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1. Motivation
Lithium ion battery (LIB): 
A complex system involves multiple phases, interfaces, charge and mass transport processes.
Commercialized for > 30 years, having many applications, but not well understood.

Report of the Basic Energy Sciences Workshop on Electrical Energy Storage, April 2-4, 2007

A LIB during discharging

Cheng, et al. Adv. Mater., 23: 1695 (2011).

Prevailing and potential applications



1. Motivation
Global efforts are ongoing to improve LIB performance, targeting higher energy/power density, 
higher safety, and longer durability.
Mechanical degradation is one of the major problems of those high-energy LIBs under development. 

Si + xLi → LixSi (0 ≤ x ≤ 4.4)

What we 
have…

What we 
want…

Larcher, et al. J. Mater. Chem., 17: 3759 (2007).

C + xLi → LixC (0 ≤ x ≤ 1/6)

Capacity of various anode materials for LIBs

372 mAh/g

4200 mAh/g

Initial structure After cycling

Si thin film

Si electrodes crack and fracture after 
only a few cycles. There is an urgent 
need of understanding the mechanical 
responses upon electrochemical 
reactions.



Atomically: intrinsic volumetric changes and 
dilution of Si atoms by Li

Liu, et al. Adv. Energy Mater., DOI: 10.1002/aenm.201200024 (2012).

1. Motivation

Large volumetric expansion is intrinsic to the high-energy anodes such as Si and Ge.
But how does it actually occur accompanying the electrochemical reactions?

Initial structure After cycling

Si thin film

Macroscopically: Crack and fracture

Microscopically: ??

How is fracture initiated? 
Developed? Finalized?

(length scale: mm and up)

(length scale: Å ~ nm ~ μm)

(length scale: sub Å ~ 1 nm)

Nano-battery + TEM



2. Approach

Building a nano-battery compatible for TEM observation
Understand deformation at the atomic to micrometer length scale

Liu, et al. Adv. Energy Mater., DOI: 10.1002/aenm.201200024 (2012).

FEI Tecnai™ F30 TEM

NanofactoryTM STM-TEM holder

Image of TEM of the same model   obtained from 
http://lims.msl.angstrom.uu.se/WebForms/Equi
pment/EquipmentView.aspx?toolId=135

Schematic illustrationSchematic illustration InstrumentationInstrumentation

http://lims.msl.angstrom.uu.se/WebForms/Equipment/EquipmentView.aspx?toolId=135
http://lims.msl.angstrom.uu.se/WebForms/Equipment/EquipmentView.aspx?toolId=135


(1) Liquid Cell
Using vacuum-compatible ionic liquid electrolyte (ILE)

Al rod

Si nanowires

Potentiostat
- +

Si wafer Au

LiCoO2

ILE

Electron beam

10 μm

Ionic Liquid

A low-magnification view in TEM

ILE: 
LiTFSI (10wt%) in P14TFSI Cathode: LiCoO2Anode: Si

Huang, et al. Science, 330: 1515 (2010); Liu, et al. Nano Lett., 11: 2251(2011).



Huang, et al. Science, 330: 1515 (2010).

(1) Liquid Cell

Lithiation of a SnO2 nanowire showing instant elongation and swelling



Huang, et al. Science, 330: 1515 (2010).

(1) Liquid Cell

Lithiation of SnO2 - dislocation clouds and amorphization



(1) Liquid Cell

Ultrafast charging of a phosphorus-doped and carbon-coated Si nanowire

Liu, et al. Nano Lett., 11: 2251 (2011).



(2) Solid cell based on Li2O/Li
Half cell; Li counter-electrode; Li2O solid-state electrolyte

Al rod

Si nanowires

Potentiostat- +

Li2O
Si wafer Au

W rodLi

Li2O

LiSiBulk W

-2 V

W rod

Solid Cell

Advantages over the “liquid cell” configuration: 
(1) observation from the beginning; 
(2) sample size down to a few nanometers.

20 μm

Li2O/Li
(111) Si
wafer

<111>-SiNWs array

A low-magnification view in TEM

Liu, et al., Energy Environ. Sci. 3, 3844-3860 (2011);
Liu, et al., ACS Nano 11, 6: 1522-1531 (2012); 
Liu, et al., Nano Lett. 11, 3312-3318 (2011).



