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Nanostrukturierte Materialien

! !"#$%$#&'()$"*$#*$%+,-*$%./0%*$1%2$3%4/%$"#$-%#.()).563$#%
!#$-3"$7$-'8-3/#3%'"#*%9$''$-$%!#$-3"$':$"()$-;%<$/$%=.&$-".5"$#%'"#*%
*.9$"%*$-%>()5,''$5%0,-%3-/#*5$3$#*$%?8-&'()-"@$;

! <.#81.&$-".5"$#%5.''$#%3$#./%.#3$:.''&$%>&-/A&/-$#B!"3$#'().C$#%0,-%
!#$-3"$3$D"##/#3E%FD.#*5/#3%/#*%F':$"()$-/#3%$-D.-&$#

! )$-./'-.3$#*$%!"3$#'().C$#%0,-%*"$%G/'D.)5%78#%!5$A&-8*$#%/#*%
!5$A&-85H&$#BI"$5$A&-"A.%

! <.#8$5$A&-85H&$E%<.#8$5$A&-8*$#%0,-%J"&)"/1"8#$#9.@$-"$#E%
>/:$-A8#*$#'.&8-$#E%K-$##'&8L4$55$#
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„Size matters!”

! 3-/#*'P&45"()$%+$-./'08-*$-/#3%9$"%.55$#%
G#D$#*/#3$#%9$'&$)&%"#%*$-%M8#&-855$%*$-%
J.*/#3'&-P3$-3$#$-.68#%/#*%*$'%F&-.#':8-&'%
Q!5$A&-8#$#E%R8#$#E%ST%"#%<.#8'&-/A&/-$#

! U-VW$#$L$A&$X%N$-)P5&#"'%Y9$-ZP()$BN85/1$#E%
[8-8'"&P&E%$5$A&-8#"'()$%\/.#&$#$L$A&$E%
3$P#*$-&$%I$0$A&A8#4$#&-.68#$#

]G-"(^%_``ab

++
++
+++
++

+++
++

Activated carbon
Li+

PF6
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Bottom-up -Fabrikation von Nanodrähten

2.()'&/1%78#%>"F<.#8*-P)&$#%Q>"<2T%#.()%*$1%!"#$%&'()*(+&,$-(+F=$().#"'1/' ;%
Q" T%=$&.55:.-6A$5%QG/T%./0%*$-%Y9$-ZP()$%.5'%cM.&.5H'.&8-dE%Q. T%!"#9./%78#%>"FG&81$#%
78#%*$-%U.':).'$%/#*%,9$-%$"#$%Y9$-ZP()$#*"L/'"8#%.#%*$-%U-$#4ZP()$%=$&.55e>";

Siliciumatome

QaT QbT

Silicon atoms

Substrat Substrat

Si-Atome
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Siliciumnanodrähte

2.()'&/1%78#%>"5"("/1#.#8*-P)&$#%1"@$5'%=85$A/5.-'&-.)5$:"&.f"$
]?/)-1.##%/01"-;%_``ab

100 nm
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Kolloidlithographie

[-"#4":%*$-%M8558"*5"&)83-.:)"$;%Q" T%G9'()$"*/#3%$"#$-%>()"()&%
18#8*"':$-'$-%[85H1$-:.-6A$5E%Q. T%=$&.55.9'()$"*/#3E%Q2T%!#g$-#$#%
*$-%[85H1$-1.'A$;

QaT QbT QcT

Kolloidpartikel Metallization SubstrateMetallisierung Substrat
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Top-down -Präparation

+$-'&$55/#3%78#%<.#8*-P)&$#%*/-()%A.&.5H6'()$'%h&4$#%78#%>";%Q" T%
K$*.1:0/#3%*$-%J"&)83-.:)"$1.'A$%1"&%G3E%Q. T%h&4$#%"#%$"#$-%+?B+_Y_F
JV'/#3E%Q2T%!#g$-#$#%*$-%=.'A$%/#*%*$-%=$&.55"'.68#3

