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7 billion people
16 Terawatt of Power Consumed



Renewable electricity is cost-effective today

Without With
storage storage

Renewable

Solar PV—Rooftop Residential $187 $319

Solar PV—Rooftop Cad * $8 $194

Solar PV—Community $76 $150

Solar PV—Crystalline Utility Scale)  $46 $53 .$82(4)

Solar PV—Thin Film Utility Scald2) $43 $48 •$82(4)

Solar Thermal Tower with Storage) $98 $181

Fuel Cell $106 $167

Microturbine $89

Geothermal $77 $117

Biomass Direct $55 $114

Wind $30 $60 •$113(6)

Diesel Reciprocating Engine)* $197 $281

Natural Gas Reciprocating Engine)* $68 $106

Gas Peaking $156 
$210 Conventional

1GCC(9) $96 $231

Nuclear(10) $112 $183

Cod") 0 $143

Gas Combined Cycle $42 78

$0 $50 $100 $150 $200 $250 $300 $360

Levelized Cost ($/MWh)

Storage: the key to enabling renewable energy to be used when and where we use it

Source: Lazard



Energy storage in personal transportation

Honda Clarity, Electric

90g CO2 /mile
$0.03 / mile

Honda Accord, Gasoline

Electricity: $0.13/kWh, 300g CO2 /kWh (SF Bay area), 4 miles/kWh
Gasoline: $3.00/gallon, 9000g CO2/gallon, 30 miles/gallon

Source: Honda, Tesla

300g CO2/ mile
$0.10 / mile
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Electrochemical ion insertion

Using electrical signals to dynamically control material composition

e-

LiCo02 Graphite

0

0-04Alp%t#100-er•-0 -

0-64,444144-0
Electrolyte

LiCOO2 <-* COO- 2 C6 <-) LiC6

Modulating the material composition through current and voltage.
Alter solid-state chemistry through electronic signals



Ion insertion in a Li-ion battery

Energy = QV
Q = e nLi

AGrxn 1
V= Net Reaction: LiC6 + FePO4 —> C.6 + LiFePO4e

e-

Electrolyte LiFePO4

I

Graphite

LiC6 Li+ + e- + C6

r
Discharge: inserting Li into LixFePO4
Charge: removing Li from LixFePO4
C-rate: current to (dis)charge in 1 hr

2C: 30 min (dis)charge
.}

Li+ + e- + FePO4 —> LiFePO4

kJ
AG = —320 

mol
AG

V = — 
nFe

= 3.4 V
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Phase separation in LixFePO4
A
G
.
 (G
ib
bs
 F
re
e 
En

er
gy

) 

Large miscibility gap

H+ T

0.0 0.2 0.4 0.6 0.8 1.0

Op
en

-c
ir

cu
it

 v
ol

ta
ge

 

4.0

3.8

3.6

3.4

3.2

3.0

2.8

0.0 0.2 0.4 0.6 0.8 1.0

X in LixFePO4 X in LixFePO4

Li+ 
(

Phase separation
inter-particle Intra-particle

X=1

Y. Li et al. Nature Mater. 13, 1149-56 (2014)

X=0

Consequences of phase separation

Mechanica( strain
Yu et al. Nano Lett. (2015)

Inaccessible stoichiometries
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Goal: identify how to control phase separation 7



Visualizing battery (dis)charge using in situ X-ray microscopy

Tracking lithium insertion during cycling

Photodiode
-50 nm spatial resolution
-30 s temporal resolution

Zone plate 

gio)

•c)
oe

oc.\\,6c•

LiFePO4

SiNx

Au

Electrolyte

Li

1111•11__

Robust electrochemical cycling
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J. Lim*, Y. Li*, et al. Science, 353, 566-571 (2016)
*equal contribution authors Capacity (nA h) 8



Tracking lithium insertion within particles in situ

100-nm thick single crystalline particles

X=1 X=0

(010)

500 nm

Equilibrium Et slow rates
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One dimensional lithium conductor

J. Lim*, Y. Li*, et al. Science, 353, 566-571 (2016)
*equal contribution authors



Tracking lithium insertion within particles in situ

100-nm thick single crystalline particles

X=1 X=0

(010)

500 nm

0 
P 

prot
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0 0

0

One dimensional lithium conductor

Delithiation (charging) Lithiation (discharging)

1 min (interpolated) 500 nm 1 min (interpolated)

Charging

(010) LiFePas FePO4
X=1 X=0

Discharging

500 nm

Equilibrium Et slow rates Nonequilibrium lithium insertion



How do we prevent phase separation?

