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Uil echnology Introduction

« Valence Technology has been working on Phosphate Active
Materials since the early 1990’s.

* Hasbuiltupa Iarg'? portfolio of lithium and sodium active
materials — phosphates, condensed phosphates,
fluorophosphates and other polyanions (100+ patents on active
materials)

« Valence needed a cost effective and scalable process for making
these active materials at a commercial scale. Developed the
Carbothermal Reduction (CTR) Method.

« Today, Valence makes active materials using the CTR approach
— up to Metric Tonne/day scale.

Y205, SEM of Carbothermal Material
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/Lo Carbothermal Reduction

» The Carbothermal Reduction (CTR) method utilizes a high surface area
carbon as a selective reducing agent

* 2C+ 0, 2 CO = increase in volume and therefore entropy. Carbonis
unique in that GO free energy of formation becomes increasingrl1y
negative as the temperature increases — i.e. more stable at hig
temperatures. Implications: Carbon can reduce any oxide provided a
high enough temperature can be reached.

Example: Na extraction:

Na,CO; (liquid) + 2 C (solid) - 2 Na (vapor) + 3 CO (gas)

+ By t‘dmesign, the CTR technique leaves behind an embedded conductive
network.

+ Carbon monoxide formed during the synthesis both promotes further
reduction and deposits carbon “nanoparticles™

« Netresult: precursor carbon is finely distributed throughout and on
surface of final product.
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Technology Free Energy or Ellingham Diagrams

Standard Free Energy of Formation of Oxides
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o+ Top: Low affinity for oxygen — easy
to reduce; Bottom: High affinity for
oxygen — difficult to reduce
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. reducing of a given metallic oxide
to the metal using carbon
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But it tells us nothing about the
kinetics of these reactions
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~ LZ8 Technology Iron Blast Furnace Valence

Technology CTR: Schematic Representﬂ

lithium salt

Operating Conditions in Large Blast Furnace (BF) Before reaction: Mixture of carbon, metal

oxide, phosphate and lithium salts

Inclicect reduction reaction Fe.0,+3C0 — 2Fe+3C0,
Diect reduction reaction Fe.0.43C = 2Fe+3CO -
gas
Reaction Mechanisms: 1 1 Dust (k") 1
Volume (Ne?1) 1535
Tomperatum 00 430
‘! Pressom (MPa) 026
00 fvol %) 220
Lumpy zone Pon I p——
i) a2
Hot metal mep. (K1 1,800
Cohasive zona Slag /hot metal 10 0.30
[ Compostion inass |
Dropping zone Vot ol Sag
C 450 S0, s
S ow o es
:" :: :: ';: Net result: as the product is formed,
ARO065] N 0 precursor carbon is distributed
e s om throughout and on surface of final
product

The CO produced promotes reduction while
residual carbon remains as carbon
“nanoparticles™