(2) Solid Cell

Lithiation of a crystalline Si nanowire

Liu, et al. Nano Lett. 11, 3312-3318 (2011).



Part 3.1Part 3.1
Anisotropic Deformation of Crystalline Si during LithiationAnisotropic Deformation of Crystalline Si during Lithiation

Si

Li15Si4

Li+



Pristine <112>-Si nanowire
Perfect cylinder shape defined by the liquid droplet of Au catalyst

Straight Si nanowires with a few twinning defects and a thin SiOx layer

Liu, et al. Nano Lett. 11, 3312-3318 (2011).

Vapor-liquid-solid (VLS) 
growth in a chemical vapor 
deposition (CVD) furnace 
catalyzed by Au

SiH4

200 nm

(000)

(111)

(111)
-

(111)

T1

T2

Si  Au

SiOx

(111)
-

Si, zone axis [110]
-

[112]

[111]
-

[110]
-

<112> Si



Dramatic shape change after lithiation
Perfect cylinder → dumbbell cross section

(a)

Round
cross 
section

100 nm

pristine

Dumbbell 
cross 
section

(b)

lithiated

Liu, et al. Nano Lett. 11, 3312-3318 (2011).

Tilted series showing the shapes of the nanowires before and after lithiation. 

Si

Li15Si4



100 nm

lithiatedpristine

Lithiated Si nanowire
Dumbbell shaped cross section

Liu, et al. Energy Environ. Sci. 3, 3844-3860 (2011).



100 nm

580 nm

200 nm

{211}
{220}, Li15Si4

{310}

{332}
{422}

{431} & {510}

500 nm

216 nm

(a)

(b)

(c)

{213}

c-Li15Si4 + a-LixSi {521}

{400}

{111} Li2O

Pristine Si nanowire

Lithiated Si nanowire with a central crack Converted to polycrystalline Li15Si4

Microstructure change
Center crack running along the axis of the nanowire due to uneven radial swelling

Liu, et al. Nano Lett. 11, 3312-3318 (2011).



1 μm

200 nm

100 nm 100 nm 100 nm

Self-splitting
Anisotropic radial swelling sometimes split the nanowire into two sub-wires

Liu, et al. Nano Lett. 11, 3312-3318 (2011).

Anisotropic lithiation

Cracking along the axis

Self-splitting



Crystallography of the anisotropic lithiation of 
<112>-Si nanowires

Little volume expansion was seen along <111>

Liu, et al. Nano Lett. 11, 3312-3318 (2011).

500 nm

100 nm

Twin 
boundary

T1

T2

(111)

O

(111)

-

(111)[112]

[111]
-

[110]
-

500 nm

Li2O/Li

155 nm

180 nm

Little expansion along <111>



200 nm tilt

485 nm

A central crack was clearly seen when the nanowire was tilted.

Cracking and self-splitting

Tilted images showing different views

Liu, et al. Nano Lett. 11, 3312-3318 (2011).

<110>

<111>



Liu, et al. Nano Lett. 11, 3312-3318 (2011).

Finite element simulation
Reproducing the anisotropic swelling of <112>-Si nanowires
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Crystallography of the anisotropic lithiation of 
<112>-Si nanowires

Much faster lithiation and swelling along the radial <110> directions than that along <111>

Liu, et al. Energy Environ. Sci. 4, 3844-3860 (2011).

<110>

<111>

fastest

slowest

<112>

Lithiation occurred preferentially 
along the radial <110> directions, and 
the lithiated products (Li15Si4
nanocrystals) swelled along the 
opposite directions to release the 
stress generated by huge volume 
expansion.



500 nm

<112>

in situ

ex situ

Comparison of in-situ and ex-situ studies
Both showing fast lithiation along Si <110> directions

The consistency between 
the in-situ and ex-situ
studies also verifies the 
powerfulness of in-situ 
TEM and its relevance to 
real battery studies.

Goldman, et al. Adv. Func. Mater. 21, 2412-2422 (2011).Lee, et al. Nano Lett. 11, 3034-3039 (2011).

Si microslabs swell on the {110} faces but 
not on {111}.

Anisotropic shapes of Si pillars with 
different orientations.

Liu, et al. Adv. Energy Mater., DOI: 10.1002/aenm.201200024 (2012).



