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Summary  High  energy  lithium  ion  batteries  are  in  demand  for  consumer  electronics,  electric-
drive vehicles  and  grid-scale  stationary  energy  storage.  Si  is  of  great  interest  since  it  has  10  times
higher specific  capacity  than  traditional  carbon  anodes.  However,  the  poor  cyclability  due  to  the
large volume  change  of  Si  upon  insertion  and  extraction  of  lithium  has  been  an  impediment  to  its
deployment.  This  review  outlines  three  fundamental  materials  challenges  associated  with  large
volume change,  and  then  shows  how  nanostructured  materials  design  can  successfully  address
interphase these challenges.  There  have  been  three  generations  of  nanostructure  design,  encompassing
solid nanostructures  such  as  nanowires,  hollow  nanostructures,  and  clamped  hollow  structures.
The nanoscale  design  principles  developed  for  Si  can  also  be  extended  to  other  battery  materials
that undergo  large  volume  changes.
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Introduction

Rechargeable  batteries  have  been  critical  for  enabling
portable  consumer  electronics  and  are  beginning  to  be  used
in  electric  vehicles.  They  are  also  becoming  an  attractive
option  for  large-scale  stationary  energy  storage  [1—6]. For
mobile  applications,  high  energy  (per  weight  and  volume)  is
the  most  important  parameter  since  it  determines  the  usage
Please  cite  this  article  in  press  as:  H.  Wu,  Y.  Cui,  Nano  Today  (

time  per  charge  [4].  For  stationary  applications,  cost  is  the
most  important  design  parameter,  and  high  energy  batteries
could  help  reduce  the  cost  per  unit  of  stored  energy  [1,7,8].
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served.

herefore,  obtaining  high  energy  density  has  been  a  major
ocus  of  recent  battery  research.

Compared  to  other  technologies,  lithium-ion  batteries
LIBs)  are  the  most  popular  rechargeable  batteries  due
o  their  relatively  high  energy  density,  good  cycle  life,
nd  good  power  performance  [1—3,5,6,8,9]. LIBs  are  the
ominant  power  source  for  portable  electronics  and  show
reat  promise  for  vehicle  electrification.  However,  exist-
ng  LIB  technology  is  reaching  its  limit  in  energy  density
per  volume)  and  specific  energy  (per  weight).  The  exist-
ng  technology  is  based  on  the  combination  of  a  carbon
node  and  a  lithium  metal  oxide  or  phosphate  cathode
2012),  http://dx.doi.org/10.1016/j.nantod.2012.08.004

LiCoO2,  LiMn2O4, LiFePO4)  [6].  The  relatively  low  capac-
ty  of  the  electrodes  (370  mAh/g  for  graphite  carbon  and
40—170  mAh/g  for  lithium  metal  oxide/phosphate)  limit
he  total  specific  energy  of  the  cell  [3].
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Table  1  Comparison  of  various  anode  materials  (all  the  capacity  numbers  are  based  on  materials  in  the  delithiated  state  except
lithium metal).

Materials  Li  C  Li4Ti5O12 Si  Sn  Sb  Al  Mg

Density  (g/cm3)  0.53  2.25  3.5  2.3  7.3  6.7  2.7  1.3
Lithiated phase  Li  LiC6 Li7Ti5O12 Li4.4Si  Li4.4Sn  Li3Sb  LiAl  Li3Mg
Theoretical specific  capacity  (mAh/g)  3862  372  175  4200  994  660  993  3350
Volume change  (%)  100  12  1  420  260  200  96  100

1.6  0.4  0.6  0.9  0.3  0.1
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afterwards  (Fig.  2,  green  and  red  line).

In  some  instances,  a  metastable  Li15Si4 phase  has  been
identified  at  potentials  lower  than  50  mV  versus  lithium
Potential versus  Li  (V)  0  0.05  

To  increase  the  energy  content  of  lithium-ion  batteries,
ignificant  research  has  been  devoted  to  finding  higher-
apacity  electrode  materials.  On  the  cathode  side,  sulfur
nd  oxygen-based  positive  electrodes  have  recently  been
ntensely  researched  [10—12]. On  the  anode  side,  alloy
nodes  have  shown  the  most  promise.  An  ideal  anode  mate-
ial  should  possess  high  gravimetric  and  volumetric  capacity,

 low  potential  against  cathode  materials,  long  cycle  life,
ight  weight,  environmental  compatibility,  low  toxicity,  and
ow  cost  [1,13]. Based  on  the  specific  capacity  alone,  pure
ithium  metal  is  clearly  the  best  anode  material  since  it  does
ot  carry  any  dead  weight.  However,  the  electroplating  of
endritic  lithium  during  charging  can  cause  an  internal  short
ircuit,  posing  severe  safety  concerns  [1].  Because  of  this,
i  is  the  most  attractive  choice  for  the  anode  material  for
he  reasons  discussed  below.

pportunities and challenges for Si anodes

able  1  compares  the  properties  of  different  anode  materi-
ls.  Among  them,  Si  has  the  highest  gravimetric  capacity
4200  mAh/g,  lithiated  to  Li4.4Si)  and  volumetric  capacity
9786  mAh/cm3 calculated  based  on  the  initial  volume  of
ilicon)  among  all  the  choices  other  than  lithium  metal;  in
ddition,  it  has  a  relatively  low  discharge  voltage  (the  aver-
ge  delithiation  voltage  of  Si  is  0.4  V)  [14]. Si  is  also  the
econd-most  abundant  element  in  the  earth’s  crust,  and  it
s  environmentally  benign.  Finally,  the  semiconductor  indus-
ry  has  developed  a  large  and  mature  infrastructure  for
rocessing  Si.

Unfortunately,  Si-based  electrodes  typically  suffer  from
oor  capacity  retention  [13,15—19].  Early  studies  on  Si
nodes  demonstrated  rapid  capacity  fading  during  cycling.
ig.  1  shows  an  example  of  the  charge/discharge  curves  of
i  powder  with  an  average  size  of  10  �m  [20]. High  capacity
s  achieved  on  the  first  lithiation,  but  capacity  quickly  fades
ith  cycle  number.  After  only  five  cycles,  the  reversible
apacity  of  the  Si  electrode  drops  by  70%.  In  addition,  the
rreversible  capacity  loss  of  this  Si  anode  during  the  first
ycle  is  too  high  (2650  mAh/g)  for  practical  application,  as
emonstrated  by  the  Columbic  efficiency  of  25%.  The  capac-
ty  fade  and  large  initial  irreversible  capacity  for  Si  anodes
re  due  to  the  large  volume  changes  during  the  lithium  inser-
ion  and  extraction  processes.