Mask Silver Silicon

QaT QbT QcT

Maske Silber Silicium
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Katalytisch geätzte Si-Nanodrähte

>"%94D;%>"eU$F<.#8*-P)&$%)$-3$'&$55&%*/-()%A.&.5H6'()$'%h&4$#;%Q" T%i9$-'"()&E%Q. T%I$&."5.#'"()&%
78#%<.#8*-P)&$#%1"&%jk%#1%I/-()1$''$-%/#*%j``%#1%JP#3$3

]U$H$-%_``lb

its concentration. In the case of the pores with a diameter of
50 nm, oxalic acid was used. The resulting porous AAO
mask covered the whole Si/Ge substrate and acted as a
template with tunable pore diameters (Figure 2a, see also
Supporting Information). Third, the AAO masked substrates
were treated by reactive ion etching (RIE) to form small etch
pits on the surface of the substrate (Figure 2, see also
Supporting Information). To remove the AAO masks, the
templates were heated at 55°C in a phosphoric acid (85 wt
%) bath diluted with H2O in the ratio of 1:3 for a duration
of 20 min. Subsequently, an Ag film with a thickness of 15
nm was sputtered onto the patterned substrate. The Ag film
covered the whole substrate except for the sidewalls of the
etch pits (Figure 2c). The bottom of the etch pits was also
covered by Ag particles. The experiments showed that
substantial etching of the Si/Ge substrate only occurs at
regions that are covered by a thin Ag layer. No remarkable
etching could be observed in the etch pits. A catalytic effect
of small Ag particles at the bottom of the etch pits seems to
be negligible as had also been demonstrated for the case of
Si NWs.33 After the Ag deposition, the Ag structured
substrates were etched in darkness in an etching mixture
consisting of 4.6 M HF and 0.44 M H2O2 at room temper-
ature for 10 s. As a result of etching, an ordered array of
Si/Ge NWs was formed. As a final step, the Ag layer was
removed by aqua regia and only the Si/Ge NWs remained
(Figure 2d).

In Figure 3a, a scanning electron microscopy (SEM) plan
view of the AAO mask with open pores is shown. The
diameters of the pores used in this particular experiments
range from 20 to 50 nm. A domain structure is visible. Within
a single domain, the pores exhibit a hexagonal arrangement.
Because of the domain formation of the pores in the AAO
mask the resulting Si/Ge NWs were also arranged in
domains. The AAO mask was partially removed in the
foreground of Figure 3b, and the small etch pits produced
by RIE become visible. Their diameters correspond to the
diameter of the parent AAO pores. The in-plan width, the
depth, and the shape of the etch pits can be adjusted by
varying the RIE parameters. Figure 3c represents a SEM
cross-section image of the etch pits with a depth of about
50 nm on top of the multilayer.

The thickness of the Ag film sputtered after removal of
the AAO mask is a critical parameter and has to be optimized
for each individual structure. Our experiments showed that
for an Ag film with a thickness below 15 nm the fabrication
of Si/Ge NWs failed. In this case, the Ag film was
characterized by small islands of isolated Ag particles. For
a film with thickness above 15 nm, the Ag film formed a
network of connected Ag islands with small pores inside.34

This network structure of the Ag layer was essential for the
controlled formation of NWs. Using this method, the
fabrication of extended arrays of Si/Ge NWs with a smooth
surface and a high area density of 1010 wires/cm2 was

Figure 4. SEM images showing the metal-assisted etched Si/Ge NWs. (a) Large-field and (b) a detailed view of about 16 nm diameter and
100 nm long Si/Ge NWs is shown. By varying the etching time the length of the NWs is adjustable. Extending the etching time longer
NWs can be obtained. In (c), a large-field image and a detailed view (inset) of Si/Ge NWs with a diameter of about 18 nm and a length
of about 240 nm, and in (d), a top view of these Si/Ge NWs, is represented.

