc-
tural support and inactive confi ning buffer. A silicon coating is 
deposited on the NCAs as the electrochemical active material 
for lithium-ion storage. The NCAs supported Si anodes exhibit 
a relatively high reversible capacity of around 2640 mAh g  − 1  
with 88.7% capacity retention over 100 cycles. The excellent 
rate capability at 1 C and 2 C rates is also demonstrated in this 
report.    

 Figure 2   A  displays a representative scanning electron micro-
scopy (SEM) image of the Ni NCAs showing their regularity. 
The bases of the cones show an average diameter of around 
200 nm whereas the tips are very sharp with a distance of 
about 350 nm between them. The mean height of the cones 
is around 400 nm, and the surface of the cones is very rough. 
Larger and smaller cones are also observed in the mix. These 
robust Ni NCAs have previously been reported for their super-
hydrophobic and enhanced magnetic properties but, thus far, 
they have not been used for batteries. [  21  ,  22  ]  With the supporting 
substrate established, radiofrequency (rf) sputtering of Si on 
these cones is conducted afterwards to produce the electrode. 
Top and cross-sectional views (Figure  2 B and its inset) reveal 
that the morphology of the resulting electrode is composed of 
many densely packed cylinders with regular dome-shapes at the 
top, indicating that the perpendicularly grown Ni cones are all 
covered by the Si coating.  

 The homogeneous Si/Ni structures were further confi rmed 
by transmission electron microscopy (TEM, Figure  2 C), which 
also showed that the thickness of the Si/Ni composites is 
approximately 650 nm (about 250 nm more than the height 
of Ni cones). The dispersed selected-area electron diffraction 
(SAED) pattern (Figure  2 D) verifi es that the rf-sputtered Si is 
completely amorphous. This is in accordance with the X-ray dif-
fraction results which also show no Si crystal peaks (Supporting 
Information, Figure S2). A high-magnifi cation TEM image of 
the Si/Ni structures (Figure  2 F) distinctly manifests that the Ni 
cone is completely surrounded by the Si coating. High-resolution 
TEM indicated that the Ni cones are well crystallized with a 
distance of 0.203 nm between the neighboring lattice planes, 
which is in agreement with the  d (111) spacing of face-centered 
cubic nickel (fcc-Ni). The interface of the amorphous Si layer 
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 5378–5382
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      Figure  1 .     Schematic diagram illustrating the fabrication of a nickel nanocone-array supported silicon anode architecture: A) Nickel nanocone-arrays 
before Si coating, B) after Si coating.  
and Ni cone is well-knit and seamless because the deposition 
process renders a good adhesion between the deposited coating 
and the substrate so that they maintain contact during volume 
changes thereby increasing the cyclability as summarized 
before. [  6  ]  Energy dispersive X-ray spectroscopy (EDX) was car-
ried out to verify that the amorphous coating was Si, and not 
SiO 2 , which was confi rmed by the absolutely dominant Si and 
Ni signals with insignifi cant amounts of impurity (Supporting 
Information, Figure S3). 

 After the deposition of the amorphous Si, the Ni NCAs 
could function directly as current collectors and the amor-
phous silicon coating acted as the active material so that no 
other binding or conductive additives were needed. The sam-
ples were directly assembled into half-cells with Li metal as the 
counter electrode to investigate their Li-storage properties. A 
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 5378–5382

  Figure  2 .     A) SEM image of electrodeposited Ni NCAs. B) Top and cross-se
image of Ni NCAs supported Si electrode. D) SAED image of rf-sputtered S
F) High-magnifi cation TEM image of a single Ni nanocone wedged into the 
cyclic voltammogram of nanostructured Si electrodes is shown 
in  Figure  3   A . During the fi rst discharge (Li alloying), there was 
a cathodic peak at around 0.49 V, which disappeared in the sub-
sequent cycles. This cathodic peak can be assigned to the for-
mation of a solid electrolyte interphase (SEI) layer because of 
decomposition of electrolyte on the Si surface. [  23  ,  24  ]  The charge 
current associated with the formation of a Li–Si alloy began 
at a potential of around 0.30 V and became quite large below 
0.13 V. Upon discharge, two current peaks appeared at around 
0.37 and 0.52 V, which can be ascribed to the phase transi-
tion between amorphous Li  x  Si and amorphous silicon. These 
current-potential characteristics are consistent with previous 
reports on amorphous Si thin-fi lm anodes. [  24  ]    