3F8,04+ CO > 2F8,0,+CO, Fe?*
Feg0,+CO > 3F80+CO, Fe?*
Fe0+CO > Fe+CO, Fe®

carbon

Intermediate Oxidation States: Lithium Metal Phosphate starts

to form as the oxide is reduced
F&% > Fe?*
M+ > Mn?
V> 1ee

Mos* > Mo** etc.
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LiFePO, 345 140-160  J. Goodenough  US 5910382 and others Olivine f
LiFe,,MPO, 345 140160 JBarker etal  US 6884544 and others M = Mg, Ca, Zn UEFOLE
LiV,(POL); 3647 197 JBarker etal S 5871866 and others Nasicon as .
LVPOF 42 155 JBarker etal S 6387568 and others Trilinic _ - L xl .
LIVPO, OH 41 158 JBarker etal  US 6777132 and others Triclinic " 56 o
LIVP,0; 41 116 Diphosphate > B
LiMPO,F 47 143 JBarker etal  US 6964827 and others M= Co, Ni stc. 3 s
Na,MPO,F 47 122 JBarker etal  US 6872492 and others M= Co, Ni stc. g . uvopm
LiVASI0)(PO,), 3647 260 JBarker etal  US 6136472 and others  Siicophosphate 2 WS oy s U,
LV Aos(PO)y 3647 203 JBarker etal S 5871866 and others Nasicon g
B-LIVOPO, 40 159 JBarker etal  US 6645452 (CTR)  Prepared by CTR u Fe, i 70,
NaVPOF 37 143 JBarker etal  US6872492and others  Sodium lon , —
NagVo(PO)Fs 37 192 JBarker etal  US6872492and others  Sodium lon TR0,
Novel Phase A 38 cai50  JBarker etal Pending Application Pending "
Novel Phase B 39 ca. 140 JBarker et al Pending Application Pending ° * 10 = o
Novel Phase C 35 ca. 145 J.Barker et al Pending Application Pending Material Specifc Capacity [mANo)
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Technology Li/ly-LiV,05 Technology  CYcling of Graphite//y-LiV,05 Prototypes
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Technology LiFe,.,Mg,PO, Technology Li//LiFe,.,Mg,PO,
3-Dimensional Framework
Structure 45 800
Framework comprises PO, 40 £
tetrahedraand MOg octahedra = as g a0
3 s
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crystallographic position g 30 z
H g 0 —
Controlled morphology and particle g 25 2 200
size give rise to fast electrode § H
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Technology LiFePO,: ex-sifu XRD study of CTR Technology LiFePO,: ex-sifuXRD study of CTR
LiH,PO, + %2 Fe,0,+ % C > LiFePO, + H,0 + % CO Filename Temp(°C) LiH;PO, Fe,0; LiFe,PO,), LiFePO, Li;p,0; LiFeP,0, FePO, Fe,P,0;
% % % Jo. % % % %
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Valence  Cycling of Graphite//LiFe . Mg,PO, 18650

T ooy LiFePO,: ex-situ XRD study of CTR Tothnaiogy

Message: LiFePO, starts to forms at <400°C under CTR conditions
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Technology LisV,(PO,)3 Technology Li//LizV,(PO,)s
xinLi, V,(PO,),
3-Dimensional Framework Structure 502 05 10 15 20 25 30
Framework comprises PO, L
tetrahedra and slightly distorted MOg 45
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Z 40
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Technology Graphite//Li;V,(PO,); Technology  CYcling Graphite//LVP Prototypes
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Te:hnmogy L|VPO4F TeChnnIogy Reﬁned XRD for L|VPO4F
avorite LiVPO4F Hist 1
Lambda 1.5406 A, L-S cycle 369 Obsd. and Diff, Profiles
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Framework Triclinic Structure o M
related to the minerals, Lo [ 7
Amblygonite LIAIPO,F and Tavorite =
LiFePO,OH * ol B
<
Structure comprises a 3D
framework built up from PO, 2 b
tetrahedraand MO,F; octahedra
L .
Representation left is shown along o
the c-axis
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s N . .
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Theoretical Capacity - 155 mAh/g Reversible Specific Capacity!! xin Liy VPO,F
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140 mAh/g Reversible Specific Capacity!!

B¥egy  LiFEPO, vs. LIVPO,F vs. LiCaO,

LiVPO,F Lithium-ion: +0.3 V Higher Discharge Voltage than LiCoO,

Lithium-ion Cells: LVPF versus Pla versus LCO
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Cycling Graphite//LiVPO,F Prototypes

Technology
Cyeling Performance of LiVPO4F (C/2-Rate)
1
"""b—“_k I
E ‘
o Valtags Profils of LiVPOAF (v graphits)
B
[ "
£ S -
] S
g B I
& %o
E i
A
IE
IE
. ) I
[ ] o0 w0
Cyekes
P —
it

Technology

Valence

Lithium-ion: LiFePO, vs. LiVPO,F

_ e sres

Safety
Cycle Life
Cost (CTR)

Energy Density
Power
Large Format
Float

Temp. Performance

Excellent

Excellent

Moderate

Excellent

Yes

Excellent

Excellent

Excellent

Good

Good

Excellent

Excellent

Yes

Good

Excellent
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Refined XRD for NazV,(PO,),F3
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Latest: Cycling Graphite//LiVPO,F Cells
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NazV5(PO,).F3

Framework Tetragonal Structure built
up from [PO,] tetrahedra and

[VO,F] bi-octahedra with bridging
Fluorine.