3108 Nano Lett.,Vol. 9, No. 9,2009
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Lithiumionenbatterie

JRKF[-"#4":'()$1.
]2.55.($%_``lb

=%m%x J"m%m%x $e%! %J"x=
Q=%e%=$&.55T

klassischer Elektrodenprozess
QR#&$-A.5.68#T

Ladung

Entladung

Elektrolyt

negative 
Elektrode

positive 
Elektrode

Li+
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Nanoelektroden
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! N$-D$#*/#3%#$/$-%o$.A68#':0.*$%1V35"()
! 3-VW$-$%M8#&.Ag5P()$%" %)V)$-$%J.*/#3'FB!#&5.*/#3'-.&$#
! A/-4$%[0.*$%0,-%*$#%$5$A&-8#"'()$#%p-.#':8-&%94D;%J"mFp-.#':8-&%" %)V)$-$%J$"'&/#3

Vorteile

! /#$-D,#'()&$%!5$A&-8*$#-$.A68#$#%./03-/#*%*$-%3-8W$#%$L$A67$#%?5P()$%
" %%)8)$%>$59'&$#&5.*/#3E%3$-"#3$%J$9$#'*./$-

! 3$-"#3$%[.-6A$5:.(A/#3'*"()&$%" %3$-"#3$%!#$-3"$*"()&$
! 330;%A81:5$f$-$%+$-'&$55/#3

Nachteile
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LIB-Anoden und -Katoden

! J"_j >"a%&)$8-$6'()%1"&%q_``%1G%)B3%9$''$-%.5'%J"F=$&.55%1"&%rk``%1G%)B3E%
"./%%$#8-1$%N85/1$#P#*$-/#3%m%[).'$#,9$-3P#3$

! N$-9$''$-/#3%*/-()%<.#8A81:8'"&$%QJ"F=.&$-".5%m%"#.A67$-%[/L$-T%D"$%>"es
! N$-D$#*/#3%78#%>"F<.#8*-P)&$#%7$-P#*$-&%I$08-1.68#'7$-).5&$#%/#*%

3$-"#3$-$%o"''9"5*/#3%*$'%G#8*$#1.&$-".5'
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Q>"()$-)$"&'.':$A&tT%
! <.#8:.-6A$5FG#8*$%./'%J"q%m%xp"aYj_ %Q`%u%x%u%rT%94D;%./'%p"Y_F<.#8*-P)&$#%8*$-%

F-V)-$#%.5'%K$"':"$5%$f4$55$#&$-%>&.9"5"&P&%/#*%M.:.4"&P&
! 4./%X%M8'&$#0-.3$t

]s).#%_``vb

Ausgangszustand nach Alterung

Film

Partikel

Drähte

High-performance lithium battery
anodes using silicon nanowires
CANDACE K. CHAN1, HAILIN PENG2, GAO LIU3, KEVIN McILWRATH4, XIAO FENG ZHANG4,
ROBERT A. HUGGINS2 AND YI CUI2*
1Department of Chemistry, Stanford University, Stanford, California 94305, USA
2Department of Materials Science and Engineering, Stanford University, Stanford, California 94305, USA
3Environmental Energy Technologies Division, Lawrence Berkeley National Lab, 1 Cyclotron Road, Mail Stop 70R108B, Berkeley, California 94720, USA
4Electron Microscope Division, Hitachi High Technologies America, Inc., 5100 Franklin Drive, Pleasanton, California 94588, USA

*e-mail: yicui@stanford.edu

Published online: 16 December 2007; doi:10.1038/nnano.2007.411

There is great interest in developing rechargeable lithium
batteries with higher energy capacity and longer cycle life for
applications in portable electronic devices, electric vehicles
and implantable medical devices1. Silicon is an attractive
anode material for lithium batteries because it has a low
discharge potential and the highest known theoretical charge
capacity (4,200 mAh g2 1; ref. 2). Although this is more than
ten times higher than existing graphite anodes and much
larger than various nitride and oxide materials3,4, silicon
anodes have limited applications5 because silicon’s volume
changes by 400% upon insertion and extraction of lithium,
which results in pulverization and capacity fading2. Here, we
show that silicon nanowire battery electrodes circumvent these
issues as they can accommodate large strain without
pulverization, provide good electronic contact and conduction,
and display short lithium insertion distances. We achieved the
theoretical charge capacity for silicon anodes and maintained a
discharge capacity close to 75% of this maximum, with little
fading during cycling.