Solid solution Phase separation

30 min lithiation 7 hour Iithiation

Lithium must diffuse along the non-conducting directions for phase separation

Electrolyte diffusion

Surface diffusion
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How do we prevent lithium from migrating between channels?



Lithium migration pathway
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Fluid molecules enhance phase separation rate.
Lithium migrates at the surface
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MD shows solvent-assisted lithium migration

Li, Chen, Islam, Bazant, Chueh et al. submitted Collaboration: Hungru Chen a Saiful Islam, Univ of Bath
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Surface diffusion controls phase separation

r 
1,Cahn-Hilliard: 
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Phase boundary:
2-4% lattice mismatch

>1 GPa stress
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Interfacial reaction controls bulk thermodynamics

0.2

Skew

Inaccessible

0.4 0.6

X in LixFePO4

Time

0.8 1.0

Lithium composition
Current density

Voltage

 ►

0

Equilibrium
Slow rate
Fast rate

0.0 0.2 0.4 0.6 0.8 1.0

X in Li FePO4

Equilibrium
Slow rate
Fast rat

R

0.0 0.2 0.4 0.6 0.8 1.0

X in LixFePO4

This shape of the resistance suppresses the driving force for phase separation

J. Lim*, Y. Li*, et al. Science, 353, 566-571 (2016) M. Bazant, Faraday Discussions, 199, 423-63 (2017)
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Electrochemical ion insertion
Modify chemical stoichiometry and conduct solid-state

chemistry using current and voltage
e-

LiCo02 Graphite

iffilsk#W
Electrolyte

0-0-AvibwiEW-ve-o

0-041,414%%441F0-0

tr‘ftsWelAver-e-

LiCo02 <-)Co02 C6 4-) LiC6

Beyond energy storage, what else can we do with electrochemical ion insertion?
Electron

Substrate

lon insertion electronic device
Li, Chueh. Ann. Rev. Mater. Res. In press 15



Artificial neural networks and deep learning

Computers are really fast and efficient
at task-specific programming

dx 2

= Xdt

x=1;
dt = 0.01;
for i = 1:1000 I

dxdt = x.^2;
xnew = dt*dxdt;
x = xnew;

end

Computers struggle when there are
no clear instructions for the task

Which one of these images is a cat?

..__ 
Image recognition, online

adver tisement, autonomous driving

Artificial neural networks: how can a machine learn to do an operation through repeated training?

Solution: conduct matrix multiplications, while tuning the weights of the matrix

Andrew Ng, Coursera
Y1 IYrri
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Digital vs analog computation

• ••

Wi,n  [X11

ym
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Digital logic

Arithmetic logic unit for
multiplication (read)

Si k
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SRAM to store the
weights (write)

Uses established CMOS technology

Analog logic

Crossbar for matrix
multiplication

Transistor I, 12 13

Taff
MIK
7 7 7
G3,1 G3,2 G3,3

I,=G,„ V, + G2A+G3y, 13=G 3V, + Gz3V2+G3,3V3

12-G12V, + Gz2V2+G3,2V3

Modulate conductance
during training

Vwrite

Low power
High parallelism

Simultaneous logic and memory
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AlphaGo (digital) vs. Lee Sedol (analog)

64 GPU
19 CPU
4 TPU

• ALPHAGO

00:10:29 

so.
•

o o•Do

AlphaGo
Google DeepM nd

( LEE SEDOL

. 00:01:00

AlphaGO: Megawatts

the brain -10 Hz

100 billion neurons
100 trillion synapses

Human brain: 20 watt

1



Ion insertion, non-volatile redox transistor
Non-volatile tuning of electronic conductance (weight)