Figure  3 B shows the voltage profi les of nanostructured Si 
electrodes cycled over a voltage range of 0.01–1.8 V at a current 
5379bH & Co. KGaA, Weinheim wileyonlinelibrary.com

ctional (inset) SEM images of Ni NCAs supported Si electrode. C) TEM 
i coating. E) High-resolution TEM image of the Ni cone and Si coating. 
Si coating.  
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      Figure  3 .     A) Cyclic voltammogram of a nanostructured Si electrode at a scan rate of 0.1 mV s  − 1  (voltage range: 5 mV–2.5 V) for the fi rst 10 cycles. 
B) Voltage profi les of the electrode in half cells cycled between 10 mV and 1.8 V versus Li  +  /Li at a rate of 0.2 C ( =  0.84 A g  − 1 ). C) Discharge (solid 
circle) and charge (open circle) capacity and Coulombic effi ciency (up triangle) versus cycle number for the half cells in Figure  3 B. D) SEM images of 
a nanostructured Si electrode after 50 cycles.  
density of 0.84 A g  − 1  (rate  =  0.2 C). The fi rst discharge has a 
short plateau at around 0.50 V up to 1100 mAh g  − 1 , which is 
the SEI formation potential on a Si surface. [  23  ,  24  ]  The following 
sloping region gradually dropping to 0.01 V is related to Si 
lithiation to amorphous Li  x  Si (between 1100 and the end of 
4391 mAh g  − 1 ) with Si lithiation capacity of 3291 mAh g  − 1 . 
Because the fi rst Si lithiation process (3291 mAh g  − 1 ) does not 
reach the capacity needed for the formation of crystalline Li 15 Si 4  
(3579 mAh g  − 1 ), the fi rst charge shows no plateau originating 
from delithiation of crystalline Li 15 Si 4 , [  25  ,  26  ]  as was also the case 
in Cui’s research. [  27  ]  As a matter of fact, the absence of Li 15 Si 4  
avoids the formation of two-phase regions usually associated 
with high internal stresses, [  6  ]  thereby resulting in excellent 
cyclability which will be discussed later. After the fi rst cycle, the 
discharge and charge profi les show typical behavior (sloping 
curves) of Li intercalation/extraction into/from the amorphous 
Li  x  Si. [  18  ,  23  ]  

