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. 1. Chemical Power Sources

* Supercapacitors . Safety
 Polysulfide bromide battery (PSB) « Rate capability

« Zn/Br battery  Energy density

« Vanadium redox couples (VRC) * Energy efficiency

» Sodium sulfur battery (Na/S) * Cycling life

» Lead acid battery * Maintenance

. Metal-air battery  Capital cost for kWh
. Ni-MH Per-cycle cost

* Lithium ion battery

 Aqueous rechargeable lithium battery (ARLB)

2nd Symposium on Energy Storage and Power Batteries, Chengdu, 11-14 Nov.,
2007



~ Lithium lon Batteries

Characteristics of lithium ion batteries:

* High output voltage (average 3.6V) and power

 High energy density (UR18650: >500 Wh/dm?, >200Wh/kg)
 Low self discharge (<10%/month)

 No memory effect

 Long cycle life (>1000 times)

 High rate capability (1C)

* High coulomb efficiency (near 100% except in the 1st cycle)
» Easy to measure the residual capacity

* Maintenance free

* No environmental pollution (green battery)

» Wide work temperature (-25 - +45°C, extended to —40 —
70°C)



Main Materials for Lithium lon Batteries

Energy
Storage

Electrolyte

Anode Cathode

Separator

Inner safety

 Anode material
« Cathode material
* Electrolyte

« Separator »




Safety during Abuse
g ¥
"~ Field Failure
— Manufacturing defects
» Loose connection, separator
damage, foreign debris
» Can develop into an internal
short circuit

» Can lead to overheating and thermal
runaway

Abuse Failure
— Mechanical
« crush, nail penetration
— Electrical
« short circuit, overcharge A123: PHEV
— Thermal (Jun. 2008)
 thermal ramp, simulated fire

A flammable, solvent-based electrolvte 1s used.  (April. 2011)



=+ 1 One conclusion @5" China-U.S. Electric
Vehicle and Battery Technology Workshop

- Safety & reliability for lithium ion batteries is the challenging
problems for electric vehicles.

* Gel lithium ion batteries (GLIBs) is surely the true choice as
power source for EVs.

- e Safety time: Another importance

Full charge and then put on electric
oven: at least 1 min and 10
seconds (even for C//LiCo0O,) to
escape when EVs are on fire.

GMs: Self-distinguishing



.r Li//Air

Challenging problems

» Conductors of low ionic conductivity
* Low stability: reaction with Li,O,

* Low O, solubility

* Low Li,0O, solubility

* Narrow temperature

* High overpotentials

* Low energy efficiency

* Low practical energy density
Sensitive to the environment

Prof. Deyang Qu @5 China-U.S. Electric Vehicle and Battery
Technology Workshop, 17-18 April, 2012



g3 Li//S

o Li??7

Nobody should forget the story of MoL.i
Company (Li//MoS,).

Some facts:

* MoS, is more reliable than S.

* Lithium dendrite is the main safety issue
instead of S.

* Low volumetric energy density.

There is still quite some distance to go.



New Power sources

l

Cheap: Lead acid has the largest market

: The ultimate goal of electrochemists

Power density: Very high



‘ What is ARLB ?
Definition:

« Lithium intercalation compound(s) as one or

both electrodes
« Redox reactions instead of absorption/

desorption
* Aqueous lithium-containing solution as

electrolyte

Why not called as aqueous lithium ion batteries:
&€ Misunderstanding: Aqueous to replace organic ???
€ Scope: Very narrow



; 2. Aqueous rechargeable
lithium battery (ARLB)

Rechargeable Lithium Batteries with
Aqueous Electrolytes

Wu Li, J. R. Dahn,* D. S. Wainwright

Rechargeable lithium-ion batteries that use an agueous electrolyte have been developed.
Cells with LiMn_O, and VO,(B) as electrodes and 5 M LINO, in water as the electrolyte
provide a fundamentally safe and cost-effective technology that can compete with nickel-
cadmium and lead-acid batteries on the basis of stored energy per unit of weight.

