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Average cell Energy Volumetric Self-discharge, Lifetime
voltage, V density, energy density, %/month (number of
Wh/kg Wh/I cycles)
Ni-MH 60-80 ~150 10-20 100-1000
1.2
Li-lon 110-250 300-650 1-5 >3000
3.7
(LiCoO, + C)

Replacement of H/H* to Li/Li* and, respectively, H,0O-based electrolytes to
organic solvents led to drastic increase of energy density

However, 3.7 V is not a final destination.




What is high-voltage Li-ion battery?
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The remarkable oxidation of conventional Li-ion electrolyte starts at ~ 4.5 V vs. Li/Li*.
The material (and corresponding electrochemical system) with average discharge
potential > 4.5 V may be considered as high-voltage



1.LiNiy cMn, O, - average E ~ 4.6V, C, ., = 146
mAh/g

2.LiCoPO, (LiNiPO,) - average E ~ 4.8 (5.1) V, C;.,
=167 mAh/g

3.Li,CoPO,F -averageE~ 4.9V, C,., =145 mAh/g
per 1 Li cation

4.(Na,Li),FePO,F — possible 2e" transition



LiNIo sMn; 5O,

Ni and Mn disordered Ni and Mn ordered Charge-discharge curves
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Disordered structure demonstrates better conductivity and electrochemical properties

Ni2*/Ni3*/Ni%* transitions are realized Theoretical capacity 146 mAh/g

Q. Zhong, A. Bonakdarpour, M. Zhang, Y. Gao and J. R. Dahn,J. Electrochem. Soc., 1997, 144, 205-213

M. Kunduraci, J. F. Al-Sharab and G. G. Amatucci, Chem. Mater., 2006, 18, 3585-3592
D. Liu, J. Hamel-Paquet, J. Trottier, F. Barray, V. Gariépy, P. Hovington, A. Guerfi, A. Mauger, C.M. Julien, J.B. Goodenough, K. Zaghib, J. Power Sources 217 (2012) 400e406



LiNipsMn, 50,

The single high-voltage material already developed for large-scale application

Haldor Topsoe (Denmark):
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The form and orientation of the crystallites have large impact on
the properties!



LiNipsMn, 50,

Crystallites with different grain facets demonstrate different degradation rates
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K. R. Chemelewski, E.-S. Lee, W. Li and A. Manthiram, Chem. Mater., 2013, 25, 2890-2897
K. R. Chemelewski, D. W. Shin, W. Li and A. Manthiram, J. Mater. Chem. A, 2013, 1, 3347-3354.
S. Kuppan, H. Duncan and G. Chen,Phys. Chem. Chem. Phys., 2015, 17, 26471-26481



LiNIo sMn; 5O,

Main problem: Coulombic efficiency in conventional electrolytes is still not high
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Wangda Li, Bohang Song and Arumugam Manthiram Chem. Soc. Rev., 2017, 46, 3006--3059



Olivine-type structure

E vs. Li/Li*,

Theo. specific 580 700 800
energy density,

Wh/kg

Volume change 6.7% 11% 7%

For LiCoPO,, experimental capacities of 140-150 mAh/g are achieved

K. Amine, H. Asuda and M. Yamachi, Electrochem. Soc. St. Lett, 3(4) 178 (2000)



LiNij :Mn,; O, vs. LiCoPO,
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Similar charge-discharge voltage and curve shape, but LiCoPO, degrades much faster



site defects

induced Li-Co anti-

electrochemically
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Q. D. Truong, M. K. Devaraju, Y. Sasaki, H Hyodo, T. Tomai, and |. Honma, Chem. Mater.2014, 26, 2770-2773

Adrien Boulineau, and Thibaut Gutel , Chem. Mater. 2015, 27, 802-807



LICoPO,

NMR study of LiPF.-conaining electrolyte

PO,F,™ anions detected in the electrolyte %:Fz‘++H}I;F++H];+H~PI?3,F:;‘+f:I?O
solution after cycling (typical only for cycling, PO,F,” + HF + H' —POF; + H,0

but not for keeping within the same time
interval). No traces of PO,F,™ anions after

cycling of LiFePO, and LiMnPO,.