 Figure  3 C depicts the charge/discharge (rate  =  0.2 C) 
capacity and Coulombic effi ciency versus cycle number plots, 
providing a direct evidence of the excellent lithium storage 
performance. The fi rst discharge and charge capacity are 4391 
and 2640 mAh g  − 1  (approximately 7 times that of commercial 
graphite), with a low initial Coulombic effi ciency of 60.1%. 
The irreversible capacity ratio of 39.9% can be assigned to 
the initial formation of a SEI layer on the electrode surface 
as discussed above, and to the irreversible insertion of Li 
© 2010 WILEY-VCH Verlag Gmwileyonlinelibrary.com
ions into the silicon coating. However, the effi ciency gradu-
ally increases in the following cycles (ca. 95% for cycles 
4–20, ca. 96% for cycles 20–100). This can be ascribed to the 
fact that the Ni NCAs are deeply wedged into the Si coating, 
which maintains a direct electrical connection with the sub-
strate, thereby shortening the diffusion distance for lithium 
insertion and facilitating electron collection and transport. 
The reversible capacity gradually increases from the second 
cycle onward and reaches its highest value of 2714 mAh g  − 1  
in the 16th cycle because in each cycle additional material 
is activated to react with Li. [  28  ]  Subsequently, the reversible 
capacity reduces very slowly. For example, the charge capacity 
for the 20th cycle was 2683 mAh g  − 1  and that for the 100th 
cycle was 2341 mAh g  − 1 , leaving a retention rate of 87.3%, or 
99.8% per cycle. This improved electrochemical performance 
is attributed to the optimized Si/Ni confi gurations in which 
the inactive Ni matrix as well as the space between each cyl-
inder acts as the confi ning buffer to accommodate the enor-
mous volume changes and alleviate the concomitant huge 
stresses owing to repeated Li alloying/dealloying with Si. 
Furthermore, the fact that the Ni NCAs are wedged into the 
Si coating strengthens the bonding force between the current 
collector and the active materials. The excellent cyclability is 
comparable to that of recent research on a nanostructured 
silicon composites anode, [  17–20  ]  however, our anodes are more 
simple and economical to make. 
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 5378–5382
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      Figure  4 .     Discharge/charge capacity and Coulombic effi ciency versus cycle number for a nanostructured Si electrode at 1 C and 2 C rates after 0.2 C 
for 5 cycles with a cut-off voltage of 10 mV–1.6 V.  
 To determine whether the morphology of the nanostructured 
Si electrode had changed after repeated lithium alloying/deal-
loying, one cell was disassembled after 50 cycles (charging up 
to 1.8 V) for SEM characterization of the electrode as shown in 
Figure  3 D. Compared to the image of the pristine sample, the 
morphology shows less variation. The gaps between each cyl-
inder became indistinct whereas some crevices can be seen to 
form small coordinated regions randomly on the surface with 
sizes of about 1–4  μ m. With a volume expansion of over 300% 
because of Li–Si alloying, the Si/Ni cylinders agglomerate; after 
Li–Si de-alloying, they shrink again, however not to the original 
morphology but preferably into self-adjusted fl akes to relieve 
the stresses inside the Si coating. Eventually, the fi lm does not 
disintegrate and degrade because the Ni NCAs stick to the Si 
coating tightly and therefore the coating is not shed off. This 
proves the advantage of our well-designed nanostructured Si 
electrodes over pure Si fi lms with thicknesses of 250 nm, in 
which excellent capacity retention for only 30 cycles was fol-
lowed by rapid fading and electrode collapse. [  16  ]  

 Owing to the well-aligned Ni NCAs, which work as good 
mechanical supports and effi cient electron pathways, the nano-
structured Si electrode is expected to make high rate capability 
feasible.  Figure  4   illustrates the cycling performance of the 
anodes up to the 105th cycle at 1 C (4.2 A g  − 1 ) and 2 C (8.4 A g  − 1 ) 
rates. A slow rate of 0.2 C was operated at the beginning for fi ve 
cycles to condition and expand the electrodes slowly as reported 
before. [  17  ,  20  ]  There is a capacity drop of about 23% when the 
cycling rate was increased from 0.2 C to 1 C. The charge capacity 
at 1 C started at 1750 mAh g  − 1  and still attained 1674 mAh g  − 1  
after 105 cycles with a retention of 95.6%. The cell exhibited a 
good Coulombic effi ciency of 93% for the 6th cycle and a high 
effi ciency of  > 97% afterwards. Similarly, the cycling capability 
at 2 C was also excellent with a charge capacity of 1215 mAh g  − 1  
for the 6th cycle. The capacity increased progressively to 
1404 mAh g  − 1  for the 28th cycle and retained 1267 mAh g  − 1  
after 105 cycles with a slight decrease of about 0.13% per cycle. 
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 5378–5382
High Coulombic effi ciencies for the 7th–105th cycle (97.5–
98.5%) were observed as well. Additionally, it only took 9 min 
to charge/discharge the nanostructured Si anode at the 2 C rate 
(Supporting Information, Figure S4), corresponding to a factual 
rate of 6.5 C. This increased rate is related to the signifi cantly 
lower capacity compared to the theoretical capacity of Si.  

 In summary, we have successfully synthesized a Ni NCAs 
supported Si architecture composed of many cylinders with 
regular domes on top to serve as the anode material for Li-ion 
batteries. In this confi guration, the Ni NCAs facilitate charge 
collection and transport, support the electrode structure, and 
function as inactive confi ning buffers. These nanostructured 
Si electrodes show impressive electrochemical performance, 
with a high capacity of around 2400 mAh g  − 1  (at 0.2 C rate) over 
100 cycles with superior capacity retention of 99.8% per cycle. 
They also exhibit excellent lithium storage capability at high 
charging and discharging rates. We believe that this confi gu-
ration design may be exploited for other active materials to 
achieve a high-capacity, high-rate, and durable electrode for 
Li-ion batteries.  

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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