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�LC
A and related studies characterize the current situation

–
Im

pacts per unit from
 production, transport, use, and final disposition of m

aterials and products
–

C
om

petition w
ith other m

aterial uses for lim
ited supply

–
O

rigin in politically sensitive areas
–

P
olicies affecting m

aterial supply

�A
nalysis also exam

ines longer-term
 m

aterial supply issues
–

O
pportunities to im

prove processes and reduce im
pacts and m

aterial dem
and

–
D

em
and projections vs. lim

ited reserves
–

A
lternative designs, substitute m

aterials to m
itigate shortages

�P
roactive thinking can enable leapfrog

–
C

hina planned ahead
for E

V m
aterial dom

inance
–

U
S

 still has significant opportunities (exam
ple: lithium

 m
etal)

The battery represents the biggest bum
p over IC

Es
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�U
S and E

U
 did not invest in EV

 supply chain 
until C

hina w
as w

ell ahead
�P

erhaps w
e can learn to think farther ahead

�H
igh risk, high rew

ard m
ay apply here

IT PAYS TO
 LO

O
K

 AT 
W

H
AT’S A

R
O

U
N

D
 TH

E B
EN

D
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�E
xisting supply chains are inadequate and unstable

–
O

n a finite planet, there is no such thing as sustainable grow
th

–
D

isruptions happen from
 pandem

ics and w
ar

–
N

ew
 sources of m

aterials are being explored

�R
ecycling can m

ake a m
ajor contribution after dem

and grow
th slow

s
�S

horter vehicle range w
ould help alleviate shortages 

–
S

m
aller batteries use less m

aterial and energy
–

C
ost less

–
C

an be charged quickly to 80%
–

C
an accom

m
odate m

ost trips
•

For occasional long trips, rent a vehicle or auxiliary battery
–

C
an w

e overcom
e the idea that bigger is better?

�U
se of dom

estic m
aterials could reduce conflict from

 com
petition for m

aterials
�A

lternative m
aterials, technologies, and lifestyles should be explored 

4

D
em

and derives from
 pow

ertrain shift, population grow
th, and rising living standard
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�A
dditional Li m

etal capacity w
ill be needed

�U
S is a player in this arena

�U
S does have Li reserves 

–
C

an supply our ow
n needs, but cost uncertain

–
G

eotherm
al brine coproduction lab call issued

�100’s of 1000’s of tons m
ay be needed,                                               

vs. current 5000 T (Li 0) m
arket*

–
Larger dem

and if solid state batteries succeed

�N
eed better technology, on large scale

�U
S has potential to get ahead of the curve on Li m

etal
–

C
an control our entire Li m

etal supply chain 

* H
alf of Li m

etal is battery grade

R
apid expansion could enable U

S to be a long-term
 leader as m

arket grow
s
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�Tim
etal has superior strength-to-w

eight ratio and corrosion resistance 
�U

S
 has m

inim
al reserves of titanium

 m
inerals

�In 2020, 2 U
S

 com
panies extracted titanium

 from
 m

inerals or tailings
–

O
thers w

ere idled
�A

bout 90%
 goes to TiO

2 pigm
ent

–
C

oatings and aircraft bodies use m
uch of the rest

�U
S

 production in 2020 w
as 100,000 T, im

ports 780,000 T
–

Sources: South Africa, 39%
; Australia, 20%

; M
adagascar, 10%

; M
ozam

bique, 9%
; other, 22%

�C
hina dom

inates production and reserves
–

A
ustralia and C

anada also have large reserves
�A

rgonne w
ill further investigate the titanium

 supply chain

Li-containing brines are extrem
ely corrosive
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�EU
 classifies P as critical, w

ith reserves      
but m

inim
al production in Finland

�M
ajor use is agricultural

�U
S also produces pure phosphoric acid

–
P

recursor for LFP
–

C
ould develop com

plete dom
estic supply chain

�M
ajor use for batteries could eventually 

im
pact fertilizer m

arket
�There is potential to recover phosphorus 

lost in agricultural use
–

There w
ould be ecological benefits

–
R

esearch w
ould be needed on m

ethods

U
S does have dom

estic phosphate rock8

C
ountry

M
ine Production 

2021
R

eserves

U
nited S

tates
22,000

1,000,000

C
hina

85,000
3,200,000

M
orocco

38,000
50,000,000

R
ussia

14,000
600,000

W
orld Total

220,000
71,000,000

M
ajor P

hosphate R
ock P

roducers and R
eserves 

(U
S

G
S

 2022) 
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D
irect recycling has 

low
est im

pacts and 
highest revenues

P
retreat to reduce 

transport cost
N

ot in U
S

N
ot in U

S
In U

S

scrap

Æ
Li, A

l, organics 
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U
R

IN
G

 LIB
 R

EC
YC

LIN
G

?