Previous studies in which Si bulk films and micrometre-sized
particles were used as electrodes in lithium batteries have shown
capacity fading and short battery lifetime due to pulverization
and loss of electrical contact between the active material and the
current collector (Fig. 1a). The use of sub-micrometre pillars6

and micro- and nanocomposite anodes5,7–9 led to only limited
improvement. Electrodes made of amorphous Si thin films have a
stable capacity over many cycles5,8, but have insufficient material
for a viable battery. The concept of using one-dimensional (1D)
nanomaterials has been demonstrated with carbon10, Co3O4
(refs 11, 12), SnO2 (ref. 13) and TiO2 (ref. 14) anodes, and has
shown improvements compared to bulk materials. A schematic of
our Si nanowire (NW) anode configuration is shown in Fig. 1b.
Nanowires are grown directly on the metallic current collector
substrate. This geometry has several advantages and has led to
improvements in rate capabilities in metal oxide cathode
materials15. First, the small NW diameter allows for better
accommodation of the large volume changes without the
initiation of fracture that can occur in bulk or micron-sized
materials (Fig. 1a). This is consistent with previous studies that
have suggested a materials-dependent terminal particle size below
which particles do not fracture further16,17. Second, each Si NW

is electrically connected to the metallic current collector so that
all the nanowires contribute to the capacity. Third, the Si NWs
have direct 1D electronic pathways allowing for efficient charge
transport. In electrode microstructures based on particles,
electronic charge carriers must move through small interparticle
contact areas. In addition, as every NW is connected to the
current-carrying electrode, the need for binders or conducting
additives, which add extra weight, is eliminated. Furthermore,

Initial substrate After cycling

XXX

X

Film

Particles

Facile strain
relaxation

Good contact with current collector

Efficient 1D
electron transport

Nanowires

Figure 1Schematic of morphological changes that occur in Si during
electrochemical cycling. a, The volume of silicon anodes changes by about
400% during cycling. As a result, Si films and particles tend to pulverize during
cycling. Much of the material loses contact with the current collector, resulting
in poor transport of electrons, as indicated by the arrow.b, NWs grown directly
on the current collector do not pulverize or break into smaller particles after
cycling. Rather, facile strain relaxation in the NWs allows them to increase in
diameter and length without breaking. This NW anode design has each NW
connecting with the current collector, allowing for efficient 1D electron transport
down the length of every NW.
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Fig. 1. SEM image of the commercial rounded graphite active material (DAG
41, SODIFF Advanced Materials Ltd., Korea).

but only through the edge plane[6]. As inferred fromFig. 1, the
actual effective surface area of the edge plane appears to be quite
restricted, so a new mechanism must be postulated to explain
the high Li charge/discharge rate. On the other hand, powdered
natural graphite particles with a sufficiently wide edge plane
cannot tolerate the expansion during Li insertion, and tend to
collapse due to the low binding energy between graphene layers,
giving rise to a low cycleability which hampers their practical
utilization.

How can the high current Li charge/discharge capability of a
rounded graphite particle be explained? This paper proposes that
the basal plane of a rounded spherical particle contains a num-
ber of nano-sized hole-like defects, most of which are thought to
be formed during the rounding process under high impact shear
stress. It is presumably these holes that allow Li to be transported
into and out of the particle with ease. Prior to experimental mea-
surements, this study evaluates the energy required for Li to pass
through holes of different sizes in a graphene layer (Eact) based
on quantum chemical calculations[7]. Then, HRTEM images
of nano-holes will be shown together with an argument for the
mechanism of the formation of these holes.