During the 19705 and 19805, rechargeable
lithium batteries were touted by some re-
searchers as providing a possible long-term
solution to the electric vehicle (EV) battery
problem. The cells had about twice the
energy density (measured by watt-hours
stored per kilogram of battery) of the best
competing ambient temperature batteries.
Many companies moved to commercialize
the technology, beginning with small cells
for comsumer applications, in view of the
large markets anticipated. These cells used
lithium metal as the negative clectrode, a
transition metal oxide [such as MnC (1))
or chalcogenide [such as NbSe, (2)] as the

W. Liang J. R, Dahn, Depariment of Physics, Simon
Friaser University, Burnaby, British Columbia, Canada
VEA 156,

D S Wavarighs, Moli Energy (1990} Limtect, 20000
Stewart Crescent, Maple Ridge, British Colembsa,
Carada VoX 9E7

“To whom correspondance should be addressed.
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positive electrade, and a nonagueous elec-
trolyte containing dissolved Li {ons.

The operation of such cells is based on
the ability of the positive electrode material
to reversibly “intercalare™ Li. Intercalation
is the insertion of a guest atom (Li, for
instance} into a host solid {(such as MnO,),
accompanied by only slight, reversible
structural changes in the host. Hosts for
intercalation are commonly layered com-
pounds such as graphite (3) or tunnel com-
peunds such as MnQO, or LiMn,O, {4}, in
which the intercalated Li can reside
tween the layers or in the tunnels. Interca-
lation of Li occurs because the chemical
potential of Li can be lowered when the Li
atom is inserted into the host, thus forming
chemical bonds.

The binding energy of Li when interca-
lated into a variety of hosts has been mea-
sured with respect to the binding energy of
Li meeal (Fig. 1). In each of the hosts listed,

11135

2 e e
] 4 y 1 Il R :
{ L o T 1
157 A L/ o
=15 W . W\
- ; \
ivmosm L I |
% % l ' |
1. ER )
= f =l i } 1
S | ]
{ i
1
o_gl.._.,._,.__._._.._....,_....,,‘.,...'
0 10 20 30 40 50 60 TO &0 20 100

Time (hours)

We calculated the energy density of the
cell using the weight of the electrodes, the
cell voltage, and the cell capacity (we did
not include the electrolyte or cell-case
weight). This cell’s energy densicy is 75
watt-hours/kg. Typically, the active elee-
trode weights are about 50% of the total
weight of practical cells, if the Sony Li-ion
product is used as an example. Thus,
practical encrgy densities near 40
watt-hours/kg can be expected for chis
chemistry when used in larger cells. Fur-
thermore, the theoretical energy density
for this cell is 112 wate-hours/kg, assuming
0.5 Li per transition metal can be cycled in
cach electrode and that the average cell
voltage is 1.5 V. These assumptions would
give about 55 wart-hours’kg in a practical
cell, which is competitive with both Ph-acid
{abour 30 watt-hours/kg) and Ni-Cd (about
50 watt-hours/kg) technologies,

W. Li, J. R. Dahn, D. Wainwright, Science, 264, 1115 (1994).

LiMn,0,/VO,(B)

Possibility
and
availability.

Poor cycling.



Comments

TECHNOLOGY

Lithium Battery Takes to
Water—ANd Maybe the Road

Plavwrizhe Arthur Miller had his own for
mula for the death of a salesman, but here's
ane thar might work juss as well: a showroom
full of $60,000 clectric cars whose top speed
is 5O miles per hour when the air conditioner
is on and whose batteries are prone to smoke
or carch fire if ruprured. Some tansportation
tsale killers like those are

le cutcome of the very work chat
aims 1o improve performance of eleciric wve-
hicles (EV the development of advanced
batteries. These “superbatteries” improve on
the range of standard lead-acid batteries and
withstand repeated recharging betrer— but
ofren ar rhe cost of chemical stabilicy or high
peak currenc. And, savs Daniel Sperling, di
rector of rhe Institure of Transportation
Soudics at the University «f C Da-
. advanced barreries - sa e
sive that they will kill off the market [for Bl
racher than expand it

Bur on page 1115 of this issue, Wa Li
Jeffery Db of S
British Columbia and LS. Wainwright of
Moli Encrey report steps toward improving
the low current. high cost. ard inscabalicy of
one celecmic vehicle contender: the lithium
ion barrery. By chemically taming the
highly reactive lithium n the battery
and replacing the complex clectralyre
of carlier versions with
solution, the work “could really
the whole field of rechargeable lighium-
ion barreries.” says Cieorpe Blomgren,
STy ‘&\lll‘l-‘l cllow ar Evercady
Battery  further cefine -
e, Db and his colleagues belicve.
aqueaus lithium-ion batteries could gain
a strong position among EV conuendens