According  to  the  equilibrium  phase  diagram,  when
Please  cite  this  article  in  press  as:  H.  Wu,  Y.  Cui,  Nano  Today  (

ithium  is  inserted  into  Si,  Si  should  experience  a  series
f  phase  transformations,  theoretically  resulting  in  mul-
iple  voltage  plateaus  in  the  galvanostatic  voltage  curve
Fig.  2,  black  line)  [14]. However,  this  only  takes  place  at
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igure  1  Galvanostatic  charge—discharge  profiles  for  a  micro-
i (10  �m  particle)  anode  [20].

igh  temperature.  At  room  temperature,  crystalline  Si  goes
hrough  a  single  crystalline-to-amorphous  phase  transfor-
ation  during  the  first  lithiation  and  remains  amorphous
2012),  http://dx.doi.org/10.1016/j.nantod.2012.08.004

igure  2  Si  electrochemical  lithiation  and  delithiation  curve
t room  temperature  and  high  temperature.  Black  line:  theoret-
cal voltage  curve  at  450 ◦C.  Red  and  green  line:  lithiation  and
elithiation  of  crystalline  Si  at  room  temperature,  respectively.

dx.doi.org/10.1016/j.nantod.2012.08.004
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at  room  temperature  [17,21,22]. When  transforming  from
Si  to  Li4.4Si,  the  volume  expansion  is  about  420%.  The
volume  expansion  versus  the  concentration  of  lithium  is
calculated  to  be  nearly  linear  [16]. Various  ensemble
methods  [22—25], including  X-ray  diffraction  and  nuclear
magnetic  resonance,  have  been  used  to  study  the  amor-
phization  process;  these  studies  have  primarily  shown
experimental  evidence  for  the  crystalline-to-amorphous
phase  transition  and  have  also  provided  information  on  the
local  atomic  structure  of  the  amorphous  phase.  Computa-
tional  studies  have  provided  insights  such  as  stable  atomic
arrangements  and  diffusion  energy  barriers  [21,24,26—29].
In  addition,  atomic  force  microscopy  has  been  used  to
show  that  volume  expansion  occurs  during  lithiation  and
contraction  occurs  during  delithiation  of  Si  thin  films
[30—34].  Based  on  the  studies  of  our  own  and  others,
we  outline  three  fundamental  materials  challenges  to
using  Si  as  a  viable  battery  electrode,  as  illustrated  in
Fig.  3.

(1)  Material  pulverization. The  large  volume  expan-
sion/contraction  during  lithium  insertion/extraction
induces  large  stresses.  These  stresses  can  cause  cracking
and  pulverization  of  the  Si,  which  leads  to  loss  of  electri-
cal  contact  and  eventual  capacity  fading  (Fig.  3a).  This
mechanism  probably  accounts  for  most  of  the  capacity
Please  cite  this  article  in  press  as:  H.  Wu,  Y.  Cui,  Nano  Today  (

fade  observed  in  early  studies  using  bulk  Si,  films,  and
large  particles  of  Si.  For  example,  an  AFM  study  of  the
anode  surface  has  revealed  that  cracking  occurs  during
the  Li-extraction  stage  [35—37].

Figure  3  Si  electrode  failure  mechanisms:  (a)  material  pulverizatio
(c) Continuous  SEI  growth.
 PRESS
3

2) Morphology  and  volume  change  of  the  whole  Si  elec-
trode.  The  large  volume  changes  also  cause  significant
challenges  at  the  level  of  the  entire  electrode.  Dur-
ing  lithiation,  Si  particles  expand  and  impinge  on  each
other.  During  delithiation,  Si  particles  contract,  which
can  result  in  detachment  of  their  surrounding  electrical
connections.  This  drastic  electrode  morphology  change
can  further  contribute  to  capacity  fading.  In  addition,
the  total  volume  of  the  whole  Si  anode  also  increases
and  decreases  upon  lithiation  and  delithiation,  leading
to  electrode  peel-off  and  failure,  which  creates  chal-
lenges  for  full  cell  design.

3)  Solid-electrolyte  interphase. When  the  potential  of  the
anode  is  below  ∼1  V  versus  Li/Li+, the  decomposition
of  the  organic  electrolyte  at  the  electrode  surface  is
thermodynamically  favorable.  The  decomposition  prod-
uct  forms  a  layer  on  the  electrode  material  surface
called  the  ‘‘solid-electrolyte  interphase’’  (SEI).  This
layer  needs  to  be  dense  and  stable,  and  it  should  be  ion-
ically  conducting  and  electronically  insulating  in  order
to  prevent  further  side  chemical  reactions  from  occur-
ring.  The  formation  of  this  passivating  SEI  film  on  the
Si  surface  has  been  confirmed  by  HRTEM,  FTIR,  and  XPS
[38—41].  The  SEI  films  consist  mainly  of  Li2CO3, various
lithium  alkylcarbonates  (ROCO2Li),  LiF,  Li2O,  and  non-
conductive  polymers  [38—40]. The  SEI  stability  at  the
2012),  http://dx.doi.org/10.1016/j.nantod.2012.08.004

interface  between  Si  and  the  liquid  electrolyte  is  a  crit-
ical  factor  for  obtaining  long  cycle  life.  However,  the
large  volume  change  makes  it  very  challenging  to  form
a  stable  SEI.  As  illustrated  in  Fig.  3b,  Si  particles  expand

n.  (b)  Morphology  and  volume  change  of  the  entire  Si  electrode.

dx.doi.org/10.1016/j.nantod.2012.08.004
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Figure  4  Charting  the  number  of  peer-reviewed  publications
on the  use  of  Si  materials  for  lithium  ion  battery  electrodes  as
a function  of  the  year  published  (results  collected  using  the  ISI
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eb  of  Science  database  with  ‘‘Si’’  and  ‘‘lithium  ion  battery’’
s search  items).

out  towards  the  electrolyte  upon  lithiation  and  con-
tract  during  delithiation.  The  SEI  formed  in  the  lithiated
(expanded)  state  can  be  broken  as  the  particle  shrinks
during  delithiation.  This  re-exposes  the  fresh  Si  surface
to  the  electrolyte  and  the  SEI  forms  again,  result-
ing  in  thicker  and  thicker  SEI  upon  charge/discharge
cycling.

anostructured Si anodes

n  the  past  decade,  Si  electrodes  have  attracted  increasing
esearch  interest  from  the  community  (Fig.  4).  The  number
f  publications  increased  from  40  in  2005  to  240  in  2011.
arious  structural  designs  of  Si  materials  have  been  pro-
osed  to  overcome  the  three  challenges  mentioned  above,
nd  discernible  progress  has  been  made.  Our  group  has  con-
ucted  research  into  the  rational  design  of  a  variety  of
anostructured  Si  electrodes.  We  have  gone  through  three
enerations  of  nanostructure  design,  encompassing  solid,
ollow,  and  clamped  hollow  nanostructures,  and  we  have
enerated  unique  designs  that  successfully  address  these
hallenges.