2. Experimental

As sample materials, two kinds of graphite materials were
used, rounded graphite (DAG 41) and natural graphite, Qing-
dao Tianhe Graphite Co., Nanshu, Qingdao, China (both were
provided by the Sodiff Advanced Material Co., Korea).

For electrochemical characterization of the sample powder,
coated electrodes were fabricated. The coating slurry was pre-
pared by thoroughly mixing 85% (w/w) active material, 5%
conductive additive VGCF (vapor-grown carbon fiber, Showa
Denko, Japan), 10% PVDF (polyvinylidenefluoride, Kureha,
Japan), and an appropriate amount of the solvent NMP (n-methyl
pyrrolidinone). The slurry was coated on a 15 mm thick copper
foil by a doctor blade, and dried at 120◦C for 180 min under vac-
uum. The coated sheet was cut into 14 mm diameter disks and

sandwiched by a larger, folded expanded sheet of Ni, and spot-
welded at several points on the periphery. The electrode thus
prepared was mounted in a Pyrex beaker type three-electrode
test cell, where sheets of 99.9% purity metallic Li were used as
the reference and counter electrodes.

The Li insertion/extraction performance of the sample elec-
trode was assessed by CCCV (constant-current under 2C rate
constant-voltage insertion, the cutoff voltage being 30 mV ver-
sus Li/Li+) and by constant-current deinsertion at 2C rate in a
glove box filled with dried Ar at ambient temperature, using a
Nagano HB-151 charge/discharge cycling apparatus. The elec-
trolyte used was a 1:1 mixture (v/v) of ethylene carbonate (EC)
and diethyl carbonate (DEC) containing 1 M LiClO4 (Tomiyama
Chemical).

High-resolution transmission electron microscope (HRTEM)
images were taken with a Hitachi Transmission Electron Micro-
scope Type HD 2300. X-ray diffraction (XRD) of the graphite
sample was performed with a Rigaku RINT 2200. The sam-
ple powder was dispersed on a microscope glass plate by a soft
brush for the XRD and Raman measurements. For the SEM
observation, a polished small graphite block was used instead
of glass plate. The RFT-600 (JASCO) and JSM-6390 (JEOL)
instruments were used for obtaining Raman spectra, and SEM
images, respectively.

3. Results and discussion

The SEM image of the rounded graphite sample used in this
study (DAG 41, Sodiff Advanced Materials Co., Korea) is shown
in Fig. 1. The image shows rounded particles which are made
up of a layer by layer stack of a number of thin films of graphite
wrapped tightly over the surface. Any rounded graphite other
than DAG 41 shows a similar structure[1,3]. As described in
the preceding section, Li appears difficult to get into and out
of the particle since the particle is mainly comprised of basal
planes of graphene layers. If there are holes in the graphene
layer, however, Li can move easily via the holes provided that
the size of the holes are large enough for Li to pass through.
Therefore, quantum chemical calculations will be presented on
the energy required to pass through a hole in the graphene layer.

Three types of carbon–carbon bound rings were examined
as molecular models, benzene, pyrene, and coronene type rings.
The energy required for a Li atom to pass through the holes
(Eact) was calculated by a method similar to that used for the
material design of a lithium ion rechargeable battery, by quan-
tum chemical calculation using Q-Chem software[7]. Q-Chem
3.0 is a comprehensiveab initio quantum chemistry package.
The capabilities range from the highest performance DFT (den-
sity functional theory)/HF (Hartree–Fock) calculations to high
level post-HF correlation methods. In the actual calculation
the graphene layer model was simplified due to the complica-
tion of the calculation, i.e., a coronene type skeleton, pyrene
and coronene types of carbon rings were adopted as shown in
Figs. 2–4.