Lithium emerged as a promising ma
terial for rechargeable batteries in the
mid-1970s, when researchers lized
that individual cells based on Lithium
comld produce a higher voltage than
nickel-cadmium (NiCad) or lead-acid
ce Higher voltage opened the possi
Biliry: lighter batteries For, say, po-
table electronic equipment. because
fewer cells would have to be linked to
make a usable battery. What's more, a
higher voltage cell can store more en-
erzy. which translates to longer operation
per charge for a miven battery weighe.

But these potential benefits came ar a
high cost. Because lichium reacts wviolently
wirh moisture, the batteries can burn when

= simple warer

<
B

in organic compounds. Unfortunarely, such
elecirolyres usually have high resisrance o
the power-producing flow of current. And
cheir effectiveness rapidly degrades in con-
tact wit water and air, which means the
bartreries must be manufactured wirh parified
materials under carefully controlled cor
rions, then hermerically sealed

The first lithivm-ion cells made wuse of
lithium meral for the negarive electrode and
ar Vintercalar " compound, which wsually
has a lattice structure, as the positive elec-
trode. As such a cell produces currene, lith-
iurn atoms give up elecrrons ar the negative
electrode. yvielding positive ions char travel
chrough che clectrolyte to the positive elec
rrosde. There rhey intercalare (reversibly in
serr themselves) into the orther electrode
Because the lithium ions effecrively mn-
ard the intercalation compound. which
much greater affinity for them than
does the metal. electrons are driven throush
the external circuir to the positive electrode,
where they are returned o the Lithaum ions.,

The flow can be reversed to recharge che
battery when a voltage is applied to rhe ex
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The wet look. Lithium and = water elec(rolytHrd--
narily @ r
new lithiurm-ion batteny

mixture —p: acist in the

cernal circuit. pushing the ions back wp the
electrochemical hill and redepositing then
on the lithium metal of the negsart
rode.  Repeated  recharsing.
brought owe the Haw in these fi

J. Glanz, Science, 264, 1084 (1994).

lithium ions eventually formed a microscop-
ic “fur” whose high surface arca apparencly
made it unstable encugh to burmn. In 1989,
Maoli Emergy, a proneer in che field, had o
recall thousands of livchium batteries after sev-
cral of them began spewing smoke or flames

Since then, sewveral companses
solved the fur problem by asing nterc
compounds at borh electrodes, Thar keeps
rhe batteries safe (providing chey aren™s rup
rured ), but lichiom's reactiviey scill forced
bartery destmners bo use monacqueous elec tro-
Iytes, wirh artendane high cost and low cur-
remt. As a resule. these batreries are unlikely
to power anything larger than camcorders
and cellular phones, says Howard Saunders
of the Westinghouse Science and Technol-
oy Cenrer in Pictsbargh.

Dahn and colleagues’ strategy for owver
coming this deficiency is to reserain the
lirhium =o it can't react with warer, then wse
a simple clectrolyre consisting mainly of dis-
rillled water. The fear required two kinds of
safeguards: manganese oxide—based inrerca-
lation compounds that bind the lichiuon
more tightly rhan the carhon in earlier lith-
sum-ion barteries., and lithieem hydrosxide d
solved in the electrolyte. Since lithium hy
droxide is exactly what resules when lithium
reacts with water, loading the electrolyre
with the compound in effect saturates the
sy=stem, mling out further reacrions

The dewvelopmment is “a big plus as far as

mnders, and it opens
evelopment of lithamm bar-
gencrate langer currenes
The disadvantage is that because water
breaks down at che high voltazes
lithium cells, Dabhn and his <«
to lower the cell voltages—and hence their
energy densities—to values only slighly
berter than rhose of NiCad batteries. Bur
chose drawbacks may ke offser the moew
batrery's relatively low cost. Ts agqueocns elec-
trolyte should make 2 much cheaper o
anufacture than Monagqueoss systems, anc

its mangamcsc-based cloctrodes should  re-

F earlier
gues had

duce materials costs by as much as a factor of
10 over nickel-based ce

. Daabhn esvimates.

cill, the savings may not show up for a
whiale i a ;‘r’n.tlc'-l bacce ook 1O vears
for alkaline cells to be perfected, even though
the chemistry is fairly straightforeacd,” says
Duward Shriver of Morthwestern University.
And Dahn himself notes that there may mor
even be a pressing mneced for a car-sized
lithium-ion battery: For his own daily com

mute of less than 50 miles, he says, a lead-
acid—powered car might suff as long @
it didn’c cost me 2 hundred thousand.” Some
where down the road. though, his work may
mean that EV salesmen won't need to get by
om just a shoeshine and a smile anymore.