olid  Si  nanostructures

i  Nanowires  (NWs)
t  the  end  of  2007,  we  reported  a  Si  anode  design  con-
ept  utilizing  Si  NWs  prepared  by  the  vapor—liquid—solid
ynthesis  method;  these  electrodes  exhibited  significantly
mproved  electrochemical  performance  compared  to  thick
lms  and  large  particles  (Fig.  5)  [19]. These  NWs  are  directly
rown  onto  stainless  steel  current  collectors,  so  one  end
f  each  NW  is  bonded  to  the  metal  substrate.  Such  Si  NW
lectrodes  have  several  exciting  features  as  battery  anodes:
Please  cite  this  article  in  press  as:  H.  Wu,  Y.  Cui,  Nano  Today  (

1) The  NW  array  provides  sufficient  empty  space  between
adjacent  nanowires  to  accommodate  the  volume  change
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associated  with  alloying  and  de-alloying  of  Li  (schemat-
ically  shown  in  Fig.  5a  and  b).

2)  Each  Si  NW  is  electrically  connected  to  the  metallic
current  collector,  thus  enabling  robust  electrical  con-
tact  to  be  maintained;  moreover,  such  an  architecture
allows  for  all  nanowires  to  contribute  to  the  capacity
(schematically  shown  in  Fig.  5a  and  b).

3)  The  Si  NWs  feature  continuous  one-dimensional
electronic  pathways,  allowing  for  efficient  charge
transport  and  making  conductive  carbon  addi-
tives  and  polymer  binders  unnecessary.  This  is  in
contrast  to  the  inefficient  hopping  of  electrons
between  particles  in  traditional  slurry-coated  battery
electrodes.

4)  Nanostructured  Si  anodes  are  more  resistant  to  fracture
than  larger  Si  structures.  This  is  because,  in  general,
the  total  elastic  energy  stored  in  a  small  nanostruc-
ture  during  deformation  may  not  be  sufficient  to  drive
crack  initiation  and  propagation.  In  other  words,  for
smaller  structures,  the  stress-relief  volume  accompany-
ing  crack  growth  is  not  significant  enough  to  overcome
the  surface  energy  penalty  associated  with  the  crack
growth.

These  features  allow  Si  NW  anodes  to  achieve  signifi-
antly  improved  performance  compared  to  previous  studies.
he  Si  NWs  achieved  nearly  the  theoretical  charge  capacity
f  Si  and  maintained  a  discharge  capacity  close  to  75%  of
his  maximum,  with  little  fading  over  10  cycles  (Fig.  5c  and
).  The  nanosize  effect  and  superior  mechanical  properties
f  Si  nanowires  can  be  further  confirmed  by  observing  the
W  morphology  before  and  after  electrochemical  reactions.
ristine,  unreacted  Si  NWs  were  crystalline  with  smooth
idewalls  (Fig.  5e)  and  had  an  average  diameter  of  89  nm.
fter  lithiation,  the  Si  NWs  had  roughly  textured  sidewalls
Fig.  5f),  and  the  average  diameter  increased  to  141  nm.
espite  the  large  volume  change,  the  Si  NWs  remained  intact
nd  did  not  break  into  smaller  particles.  They  also  appeared
o  remain  in  contact  with  the  current  collector,  suggest-
ng  minimal  capacity  fade  due  to  electrically  disconnected
aterial  during  cycling.
Following  this  first  demonstration  of  rational  Si

W  design,  there  were  many  other  related  studies
24,27,42—63].  For  example,  Si  NWs  can  be  prepared  by

 scalable  supercritical  fluid—liquid—solid  (SFLS)  method.
hese  solution-based  Si  NWs  can  be  coated  with  carbon,
nd  demonstrate  good  performance  (reversible  capacities  of
500  mAh/g  were  observed  for  30  cycles)  [63]. Schulz  et  al.
emonstrated  that  a  Si  nanofiber  anode  can  also  be  synthe-
ized  by  an  electrospinning  method.  Their  method  involves
sing  Si6H12 as  the  Si  precursor  in  a  polymer  carrier  during
lectrospinning  [64]. The  Si  nanofibers  show  relatively  high,
table  capacities.  Peng  et  al.  [44]  and  Flake  et  al.  [62,65]
eported  Si  nanowire  anodes  fabricated  by  metal-induced
hemical  etching  of  Si  wafers.  This  method  has  the  poten-
ial  for  precise  control  of  crystal  orientation  and  doping
47].  The  Zhu  group  reported  data  from  carbon-coated  Si
W  array  films  prepared  by  metal  catalytic  etching  of  Si  and
2012),  http://dx.doi.org/10.1016/j.nantod.2012.08.004

yrolyzing  of  a  carbon  aerogel,  and  the  capacities  of  the
lms  were  from  the  carbon-coated  Si  NWs  exclusively,  since
he  Si  wafer  substrates  were  completely  transformed  into  Si
Ws  [43]. It  is  believed  that  the  carbon  coating  enhances  the

dx.doi.org/10.1016/j.nantod.2012.08.004
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Figure  5  (a)  Schematic  of  morphological  changes  that  occur  in  Si  during  electrochemical  cycling.  The  volume  of  Si  anodes  changes
by about  400%  during  cycling.  As  a  result,  Si  films  and  particles  tend  to  pulverize  during  cycling.  (b)  Si  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  without  breaking.  (c)  The  voltage  profiles  for  the  Si  NWs  cycled  at  different  currents.  (d)  Capacity

EM  im

C

versus cycle  number  for  the  Si  NWs  at  the  C/20  rate.  (e  and  f)  S
cycling [19].

electrochemical  performance.  Indeed,  rapid  capacity  fad-
Please  cite  this  article  in  press  as:  H.  Wu,  Y.  Cui,  Nano  Today  (

ing  of  the  uncoated  Si  NW  film  electrode  was  observed  after
10  cycles,  while  carbon-coated  Si  NW  electrodes  exhibited
a  stable  reversible  capacity  of  1326  mAh/g  after  40  cycles
[43].