Reservoir

vrite

MN •
INIMIHIMINE

Metal 'MENEM Metal

Electrolyte

SEM cross section

500 nm anode/gate

04•004010.vonop

source cathode/channel

current-collector

electrolyte/insulator

Si02 drain

channel electrode: LixCo02
gate electrode: LixSi
solid electrolyte: LiPON

Fuller et. al., Adv. Materials, 29, 1604310 (2017)

Modulating conductance via doping
n-type: x Li+ + xe- + W 03 H LixW 03

p-type: LiCo02 <-> Li1_xCo02 + xLi+ + xe-

c
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E 150
CD
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0

Li, Chueh. Ann. Rev. Mater. Res. In press

Nonzero open-circuit voltage
High voltage swing
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200
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Vwrite (V)

1
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Zero-volt ion insertion transistor

Standard battery:
Different lithium hosts

C6

Electrolyte

LiFePO4

LiC6 + FePO4 —> C6 + LiFe1304

AG = —320 
kJ
—
mol

AG
V = —

Fe 
= 3.4 V

Symmetric battery:
Same lithium hosts

FePO4

Electrolyte

LiFePO4

LiFePO4 + FePO4 —> FePO4 + LiFePO4
AG— 0 kJ lmol

V-- 0 V

Symmetric battery = zero-voltage transistor
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Open-circuit,
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lon insertion offers high linearity at low write voltages
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Linear response allows more accurate and predictable updating of the weights

Asymmetric Nonlinearity

0 0.5 1 0.5
Normalized Pulse Number

100 ,7, 0 00
80 — 000 0 0 0
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S. Agarwal et al. 1JCNN, 2016
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lon insertion offers high linearity at low write voltages

Linear response allows more accurate
and predictable updating of the weights

a)

-0
c
o
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...._ S. Agarwal et al. IJCNN, 2016
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lon insertion has much higher linearity and much lower power consumption 22



From devices to networks

Can we build a parallel network of redox insertion transistors?

0

D1

row 1

+select:

+V/2

0

D1 -

row 2

no-select:
0

x N

N x M Network

column 1
+select: -V/2

column 2
no-select: 0

x

Access device selects certain transistors
to write without disturbing others

35

30

CD
25

20

+select

no-select

-select

selectivity

PEDOT:PSS PET substrate
presynaptic electrode

Nafion electrolyte

PEDOT:PSS/PEI 
.21114111I1111"4".°1111i■postsynaptic electrode

o row 1, column 1
A row 1, column 2

Llt01)1=95.\

444444 10.14.1A

e

Polymer-based insertion transistors

retention

agg8gOnglatagnMED

0 25 50
read-write operations

75 1 00 0 25 50
read-write operations 23
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Matrix multiplication and artificial neural networks

How much is my home worth?

x1

X2

X3

X7

Year built

Floorplan

School

Job
proximity

Unemploym
ent

Property tax

Physical
property

Y2

Location

Economy

Price

Andrew Ng, Coursera



n Matrix multiplication and artificial neural networks

How much is my home worth?

x1

X2

X3

Yi = w1,1x1 + w12x2 +• • •+W18X8
Y1 W1,1 '.. W1,8 Xi[

y3

...
•. ••.

W3,1
•••

W3,8 X8

Z = Y1W1 + Y2w2 + Y3w3

27 simultaneous multiplication

Neural networks often have 100 million weights
Google tensor processor unit does 65k simultaneous multiplications

26



Voltage pulse and linearity
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Why does higher voltage pulses result
in more linear response?
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The open-circuit potential varies by -100
mV due to the entropy of lithium

= kb T ln 
1 - x
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Open-circuit voltage (V)

Goal: Find a material with higher dS/dV so the open-
circuit voltage does not change with lithium?

0.2
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Phase-separation and voltage plateau
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Parallel analog processing

Aim: to mimic the brain and design a low-power device to conduct parallel
analog matrix multiplication

Digital logic

Arithmetic logic unit for Static RAM for memory

cn matrix multiplication (read)
N 

of the weights (write)

WL

M5

Cn + 4

,D„
M4 1.6
M3 BL

Analog logic

Computation: modulate G continuously
Memory: G should be non-volatile

Vwrite

Power = CV,2,,t,

I = G Vread

Goal: Design devices that can linearly modulate the conductance with analog states, and
retain that conductance (non-volatile)