—James Glan

Since our first
publication on
ARLBs in Angew.
Chem. Int. Edi.

in 2007, Stanford
Univ., Kyushu
Univ. and the like
show great
Interest.

Our reply: not “maybe” but “sure”.



2.1 Cathode: LiCoO,
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Similar behavior including phase transitions.
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Similar intercalation and deintercalation behavior in organic
and aqueous electrolytes.

Satisfactory at high scan rate, indicating great promise for application at

high current density for aqueous electrolyte.

Current (A)

0.12
1 (b)—1mvs'’

o o &
o o
3 2N

B

-0.08-

-0.12

Fast kinetics

—2mVs'
—4mVs"
— 6mVs"
——8mVs"

00 02 04 06 08 10 12 14 16

Potential (V vs SCE)

(b) In 2 M L1,SO, aqueous



(1) Macropqrous
| (b)

\ &
“Spot/Magn yDet WD Exp |—| 2‘um. ! g . .
V3.0 10000 ~SE Hg9 ) XL30 D6716 (Fudan Uniyersity) \‘
‘ o 0 000 0 D Fudn U
700- g
soo] @ __soiaLvno,
S 500- —— Porous LiMn,0,
S |
~ 4 4
> 00_
3 3001
£ 200!
100-ﬂ
0-

20 30 40 50 60 70
2-Theta (degree)

(3) High crystallinity




Current (A)

CVs in 0.5 mol I'! Li,SO, aqueous solution.

Ultra-fast kinetics
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¢ Th‘e transportation process in Porous LiMn,O,: 118 mAh/g
porous LiMn,0, electrode will be

more facile.
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Fig. Charge-discharge curves at
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100 mA/g for the initial 3 cycles.
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Ultra-fast kinetics: much faster than
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Charge at 10000 mA/g and then
kept at 1.29 V (NHE) until
current goes to 100 mA/g.

Full charge: < 2.4 mins.

In organic electrolytes.



Excellent cycling behavior

150-
(b) .
120- Porous LiMn,O,
90

Specific capacity (mAh g )

Good crystal, nano grain and porous structure
No acid: pH ~7

Solid LiMn 0,

0

0 2000 4000 6000 8000 10000 TEM of porous LiMn,O,

Cycle number after 10000 cycles.

Stable morphology and crystal structure after 10000 cycles.

Oxygen: not removed



.. ,Nanochain LiMn,0O,: Super-fast
charge capabillity

1.2+

s
4

Uc%J 1.0-_ — )
G 0.8
P
3 ]| zzmmeem N\
G 04| Coimmscee
(@) SOOOmNgcharge
W, SEM T 02| e
21 : ooldb N
?} 1(2) 1.5C discnarge 0O 20 40 60 80 100 120
@ 0'8- Capacity(mAh/g)
S 08
5 08| 150C charge 84.1% Charge/discharge curves at
g 1124 seconds: 84.1% \®26mg  different current densities
00— Super-fast charge performance

Time / min.

Wu et al., Electrochem. Commun., 13 (2011) 205.
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Wu et al., Electrochem. Commun., 13, 1159 (2011).




~ 2.2 Anode: PPy@(V,05+CNTs)

and TEM micrographs of the coated hybrid.
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The energy density of this ARLB is 45
Wh/kg (lower than the estimated value,
about 55 Wh/kg) at 350 W/kg and even
maintains at 38 Wh/kg at 6 kW/kg. This
kind of excellent rate capability can be
compared with supercapacitors.