A
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age  of  pristine  Si  NWs  before  (e)  and  after  (f)  electrochemical

ore—shell  Si  NWs
2012),  http://dx.doi.org/10.1016/j.nantod.2012.08.004

 key  materials  design  principle  learned  from  the  stud-
es  of  Si  NWs  is  to  develop  methods  to  maintain  electrical
onnection  without  pulverization.  A  powerful  concept  is
he  core—shell  NW,  where  the  core  material  is  structurally

dx.doi.org/10.1016/j.nantod.2012.08.004
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Figure  6  (a)  TEM  and  (b)  HRTEM  images  of  NWs  before  cycling  (grown  for  40  min).  (c)  TEM  and  SAED  (inset)  images  of  a  NW  after
15 cycles  with  cutoff  of  150  mV.  (d)  TEM  and  SAED  (inset)  images  of  NWs  after  3  cycles  with  cutoff  of  10  mV.  (e  and  f)  Charge  (red)
a )  ve
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nd discharge  (green)  capacity  and  Coulombic  efficiency  (blue
oltage cutoffs  and  power  rates.  (e)  150  mV  cutoff  and  0.2  C.  (f

table  and  electrically  conducting  and  the  shell  material  is
he  active  Si  for  storing  lithium  ions.  Our  group  demon-
trated  the  first  core—shell  NW  concept  by  developing
rystalline-amorphous  core—shell  SiNWs  that  showed  signif-
cant  improvement  in  power  rate  and  cycle  life  [39]. The
-Si  reacts  with  lithium  at  a  slightly  higher  potential  than
he  c-Si.  By  controlling  the  charging  potential  to  remain
bove  the  c-Si  amorphization  potential  of  120  mV  versus
i/Li+,  only  the  amorphous  Si  shell  is  lithiated,  preserving
he  crystalline  core  as  a  mechanical  support  and  an  efficient
ransport  pathway.

We  developed  a  simple  method  to  grow  crystalline-
morphous  core—shell  Si  NWs  without  changing  the  growth
emperature  to  form  the  crystalline  and  amorphous  regions.
he  growth  was  conducted  directly  on  stainless  steel  (SS)
urrent  collectors  in  a  SiH4 CVD  furnace.  Transition  metals  in
S,  such  as  Ni,  Fe,  or  Cr,  are  believed  to  catalyze  the  growth
y  a  direct  vapor—solid  process.  Fig.  6a  and  b  shows  TEM
Please  cite  this  article  in  press  as:  H.  Wu,  Y.  Cui,  Nano  Today  (

mages  and  SAED  patterns  from  such  a  core—shell  structure.
o  confirm  that  the  core—shell  structure  is  robust  enough  for
echanical  and  electrical  support  after  cycling,  we  investi-

ated  the  morphology  and  structure  of  NWs  after  cycling.

m
O
b
[

rsus  cycle  number  for  the  core—shell  NWs  with  different  low
 mV  cutoff,  0.1  C  for  5  cycles  then  0.8  C  [39].

wo  samples  cycled  with  either  10  or  150  mV  cutoffs  are
ompared  (Fig.  6c  and  d).  At  150  mV,  the  crystalline  core
s  maintained,  while  at  10  mV  the  NW  becomes  completely
morphous.  Such  crystalline-amorphous  core—shell  SiNWs
ere  shown  to  have  90%  capacity  retention  over  100  cycles
ith  a  capacity  of  1000  mAh/g  (Fig.  6e  and  f).

We  have  also  extended  the  core—shell  concept  by  syn-
hesizing  carbon—Si  core—shell  NWs,  fabricated  by  CVD  of
morphous  Si  onto  carbon  nanofibers  (CNFs)  [40]. Simi-
arly  to  the  crystalline  Si  core  in  the  crystalline-amorphous
ore—shell  SiNWs,  carbon  cores  function  as  efficient  elec-
ron  transport  pathways  and  stable  mechanical  supports.
owever,  the  difference  is  that  the  carbon  core,  due  to  its
mall  capacity,  has  little  structural  or  volume  changes  even
hen  lithiating  to  10  mV  versus  Li/Li+. Charging  to  this  low
otential  allows  for  much  higher  utilization  (2000  mAh/g)  of
he  specific  charge  capacity  of  a-Si.  In  addition,  CNFs  are
ommercially  available  in  large  quantities,  which  makes  the
2012),  http://dx.doi.org/10.1016/j.nantod.2012.08.004

ass  production  of  C—Si  core—shell  NWs  easily  achievable.
ther  core—shell  nanowire  designs  have  also  been  realized
y  using  different  core  materials,  including  metal  silicides
66,67],  nitride  [68], and  carbon  nanotubes  [69—80].

dx.doi.org/10.1016/j.nantod.2012.08.004
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Si  nanoparticles
Si  nanoparticles  with  small  enough  diameters  should  also  be
able  to  undergo  large  volumetric  strains  without  mechani-
cal  fracture  [81—86]. Compared  to  NWs,  the  challenge  for  Si
nanoparticles  is  how  to  electrically  connect  them  to  the  cur-
rent  collector  and  how  to  maintain  such  a  connection  after
repetitive  volume  changes.  The  traditional  slurry  coating
method  exploits  conductive  carbon  and  PVDF  binder  addi-
tive,  which  have  not  worked  well  for  Si  (Fig.  7a).  In  the
past  several  years  there  has  been  research  on  developing
novel  methods  for  electrically  connecting  Si  nanoparticles.
Our  group  developed  a  method  to  prepare  Si  particle  anodes
where  amorphous  Si  is  deposited  onto  electrode  structures;
the  amorphous  Si  acts  as  an  inorganic  glue  to  fuse  all  the
particles  together  and  bind  them  onto  the  current  collector
(Fig.  7b)  [87]. This  inorganic  glue  can  help  solve  the  issue  of
the  loss  of  electrical  contact  in  Si  particle  anodes  prepared
with  conventional  slurry  methods.  We  have  used  this  method
to  successfully  cycle  both  nanoparticles  and  microparticles.
With  a  limited  charge  capacity  of  1200  mAh/g,  the  pre-
pared  200  nm  Si  particle  anode  showed  stable  cycling  up  to
130  cycles  in  a  half  cell  test.  With  a  limited  charge  capac-
ity  of  800  mAh/g,  the  8  �m  Si  particles  can  be  cycled  over
200  cycles  in  half  cell  tests.  In  another  study,  we  used  the
CVD-deposited  inorganic  glue  to  physically  and  electrically
connect  Si  nanoparticles  to  Si  NWs  [88]. When  compared
with  bare  Si  NW  anodes,  the  areal  capacity  was  increased
significantly  without  using  long  CVD  deposition  times.