1. For a <112>-oriented Si nanowires with a cylinder shape, lithiation and 
swelling occur predominately on the radial <110> directions;

2. Such anisotropic swelling leads to cracking and sometimes self-splitting;

3. Anisotropic lithiation should be considered in the design of Si electrodes.

A brief summary
on anisotropic lithiation of crystalline Si

Liu, et al. Nano Lett. 11, 3312-3318 (2011).



Part 3.2Part 3.2
Size dependent fracture of Si nanoparticles during lithiationSize dependent fracture of Si nanoparticles during lithiation

Si cracking

Li+

D > 150 nm



1. Solid cell configuration using Li2O/Li electrolyte/counter-electrode
2. Individual Si nanoparticles with nm ~ μm sizes

Experimental method
Si nanoparticles with various sizes were lithiated

Li2O

LiSiBulk W

-2 V

W rod

Solid Cell

Liu, et al. ACS Nano, 6: 1522-1531 (2012).



200 nm

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i) (j)

0 s

141 s
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(002)

Si [110]

O

{211}
{220}
{310}

{431}

{422}

{332}
{400}
{312}

{521}Li15Si4

Li2OSiW

D = 940 nm

Large Si nanoparticles
Always crack and fracture upon the first lithiation

Core-shell lithiation

Two-phase (LixSi/Si) mechanism

Broken into pieces after lithiation

Fully lithiated to Li15Si4

Liu, et al. ACS Nano, 6: 1522-1531 (2012).



0 s 57 s 85 s 90 s

92 s 93 s 107 s 128 s

<110> 
(a) (b) (c) (d)

(e) (f) (g) (h)

B

A TB

Li2O/Li

35°

35°

Small Si nanoparticles
Not cracking

Also forming a core-shell 
structure

Like an inflating balloon

Liu, et al. ACS Nano, 6: 1522-1531 (2012).



Dc  150 nm

Crack and fracture

Non-fracture
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Strong size dependence of fracture behavior
Critical size ~ 150 nm

Delayed onset of cracking in the LixSi shell 
with decreasing diameter

Critical size

Statistics showing very reproducible size-dependent fracture behavior of Si nanoparticles upon 
first lithiation:

Liu, et al. ACS Nano, 6: 1522-1531 (2012).



Dc  150 nm

Surface Cracking & FractureNo Fracture

Li15Si4Si

Diameter

Strong size dependence of fracture behavior
Critical size ~ 150 nm

Fracture of large Si nanoparticles                                 No fracture or cracking in small Si nanoparticles

Liu, et al. ACS Nano, 6: 1522-1531 (2012).
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Initial stage: compression in the 
lithiated shell

Later stage: hoop stress revered to 
tension in the lithiated surface, because 
the inner and newly formed a-LixSi is 
pushing out

Origin of the size effect
Hoop stress reversal in the LixSi shell as being pushed out: compression → tension

Stress analysis of the Si nanoparticle in the different stages of lithiation:

Liu, et al. ACS Nano, 6: 1522-1531 (2012).
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Why cracking only in large particles? 
Releasing mechanical energy by crack propagation 
Versus
Increasing surface energy by generating new surface

In small particles, the driving force is for crack propagation is insufficient.

Origin of the size effect
Hoop stress reversal in the LixSi shell as being pushed out: compression → tension

Liu, et al. ACS Nano, 6: 1522-1531 (2012).



1. Larger Si nanoparticles (D > 150 nm) always crack and fracture upon the first 
lithiation process; 

2. Smaller Si nanoparticles avert fracture, suggesting that nano-Si may be good 
for fabricating durable Si electrodes (e.g., dispersing small Si particles in an 
elastomeric matrix to accommodate the volumetric changes);

3. Surface cracking was revealed, in contrast to the previously predicted center 
cracking models.

A brief summary
Size-dependent fracture of Si nanoparticles

Liu, et al. ACS Nano, 6: 1522-1531 (2012).



1. Crystalline Si undergoes a two-step lithiation process, namely c-Si → a-LixSi → c-Li15Si4, 
accompanied by 281% volumetric change;

2. Si lithiation is the fastest along <110> and slowest along <111>;
3. Si nanoparticles smaller than 150 nm do not crack or fracture upon lithiation;
4. In situ TEM is a powerful tool for the study of degradation mechanism of battery materials.

4. Conclusions on lithiation of crystalline Si
Based on the in-situ TEM experiments of various Si nanomaterials
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