The schematic illustration for Li to pass through a benzene
sized hole in a coronene skeleton is shown inFig. 2(a). The
calculated energy as a function of the distance from the basal
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cases, the faradic electrode led to an increase in the energy density at 
the cost of cyclability (for balanced positive and negative electrode 
capacities). !is is certainly the main drawback of hybrid devices, as 
compared with EDLCs, and it is important to avoid transforming a 
good supercapacitor into a mediocre battery63.

MnO2 is one of the most studied materials as a low-cost alternative 
to RuO2. Its pseudo-capacitance arises from the iii/iv oxidation state 
change at the surface of MnO2 particles58. !e association of a negative 
EDLC-type electrode with a positive MnO2 electrode leads to a 2-V cell 
in aqueous electrolytes thanks to the apparent water decomposition 
overvoltage on MnO2 and high-surface-area carbon. !e low-cost 
carbon–MnO2 hybrid system combines high capacitance in neutral 
aqueous electrolytes with high cell voltages, making it a green 
alternative to EDLCs using acetonitrile-based solvents and $uorinated 
salts. Moreover, the use of MnO2 nano-powders and nanostructures 
o%ers the potential for further improvement in capacitance64. Another 
challenge for this system is to use organic electrolytes to reach higher 
cell voltage, thus improving the energy density.

A combination of a carbon electrode with a PbO2 battery-like 
electrode using H2SO4 solution can work at 2.1 V (ref. 65), o%ering a 
low-cost EC device for cost-sensitive applications, in which weight of 
the device is of minor concern.

!e hybrid concept originated from the Li-ion batteries &eld. In 
1999, Amatucci’s group combined a nanostructured lithium titanate 
anode Li4Ti5O12 with an activated carbon positive electrode, designing 
a 2.8-V system that for the &rst time exceeded 10 Wh kg–1 (ref. 66). 
!e titanate electrode ensured high power capacity and no solid-
electrolyte interphase formation, as well as long-life cyclability thanks 
to low volume change during cycling. Following this pioneering 

work, many studies have been conducted on various combinations 
of a lithium-insertion electrode with a capacitive carbon electrode. 
!e Li-ion capacitor developed by Fuji Heavy Industry is an example 
of this concept, using a pre-lithiated high SSA carbon anode together 
with an activated carbon cathode63,67. It achieved an energy density 
of more than 15 Wh kg–1 at 3.8 V. Capacity retention was increased 
by unbalancing the electrode capacities, allowing a low depth of 
charge/discharge at the anode. Systems with an activated carbon 
anode and anion intercalation cathode are also under development. 
!e advent of nanomaterials55 as well as fast advances in the area of 
Li-ion batteries should lead to the design of high-performance ECs. 
Combining newly developed high-rate conversion reaction anodes or 
Li-alloying anodes with a positive supercapacitor electrode could &ll 
the gap between Li-ion batteries and EDLCs. !ese systems could be 
of particular interest in applications where high power and medium 
cycle life are needed.

CURRENT COLLECTORS

Because ECs are power devices, their internal resistance must be 
kept low. Particular attention must be paid to the contact impedance 
between the active &lm and the current collector. ECs designed 
for organic electrolytes use treated aluminium foil or grid current 
collectors. Surface treatments have already been shown to decrease 
ohmic drops at this interface68, and coatings on aluminium that 
improve electrochemical stability at high potentials and interface 
conductivity are of great interest.

!e design of nanostructured current collectors with an increased 
contact area is another way to control the interface between current 

Activated carbon grain

Activated carbon grain

Carbon nanotubes or rods

Pseudo-capacitive material

Pseudo-capacitive material

Current collectorCurrent collector

Current collector Current collector

Figure 7 Possible strategies to improve both energy and power densities for electrochemical capacitors. a, b, Decorating activated carbon grains (a) with pseudo-capacitive 
materials (b). c, d, Achieving conformal deposit of pseudo-capacitive materials (d) onto highly ordered high-surface-area carbon nanotubes (c).
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