Another  way  to  improve  the  electrochemical  cycling  per-
formance  of  Si  nanoparticle  electrodes  is  to  explore  new
polymer  binder  materials  [89,90].  Two  examples  are  given
here.  Through  a  combination  of  advanced  materials  syn-
thesis,  spectroscopic  analysis,  and  theoretical  simulations,
Liu  et  al.  developed  a  new  conductive  binder  to  address
the  volume  change  problems  in  Si.  Their  integrated  exper-
imental  and  theoretical  results  show  that  the  developed
polymer  features  much-improved  electronic  conductivity

Figure  7  Schematic  illustration  of  the  morphology  change  of
Si particle  films  before  and  after  charge—discharge  cycling.  (a)
Si particle  film  on  SS  substrate  prepared  with  conventional  slurry
method,  where  the  small  black  particles  indicate  carbon  black
and green  lines  indicate  PVdF  chains.  After  cycling,  the  Si  par-
ticles lose  electrical  contact  with  the  surrounding  particles.  (b)
Si particles  fused  together  and  bonded  onto  the  SS  substrate  by
a-Si inorganic  glue,  where  the  blue  rings  are  the  a-Si  coating.
After cycling,  the  particle  film  still  maintains  an  interconnected
porous  structure,  where  little  loss  of  electrical  contact  occurs
[87].

and  robust  mechanical  binding  forces,  which  simultaneously
maintains  electrical  connectivity  and  accommodates  the  Si
volume  change.  Composite  electrodes  based  on  Si  particles
and  the  PFFOMB  (poly  (9,9-dioctylfluorene-co-fluorenone-
co-methylbenzoic  acid))  binder,  without  any  conductive
additive,  exhibit  high  capacity,  long-term  cycling,  low  over-
potential  between  charge  and  discharge,  and  good  rate
performance.  In  another  study,  Yushin  et  al.  showed  that
mixing  Si  nanoparticles  with  alginate,  a  natural  polysac-
charide  extracted  from  brown  algae,  yields  stable  Si
nanoparticle  anodes.  These  applications  of  new  high  per-
formance  binders  are  low-cost  and  compatible  with  current
slurry  manufacturing,  and  as  such  are  very  attractive.

Hollow  Si  nanostructures

Compared  to  solid  structures,  hollow  structures  provide
empty  interior  space  for  the  volume  expansion,  which  offers
numerous  advantages,  including  the  development  of  lower
diffusion-induced  stresses,  as  demonstrated  here.  A  finite
element  model  was  developed  to  calculate  the  diffusion-
induced  stress  during  lithiation  of  hollow  Si  nanospheres
(Fig.  8).  The  modeling  results  show  that  the  maximum

Figure  8  Theoretical  modeling  of  stress  evolution  during  lithi-
ation in  a  hollow  sphere  versus  a  solid  sphere  with  the  same
volume  of  Si.  (a)  Hoop  stress  (���)  evolution  of  a  hollow  Si  sphere
at a  lithiation  rate  of  C/10  for  0.5,  1,  2,  6,  and  60  min.  The
inset shows  a  schematic  of  the  hollow  Si  sphere  (Rin =  175  nm,
Rout =  200  nm).  (b)  Hoop  stress  (���)  evolution  of  a  solid  Si  sphere
at a  lithiation  rate  of  C/10  for  0.5,  1,  2,  6,  and  60  min.  The  inset
shows  a  schematic  of  the  solid  Si  sphere  (R  =  138  nm)  that  has  the
same volume  of  the  hollow  sphere.  Positive  stress  values  indi-
cate tensile  stress,  while  negative  values  indicate  compressive
stress  [91].

dx.doi.org/10.1016/j.nantod.2012.08.004
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s  synthesized  from  silica  nanoparticle  templates  [91].
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Detailed  failure  mechanisms  of  the  SEI  layer  on  Si  are
shown  in  Fig.  10a.  Electrolyte  decomposition  occurs  due
to  the  low  potential  of  the  anode  and  forms  an  SEI  layer
on  the  electrode  surface  during  battery  operation.  The  SEI
layer  is  an  electronic  insulator  but  a  lithium  ion  conduc-
tor;  ideally,  this  results  in  the  SEI  eventually  terminating  its
growth  at  a  certain  thickness  [96]. Even  though  Si  nanostruc-
tures  resist  fracture,  their  interface  with  the  electrolyte  is
not  static  due  to  repetitive  volume  expansion  and  contrac-
tion  [16,17,22,94]. As  schematically  shown  in  Fig.  10a  and
b,  both  solid  and  hollow  Si  structures  expand  out  towards
the  electrolyte  upon  lithiation  and  contract  during  delithi-
ation.  The  SEI  formed  in  the  lithiated  expanded  state  can
be  broken  as  the  nanostructure  shrinks  during  delithia-
tion.  This  re-exposes  the  fresh  Si  surface  to  the  electrolyte
and  more  SEI  forms,  resulting  in  a  thicker  and  thicker  SEI
film  upon  charge/discharge  cycling.  This  results  in  battery
performance  degradation  through  (a)  the  consumption  of

Figure  10  (a)  Results  of  the  computational  modeling  of  shape
Figure  9  TEM  and  SEM  images  of  Si  nanosphere

ensile  stress  (that  which  would  affect  fracture)  in  a  hol-
ow  Si  sphere  is  five  times  lower  than  that  in  a  solid  sphere
ith  an  equal  volume  of  Si  [91]. This  significant  difference

n  the  maximum  tensile  stress  shows  the  unique  advantage
f  a  hollow  structures;  these  lower  stress  values  mean  that
he  hollow  nanostructures  will  fracture  less  readily.

Better  cycling  stability  of  hollow  Si  nanostructures  has
lso  been  shown  experimentally  [91,92].  To  fabricate  hol-
ow  nanospheres,  we  employed  a  template  approach  using
olid  silica  nanospheres.  Interconnected  Si  nanospheres  with
n  inner  radius  of  ∼175  nm  and  an  outer  radius  of  ∼200  nm
ave  been  synthesized  with  this  method  (Fig.  9).  A  reversible
i  discharge  capacity  of  2725  mAh/g  has  been  achieved  for
he  first  cycle  from  this  electrode.  The  discharge  capacity
egrades  only  8%  per  100  cycles  during  the  700  total  cycles,
howing  good  electrochemical  stability  of  the  nanospheres.
oreover,  due  to  the  lower  stresses  present,  the  hollow
anospheres  can  withstand  extremely  high  charge/discharge
ates.  Even  at  10  C,  57%  of  the  0.2  C  capacity  remained  [91].