Process
M

echanism
(s)

R
ecovered

Lost
P

yrom
etallurgy

H
igh-T heat

M
ixed alloy of cobalt, 

nickel, and copper
Lithium

, alum
inum

, 
crystal structure, 
organics

H
ydrom

etallurgy
A

cid
C

athode precursors, 
copper, alum

inum
, 

som
e lithium

C
rystal structure, 

som
e lithium

, organics

D
irect R

ecycling
M

echanical,  
solvents, m

ild 
heat 

C
athode, anode, 

electrolyte, copper, 
alum

inum

separator
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N
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pare to full recycle loop
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D
irect recycling m

axim
izes revenues and also

m
inim

izes im
pacts 
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R

esults based on plants processing 10,000 t m
aterials per year.
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to reduce the cost of EV batteries w
hile significantly reducing or elim

inating  dependency 
on critical m

aterials (such as C
o and N

i) and using recycled m
aterial feedstocks.

A
rgonne leads 

R
eC

ell’s
$5+ m

illion/y 
collaboration of 3 
national labs and 3 
universities,  funded 
in 2019 by Vehicle 
Technology O

ffice to 
develop a viable 
recycling process.

NO NICKEL/ LOW
 NICKEL
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Anode current 
collector (copper)Æ

Cathode current 
Å

collector (alum
inum

)

Electrolyte (lithium
 salt

in organic solvent)

Separator 
(polyolefin)

Anode (graphite 
plus binder)

Cathode (lithium
 m

etal oxide 
plus binderand carbon black)

SEI passivating layer

Cross-section of one layer 
of a lithium

-ion cell
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�
The cost to concentrate the output electrolyte is sm

all ($0.13/kg)

�
S

ignificant savings can be had by reusing the D
E

C
 ($0.90/kg)

�
R

ecovery of electrolyte increases profit by $1.77/kg 

�
D

isposal costs could be a m
ajor factor
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M
ost recycling processes produce black m

ass as interm
ediate

17
C

ourtesy O
ak R

idge N
ational Laboratory

•
B

uffer solution first separates anode film
s from

 the m
ixed shreds

•
S

urfactants added to delam
inate cathode film

 from
 alum

inum
 foil

•
P

rocess reclaim
s high-purity active m

aterials
•

O
ne-pot system

 has high separation efficiency and low
 cost.



Product m
ust be as good as new

…
 or better

D
IR

EC
T R

EC
YC

LIN
G

 U
PG

R
A

D
ES C

ATH
O

D
E 

S
everal phenom

ena contribute to the gradual drop in lithium
-ion battery perform

ance, 
including surface degradation, cathode instability, reactivity w

ith organic electrolyte 
com

ponents, and surface film
s. These phenom

ena need to be reversed and perform
ance 

restored.

�
R

elithiation
�

E
lectrochem

ical  (N
R

E
L)

�
S

olid S
tate  (A

rgonne)
�

H
ydrotherm

al  (U
C

S
D

)
�

Ionotherm
al

(O
R

N
L)

�
R

edox M
ediated N

R
E

L)
�

R
oll to R

oll P
rocessing (N

R
E

L)
�

U
pcycling
�

C
om

positional C
hange (several)
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Identifies pressure points to im

prove processes under developm
ent
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E
arlier results

D
ashed bars represent potential cost reductions by closed-loop recycling of key 

m
aterials; blue bars represent other costs for 10,000 T/y direct recycling plants; 

yellow
 bars represent costs for 10,000 T/y pyrom

etallurgical 
(pyro)/hydrom

etallurgical (hydro) recycling plants plus costs to convert 
recovered m

aterials into cathode pow
der.
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�
R

ecovered usable cathode from
 spent cells and scrap

�
M

ade w
orking cells 

�
~40 papers, ~20 patents in process
�

D
edicated R

eC
ell laboratory space ready for collaboration

�
Industry m

eeting in 2019 provided an opportunity for R
eC

ell and industry 
stakeholders to exchange challenges and ideas. W

e w
ill have another!
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Thank you!
U

S D
epartm

ent of Energy, Vehicle Technologies O
ffice

Staff of the R
eC

ell C
enter