Wu et al., Energy Environ. Sci., 5, 6909 (2012).
(Top 10 most-read EES article)



* Comparison of Filling (charge) Time

Filling gasoline 1-3 mins (Full)

Filling natural gas  3-5 mins (full, fast)

Lithium ion > 10 min (<80%)
batteries
ARLBs <1 min (>90%)

Note: For average size vehicle.



1. 2.3 Advantages of ARLBs

» Easy to produce

» Good availability of lithium salts

» High ionic conductivity, about 1-2 orders of magnitude higher than organic
electrolyte, suitable for charge and discharge at high rate

» High power density

» Good safety, no combustibility or explosion

» Low cost for production due to no requirements on the content of moisture
» Low requirements on separators especially the shut-down performance

» Friendly to environment, completely

» Satisfactory energy density 40- 90 Wh/kg for the total electrodes

» Super-fast charge capability

» Excellent cycling behavior

Good promising for energy storage, HEVs, assistance for EVs and range-
extenders.
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3. New ARLBsSs:
EVs for long distance

B Today

50 km 80 km 100 km

—

> >
(160 km
[

=550 km

High voltage cathode 7?77
> 400 km Li-rich cathode ?7?7?
Si anode ?7??

> 225 km
200 km

0
Pb-acid Ni-Cd Ni-MH Li-ion Future Zn-air Li-S  Li-air
Li-ion

‘ Y J ??? No idea so far

P.G. Bruce et al., Nat. Mater., 11, 19 (2012).



: Li metal is not stable in water !!!
Li + H,0 = LiOH + H,

Metal (&)

~E
Earth(1) @ a LiMO,
\ Zég /

Lithium metal " e Wood(/K)

l. . -

"o \
Bt
A

— 15 —y &

Incompatible Compatible

Traditional Theory of the Five Elements



* ¥ To make fire compatible with water

)t — S

Lithium metal GPE + LISICON  LiMn,O,

Target: Polymers
No LISICON (earth)



' ARLBs of High Energy Density

0.3+
. Li* deintercalation from LiMn,O,

0.2
. _
c 0.14
= _
Lithium metal LiMn,0, § 097
t 4

S
-0.11

LISICON film O
GPE -0.21

Aqueous ) - Li+linterf:alatif)n intlo Lil\/lln204l |
electrolyte 25 30 35 40 45 50
Potential / V vs. Li"/Li
+ _ Charge .
Anode reaction: L1 +e = L1 (1)
Discharge
, . Charge N
Cathode reaction: LiMn,Oy Li, Mn,O, +xLi +x¢ (2)
Discharge —+
Charge

Total reaction:  LiMn,O,

Lil_xI\"[11204 — X Ll (Sj

Discharge

CN Patent Application No: 201210195152.2, PCT is under way.
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® Fast kinetics:
Small overpotential

® High energy/power
efficiency:
>95% (very rare)

® Good cycling:
No evident capacity
fading

® Stable lithium metal:
No chance of lithium
dendrite



gy High energy density

ARLB Calculated 50% Possible
energy utilization practical
density based on energy

LIBs density

Li//LiMn,O, 446 Wh/kg 50% > 220 Wh/kg

Li/NCM  >600Wh/lg  50% > 300 Whikg

In aqueous electrolyte: At least 3 times thicker electrode pellets.



- 'Advantage of the New ARLBSs

» Good safety and reliability: an effective (close contact
with the anode) cooling system (aqueous)

» Benign to environment: much green (no LiPF)

» High energy density: > 600 Wh/kg based on the mass of
the electrode materials, and > 300 Wh/kg for practical
value

» High coulomb efficiency: near 100% except for the
initial cycles

» Fast redox kinetics for the electrodes: small
overpotentials & superfast charge

> High energy/power efficiency: > 95%

» No memory effects

> Excellent cycling life: > 10000 cycles

> Lowcost ... ...



\ 4. Summary

 Nanomaterials greatly promote the development of
ARLBs (aqueous rechargeable lithium batteries)
including reversible capacity, rate capability and
cycling behavior.

 New designed ARLBs open a great future for energy
storage including EVs and smart grids in the near
future.

« Social sciences are good to develop natural sciences:
life enjoyment can lead to new ideas.

We are developing new rechargeable aqueous
battery systems with energy density > 500 Wh/kg
(estimated practical value).
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Study Tour to Xi'An (2011)
(The top of Hua Mountain to watch sunrise)
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Thanks for your kind attention !
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