The  electrochemical  characteristics  of  hollow  Si  tubes
ave  also  been  explored  and  have  been  shown  to  exhibit
ood  performance  [93—95]. For  example,  Cho’s  group
abricated  novel  Si  nanotube  structures  by  reductive  decom-
osition  of  Si  precursor  inside  anodic  alumina  templates
95]. The  use  of  Si  nanotubes  increased  the  surface  area
ccessible  to  the  electrolyte,  allowing  lithium  ions  to
ntercalate  from  both  the  interior  and  the  exterior  of
he  nanotubes.  The  nanotube  electrodes  demonstrated
eversible  charge  capacities  of  ∼3200  mAh/g  with  capac-
ty  retention  of  89%  after  200  cycles  at  a  rate  of

 C  in  practical  lithium  ion  cells  with  improved  rate
tability  [95].

ollow  Si  nanostructures  with  clamping

s  stated  above,  the  pulverization  problem  of  Si  electrodes
an  be  successfully  addressed  by  employing  various  nano-
tructures  including  solid  nanowires,  nanoparticles,  hollow
pheres  and  tubes.  These  nanostructures  can  effectively
ithstand  the  stress  induced  by  heterogeneous  changes

n  the  volume  of  Si  anodes  without  fracture.  However,
he  problem  of  the  unstable  SEI  remains  unsolved  by
Please  cite  this  article  in  press  as:  H.  Wu,  Y.  Cui,  Nano  Today  (2012),  http://dx.doi.org/10.1016/j.nantod.2012.08.004

sing  these  nanostructures.  In  addition,  these  materials
annot  prevent  volume  changes  at  the  whole  electrode
evel  since  they  still  expand  towards  the  outside  when
ithiated.

changes  of  a  Si  tube  inside  a  rigid  nanopore  during  reaction
with Li.  (b)  deintercalation  capacity  retention  and  Coulombic
efficiency  for  the  sample  containing  33  wt%  Si.  The  reported
capacity  is  normalized  by  the  total  weight  of  C  and  Si  [97].

dx.doi.org/10.1016/j.nantod.2012.08.004


Please  cite  this  article  in  press  as:  H.  Wu,  Y.  Cui,  Nano  Today  (2012),  http://dx.doi.org/10.1016/j.nantod.2012.08.004

ARTICLE IN PRESS+Model
NANTOD-268; No. of Pages 16

Designing  nanostructured  Si  anodes  9

Figure  11  (a)  Schematic  of  SEI  formation  on  Si  surfaces.  Designing  a  mechanical  constraining  layer  on  the  hollow  Si  nanotubes  can
prevent Si  from  expanding  outside  towards  the  electrolyte  during  lithiation;  as  a  result,  a  thin  and  stable  SEI  can  be  built.  (b  and
c) SEM  images  of  Si  nanotubes  with  surface  clamping  before  and  after  electrochemical  cycles.  (d)  Lithiation/delithiation  capacity
and Coulombic  efficiency  of  nanotubes  cycled  at  12  C  for  6000  cycles.  There  is  no  significant  capacity  fading  after  6000  cycles.  (e)
nanotubes cycled  at  various  rates  from  1  C  to  20  C  [98].

dx.doi.org/10.1016/j.nantod.2012.08.004
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Figure  12  Schematic  of  the  materials  design  for  yolk—shell
structures.  (A)  A  conventional  slurry-coated  SiNP  electrode.  SEI
on the  surface  of  the  SiNPs  ruptures  and  reforms  upon  each  SiNP
during cycling,  which  causes  the  excessive  growth  of  SEI  and
failure  of  the  battery.  The  expansion  of  each  SiNP  also  disrupts
the microstructure  of  the  electrode.  (B)  A  novel  Si@void@C
electrode.  The  void  space  between  each  SiNP  and  the  carbon
coating  layer  allows  the  Si  to  expand  without  rupturing  the  coat-
ing layer,  which  ensures  that  a  stable  and  thin  SEI  layer  forms
on the  outer  surface  of  the  carbon.  Also,  the  volume  change
of the  SiNPs  is  accommodated  in  the  void  space  and  does  not
change  the  microstructure  of  the  electrode.  (C)  A  magnified
schematic  of  an  individual  Si@void@C  particle  showing  that  the
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0  

lectrolyte  and  of  lithium  ions  during  continuous  SEI  for-
ation,  (b)  the  electrically  insulating  nature  of  the  SEI
egrading  the  electrical  contact  between  the  current  col-
ector  and  anode  material,  (c)  the  long  lithium  diffusion
istance  through  the  thick  SEI  and  (d)  possible  electrode
aterial  degradation  caused  by  mechanical  stress  from  the

hick  SEI.  The  formation  of  a  stable  SEI  is  critical  for  real-
zing  long  cycle  life  in  Si  anodes;  this  is  also  generally
rue  for  other  battery  electrode  materials  that  undergo
arge  volume  changes.  By  engineering  the  microstructure
nd  surface  chemistry,  nanoscale  Si  electrodes  provide  an
xciting  opportunity  to  study  the  SEI  formation  mechanisms
uring  electrochemical  reactions.  Based  on  the  in-depth
nderstanding  of  SEI  formation  mechanisms,  it  is  possi-
le  to  overcome  the  unstable  SEI  formation  problem  by
pecialized  nanostructure  design  of  Si  or  Si-based  compos-
te  electrodes.  Yushin  et  al.  reported  a  successful  control
f  SEI  growth  on  Si  nanotubes  with  a  rigid  carbon  outer
hell  [97]. This  structure  shows  high  electrochemical  per-
ormance  possibly  due  to  the  management  of  SEI  formation
Fig.  10).

We  recently  proposed  a  surface-clamped  hollow  Si  nano-
tructure,  termed  double  walled  Si  nanotubes,  to  overcome
his  unstable  SEI  problem  (Fig.  11a,  bottom)  [98]. By  using
lectrospun  nanofiber  templates,  continuous  Si  nanotubes
ith  an  oxide  coating  layer  on  the  outer  surface  were

abricated  (Fig.  11b).  The  outside  SiOx coating  layer  is
echanically  strong  and  can  successfully  prevent  the  Si  from

xpanding  outward  while  still  allowing  lithium  ions  to  pass
hrough.  In  addition,  the  electrolyte  does  not  wet  inside  the
anotubes  due  to  the  extremely  high  aspect  ratio  of  the
ontinuous  nanotubes.  Therefore,  the  outer  surface  of  the
anotubes  interfaced  with  the  electrolyte  is  static,  allow-
ng  for  a  stable  SEI  to  be  built  on  the  outer  surface,  as
onfirmed  by  SEM  images  of  nanotubes  after  2000  cycles
Fig.  11c).  These  nanotubes  also  derive  other  advantages
rom  the  nanoscale  structure,  such  as  mechanical  robust-
ess  and  short  Li  ion  diffusion  lengths.  In  addition,  inward
xpansion  does  not  change  the  morphology  and  volume  at
he  whole  electrode  level,  which  is  beneficial  for  the  design
f  the  full  battery  cell.  As  a  result,  these  Si  nanotubes
how  extremely  high  cyclability  at  high  rates.  A  long  cycle
ife  (6000  cycles  with  88%  capacity  retention),  high  specific
harge  capacity  (∼2970  mAh/g  at  C/5,  ∼1000  mAh/g  at  12  C)
nd  fast  charging/discharging  rates  (up  to  20  C)  have  been
emonstrated.