Representation left is shown along
the a-axis

Vin the MOF, octahedra

Electrochemistry suggests 3 sites for
the Naions

Possibility of Li/Naion exchange

34

Li//NagV,(PO,),Fs

Simple Analytical Tool: weigh the cathode! Amass = 16.5 %
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LiNagV(POFs  Mllvecndiony Li/NasV3(POeFs

xin Na, V,(PO,),F,
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- ¥§:?mﬂiogy Alternate Cell Configurations ‘T"gc‘fm‘cﬁogy Symmetrical Lithium-ion Cells
LITHIUM-ION . Co?]ce t: l#se the sape@\t}t&g r'1:1aterial as both anode and
Graphite / Li electrolyte / Li cathode cathode - for example: Li &
* Single Elet;trolde Ft‘))?tirag givetg simplicity of manufacture, cost
and use (single electrode coatin
SYMMETRICAL LITHIUM-ION (sing 9
LiVPO,F / Li electrolyte / LiVPO,F + Intrinsically safe: a ‘bullet-proof ‘technology
« ldeally suited for large format applications
SODIUM-ION
Hard Carbon / Na electrolyte / Na cathode * Moderate Energy Density but High Rate
» Bi-polar: Charge in either direction
HYBRID-ION
Graphite / Li electrolyte / Na Cathode * Improvementover Li,Ti;O4, Anode Technology
39 40
W Valence N R Valence f f
M Technology Two Plateaus: Li//LiVPO,F Technology LiVPO,F//LiIVPO,F
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Yol oy LiVPO,F/ILIVPO,F ey Sodium-ion Cells

» Sodium-ion: A viable alternative to lithium-ion technology

160

» Non-graphitic Negative Electrode Material (typically Hard
140
5 Carbon)
e e N T
-§ 100 » Energy Density should be similar to lithium-ion
8
g " « Possibility of Inexpensive Active Materials
% 60
£
8
20
OD 10 20 30 40 50 60 70
Cycle Number
“r’gql:?:l‘ﬁogy Sodium lon: Hard Carbon/Na*/NayV,(PO,),F5 ¥g§,‘,‘ﬁm Hybrid-ion Cells
» Concept: Use Sodium based positive electrodes with Li insertion
| __ negatives electrodes - for example: Graphite//NazV,(PO,),F;
= + Allthe Li for the negative electrode reaction originates from the
g electrolyte
: | « An enabling technology - many new cell chemistries
4
S TS Z ] s T s Key Feature: Fully lithiated graphite is stable in a Na* electrolyte
2
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Technology  HYbrid-ion Cell: Graphite/Li*/NazV,(PO,),F; Technology  HYPrid-ion Cell: Graphite/Li*/NasV,(PO,),F3
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Elciade Potenta [V vs ]
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Technology HYPrid-ion Cell: Li,TigO1,/Li*/Na3V5(PO,),F 5
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Technology Novel Phosphate Phases: Not Published
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Technology Hybrid-ion Cell: Li, TisO4,/Li*/NagVo(PO,),F3
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Both sloping and flat discharge profiles are possible depending on
the metal combinations and structure.

Carbothermal Reduction - low cost processing, scalable

General attributes include: exceptional life cycling, good rate
performance, outstanding safety characteristics.

Phosphate materials are particularly suitable for large format
applications — EV/HEV etc

Applicability into new battery configurations: sodium-ion, hybrid-
ion, symmetrical lithium-ion etc.

There are still many new active phases to discover — just do not
look in the normal places!!
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