Besides  double-walled  Si  nanotubes,  other  nanoscale
aterials  designs  have  also  been  explored  to  overcome

he  SEI  problem  [83,88,99,100].  For  example,  our  group
ecently  developed  a  novel  yolk—shell  design  for  stabilized
nd  scalable  Li-ion  battery  electrodes  (Fig.  12).  Commer-
ially  available  Si  nanoparticles  are  completely  sealed  inside
hin,  self-supporting  carbon  shells,  with  rationally  designed
oid  space  in  between  the  particles  and  the  shells.  The  well-
efined  void  space  allows  the  Si  particles  to  expand  freely
ithout  breaking  the  outer  carbon  shell,  therefore  stabiliz-

ng  the  SEI  on  the  shell  surface.  High  capacity  (2800  mAh/g  at
/10),  long  cycle  life  (1000  cycles  with  74%  capacity  reten-
Please  cite  this  article  in  press  as:  H.  Wu,  Y.  Cui,  Nano  Today  (

ion),  and  high  Coulombic  efficiency  (99.84%)  have  been
ealized  in  this  yolk—shell  structured  Si  electrode.  Note  that
he  synthesis  approach  is  carried  out  without  special  equip-
ent  and  mostly  at  room  temperature.

i
i
l
t

iNP expands  without  breaking  the  carbon  coating  or  disrupting
he SEI  layer  on  the  outer  surface  [101].

undamental understanding of the lithiation
rocess in nanostructures

ow  dimensional  Si  nanostructures,  especially  1D  Si  nano-
tructures  with  high  aspect  ratios,  also  provide  an  ideal
odel  system  for  observation  of  deformation  characteris-

ics  during  the  alloying  reaction.  It  is  of  great  interest  to
tudy  the  internal  stress/strain  distribution  and  materials
ailure  mechanisms  in  nanostructured  Si  material  systems.
hese  studies  provide  the  research  community  with  a  bet-
er  understanding  of  the  electrochemical  alloying  reaction,
hich  further  aids  in  the  design  of  high  performance  Si
nodes.  Our  group  has  studied  the  morphological  changes
2012),  http://dx.doi.org/10.1016/j.nantod.2012.08.004

n  Si  NWs  after  electrochemical  cycling,  and  we  observed
nteresting  stepwise  surface  roughening  and  nanopore  evo-
ution  (Fig.  13)  [102]. Because  of  the  small  dimensions  of
he  NWs,  the  pore  formation  can  be  observed  clearly  using

dx.doi.org/10.1016/j.nantod.2012.08.004
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Figure  13  SEM  images  of  SiNWs  after  0,  1,  5,  and  

electron  microscopy.  This  study  also  helps  explain  capacity
loss  in  Si  anodes  in  general.

For  a  better  understanding  of  electrochemical  reactions
inside  Si  nanostructures,  we  also  studied  the  shape  and
volume  changes  of  crystalline  Si  nanopillars  with  different
orientations  upon  first  lithiation  and  discovered  surprising
results  [103]. Upon  lithiation,  the  initially  circular  cross
sections  of  nanopillars  with  〈1  0  0〉,  〈1  1  0〉,  and  〈1  1  1〉  axial
orientations  expanded  into  cross,  ellipse,  and  hexagonal
shapes,  respectively  (Fig.  14).  This  highly  anisotropic  expan-
sion  behavior  is  caused  by  preferred  lithiation  and  expansion
along  the  〈1  1  0〉  direction.  These  results  give  new  insight  into
the  Si  volume  change  process  and  could  help  in  designing
better  battery  anodes.

To  study  changes  in  the  electronic  conductivity  dur-
ing  lithiation  and  delithiation,  we  developed  a  single  NW
electrochemical  device  that  allows  for  the  lithiation  and
delithiation  of  a  single  NW  along  with  the  ability  to  test
I—V  characteristics  and  characterize  structural  changes  at
different  lithiation  states.  We  found  that  the  electrical  con-
ductivity  of  individual  Si  NWs  changes  dramatically  after  the
first  lithiation  and  between  lithiated  and  delithiated  states.

Very  recently,  a  nanoscale  open  cell  electrochemical
device  was  developed  that  operates  inside  a  transmission
electron  microscope  (TEM)  [20,47,104—106],  allowing  real-
time  observation  of  the  charging/discharging  behavior  of
individual  NW  electrodes.  Using  this  powerful  tool,  Liu  et  al.
demonstrated  ultrafast  and  full  electrochemical  lithiation  of
individual  carbon-coated  Si  NWs  by  direct  real-time  obser-
vation  using  in  situ  transmission  electron  microscopy  with
ionic  liquid  electrolytes  [105,106].  The  Si  NWs  did  not  frac-
ture  despite  the  ultrahigh  lithiation  rates  and  large  volume
Please  cite  this  article  in  press  as:  H.  Wu,  Y.  Cui,  Nano  Today  (

expansion.  They  also  observed  anisotropic  swelling  of  Si  NWs
during  lithiation.  Such  anisotropic  expansion  is  consistent
with  our  findings  [103]. In  other  work,  the  effect  of  metallic
coatings  on  Si  expansion  was  studied  [20].

t
t
i
o

-battery  cycles.  All  the  scale  bars  are  200  nm  [102].

The development  of  the  in  situ  TEM  technique  has
lso  resulted  in  deeper  understanding  of  volume  changes
n  Si  nanoparticle  electrodes.  Very  recently,  Huang  et  al.
eveloped  a  nanoscale  open  cell  electrochemical  device
hat  operates  inside  a  transmission  electron  microscope
TEM)  [47,104—106], allowing  real-time  observation  of  the
harging/discharging  behavior  of  individual  Si  nanowire
lectrodes.  Using  this  powerful  tool,  Liu  et  al.  demonstrated
ltrafast  and  full  electrochemical  lithiation  of  individual
arbon  coated  Si  nanowires  by  direct  real-time  observation
sing  in  situ  transmission  electron  microscopy  with  ionic
iquid  electrolytes  [105,106]  (Fig.  15).  The  Si  nanowires
id  not  fracture  despite  the  ultrahigh  lithiation  rates  and
300%  volume  expansion.  They  also  observed  an  anisotropic

welling  of  Si  nanowires  during  lithiation  against  either  a
olid  electrolyte  with  a  lithium  counter-electrode  or  a  liquid
lectrolyte  with  a LiCoO2 counter-electrode  (Fig.  15).  Such
nisotropic  expansion  is  consistent  with  Cui’s  research  [103],
nd  is  attributed  to  the  interfacial  processes  of  accommo-
ating  large  volumetric  strains  at  the  lithiation  reaction
ront  that  depend  sensitively  on  the  crystallographic  orien-
ation.

By  using  a  similar  approach,  we  directly  observed  the
ithiation  and  expansion  of  yolk—shell  Si  nanoparticle  [101].
s  seen  in  Fig.  16,  the  Si  particles  expand  in  volume  as  Li
iffuses  through  the  carbon  coating  and  react  with  the  Si
articles.  The  volume  expansion  is  most  evident  in  the  set
f  particles  at  the  bottom  of  the  structure.  In  the  frame
abeled  ‘‘105  s’’,  the  particles  are  partially  lithiated,  and  an
morphous  LixSi  shell/crystalline  Si  core  structure  is  readily
iscernible  in  the  largest  particle  (the  crystalline  core  is
he  region  with  dark  contrast).  After  complete  lithiation,
2012),  http://dx.doi.org/10.1016/j.nantod.2012.08.004

he  diameter  of  the  largest  Si  particle  increases  from  185
o  300  nm  and  it  fills  the  hollow  space  within  the  carbon  coat-
ng.  This  in  situ  TEM  tool  is  expected  to  facilitate  the  design
f  complex  nanostructured  Si  anodes  [101].

dx.doi.org/10.1016/j.nantod.2012.08.004
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Figure  14  Anisotropic  lateral  expansion  of  crystalline  Si  nanopillars  with  three  different  axial  orientations  (〈1  0  0〉,  〈1  1  0〉,  and
〈1 1  1〉)  upon  lithiation.  (a—l)  Top-view  SEM  images  of  Si  nanopillars  of  each  crystal  orientation  and  each  lithiation  state.  The  〈1  0  0〉
axially oriented  pillars  are  shown  in  the  left  column,  〈1  1  0〉  pillars  are  shown  in  the  middle  column,  and  〈1  1  1〉  pillars  are  shown  in
the right  column.  The  top  row  shows  pristine  pillars,  the  second  row  shows  partially  lithiated  pillars  held  at  120  mV  versus  Li/Li+,
and the  third  row  shows  fully  lithiated  pillars  held  at  10  mV  versus  Li/Li+.  The  images  in  the  fourth  row  show  low-magnification  views
of fully  lithiated  pillars  of  each  axial  orientation.  Scale  bars  from  (a—i)  are  200  nm  and  from  (j—l)  are  2  �m.  (m)  Schematic  diagram
of the  crystallographic  orientation  of  the  facets  on  the  sidewalls  of  each  of  the  pillars.  Lithiated  Si  primarily  expands  along  the  1  1  0
direction perpendicular  to  the  nanopillar  axis.  (n)  Statistical  data  of  the  changes  in  cross-sectional  dimensions  for  the  three  types
of nanopillars.  Data  is  presented  for  pristine,  partially  lithiated,  and  fully  lithiated  pillars  for  cross-sectional  expansion  in  both  the
〈1 1  0〉  and  〈1  0  0〉  directions.  (o)  Statistical  data  of  the  changes  in  cross-sectional  area  for  the  three  types  of  nanopillars.  (p)  View
a 1  0  0〉
p
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long three  different  directions  of  the  diamond  cubic  lattice:  〈
lanes have  different  atomic  structures  [103].

ummary and outlook

n  summary,  Si  is  an  attractive  anode  material  due  to  its
igh  capacity,  although  the  large  volume  changes  during
ithiation/delithiation  have  been  the  main  impediment  to
Please  cite  this  article  in  press  as:  H.  Wu,  Y.  Cui,  Nano  Today  (

mplementation.  We  have  outlined  three  fundamental  mate-
ials  challenges:  material  pulverization  at  the  individual  Si
article  level,  unstable  solid-electrolyte  interphase,  and
orphology  and  volume  change  at  the  whole  electrode

y
a
p
t

,  〈1  1  0〉,  and  〈1  1  1〉.  It  is  evident  that  the  different  crystalline

evel.  In  this  review,  we  have  presented  the  series  of
anostructure  designs  that  have  addressed  these  issues.
he  design  has  gone  through  three  generations,  including
olid,  hollow,  and  clamped  hollow  structures.  The  clamped
ollow  structures,  such  as  double-walled  nanotubes  and
2012),  http://dx.doi.org/10.1016/j.nantod.2012.08.004

olk—shell  nanoparticles  can  address  all  three  challenges
nd  are  the  most  successful  designs.  The  nanoscale  design
rinciples  developed  here  for  Si  can  also  be  extended
o  other  battery  materials  with  large  volume  change,

dx.doi.org/10.1016/j.nantod.2012.08.004
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Figure  15  (a)  Schematic  illustration  of  the  electrochemical  device.  (b)  Ultrafast  charging  of  carbon-coated  and  phosphorus-doped
silicon nanowires.  TEM  images  of  Si  nanowire  after  lithiation  for  different  times  are  shown.  (c)  In  situ  TEM  observation  of  anisotropic
swelling of  Si  nanowires  during  lithiation.  (d)  3D  simulation  of  a  progressively  lithiated  nanowire  (i.e.,  the  Li  flux  is  prescribed  at
the front  end),  showing  the  development  of  the  dumbbell-shaped  cross  section  along  the  longitudinal  direction  [105].

Figure  16  In  situ  TEM  characterization  of  Si@void@C  expansion  during  electrochemical  lithiation.  (a)  Schematic  of  the  in  situ  TEM
device. (b)  In  situ  TEM  image.  In  this  series  of  images,  the  Si  particles  are  observed  to  expand  within  the  outer  carbon  shell.  Scale
bar: 200  nm  [101].

dx.doi.org/10.1016/j.nantod.2012.08.004
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uch  as  other  alloy  anodes  and  conversion  material  cath-
des.

While  nanostructured  Si  anodes  have  demonstrated  great
uccess,  future  research  is  necessary  in  the  following  areas.
irst,  nanoscale  design  at  the  qualitative  level  has  been
stablished,  but  quantitative  understanding  is  still  needed.
or  example,  the  size-dependence  of  the  nanostructure
roperties  needs  to  be  defined  quantitatively.  Second,  the
ature  of  the  solid  electrolyte  interphase  on  Si  needs  to  be
tudied,  which  will  lead  to  improvements  in  the  Coulombic
fficiency.  In  addition,  nanoscale  coatings  on  Si  are  highly
esirable.  Third,  the  atomistic  processes  that  occur  dur-
ng  lithium  insertion  and  extraction  are  still  not  completely
nderstood.  The  use  of  ex  situ  or  in  situ  characterization
echniques,  guided  by  multi-scale  modeling  and  simulations,
s  vital  to  unraveling  these  detailed  microscopic  processes.
ourth,  methods  of  packing  nanostructured  Si  into  the  elec-
rode  structure  and  understanding  deformation  mechanisms
t  the  whole  electrode  level  are  necessary.  Finally,  the
evelopment  of  large-scale,  low-cost  fabrication  strategies
or  nanomaterials  with  desirable  performance  is  an  impor-
ant  challenge.
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