Nucleophilic attack of F~ anions on the P b d
atoms, resulting in the breaking of the P—0O
bonds of the phosphate anions due to i,
instability of delithiated CoPO, phase. | ‘ ‘ \
o 80  ppm 70 80 ppm

E. Markevich, R. Sharabi, H. Gottlieb, V. Borgel, K. Fridman, G. Salitra, D. Aurbach, G. Semrau, M.A. Schmidt,
N. Schall, C. Bruenig, Electrochem. Commun. 15 (2012) 22-25



LiCoPO,: possible improvements

1) Reduce F-amount in the electrolyte

2) Reduce surface area

3) Make a stable coating (an example is given at P. Gamzyukov poster)

4) Transform crystal structure - eliminate antisite defects, strengthen framework (see
A. Grebenshchikova poster)
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Porous particle aggregates + LiBOB in electrolyte slow down degradation rate

J. Liu, T. E. Conry, X. Song, L. Yang, M. M. Doeff, T. J. Richardson, J. Mater. Chem., 2011, 21, 9984



LiCoPO,: particle size?

Solvothermal synthesis at

_ 0.1-0.2 um thickness
different temperatures

0.7-1 pum thickness
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LiNiPO,: a “dark horse” among olivines

Theoretical values: capacity 169 mAh/g, voltage 5.1V, energy density 860 Wh/kg

No any reliable data on reversible Li* (de)intercalation
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A typical electrochemical behavior of LiNiPO,

J. Wolfenstine, J. Allen, Journal of Power Sources 136 (2004) 150-153



LiNi, Fe, sPO,: attempt to stabilize crystal structure

Single-phase LiFe, :Ni, PO,
Pnma, a=10.179(2) A, b=5.935(1) A, c=4.689(1) A, V =
283.3(1) A3
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Li,CoPO,F

Theoretical capacity 145 mAh/g per 1 Li. Average discharge potential ~ 4.9 V.
Three Li sites, Lil-Lil is the most preferable diffusion path. However, calculated
diffusion barriers for other sites are moderate - theoretically, 1.5 or even 2 Li
may be extracted — almost 1500 Wh/kg

——Li2- Li3 (a)
——Li3 - Li2 (b

path no. path length, A transition type E, eV
1 3.677 Lil « Li2 0.35
2 3.330 < Lil « Lil 012 >
3 3.130 Li3 « Lil 043
4 3.110 Li3 « Lil 0.34
5 3.167 Lil « Lil 041 ;
] _ 0.0 05 1.0 15 2.0
6 2416 Lil « Li2 0.37 Number of extracted Li (x in Li, CoPO,F)

Calculated potentials of Li
(de)intercalation from different sites

Stanislav S. Fedotov, Artem A. Kabanov, Natalia A. Kabanova, Vladislav A. Blatov, Andriy Zhugayevych, Artem M. Abakumov, Nellie R. Khasanova, and Evgeny V. Antipov,
J. Phys. Chem. C2017, 121, 3194-3202



(Na,Li),FePO,F: 125/145 mAh/g per 1 Na/Li. Low volume change, fast diffusion (see |I.
Tereshchenko poster)
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(Na,Li),FePO,F: is Fe3*/Fe** possible?

Two sites for A-cation in the structure, one is considered to be inactive

\ 4

(Na,Li),Fe, ,Mg PO,F: only 1 A-cation position is needed to activate Fe3*/Fe**
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(Na,Li),FePO,F: is Fe3*/Fe** possible?

(Na,Li),Fe, ;sMg, ,cPO,F: Cy oo, (FE?*/FE3*) =97 mAh/g

theor

5,0 -

4,5 4

4,0 -

3,5 - Charge limit:

—00V
—520V

E vs. Li/Li", V

3,0 -

2,5 -

r * & * T = 1T =t 7175 71T 71T °7°%1
0 25 50 75 100 125 150 175 200 225

C, mAh/g

Only small capacity increase upon cycling at elevated potential range



Protection against direct contact and electron transfer between cathode material and
electrolyte

1) Oxides (Al,O,, ZrO,, CeO,, LiAlO, etc.)

2) Fluorides (AIF;, BaF, etc.)

3) Phosphates (AIPO,, Li;PO, etc.)

4) Borates (LiBO,, Li,B,0, etc.)

5) Unstable core — stable shell (e.g. LiCoPO, — LiFePO,)

Typical effect: reduce in initial charge/discharge capacity, increase in cycle life
Main problem: hard to obtain reproducible results for powder materials
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Thin-film LiCoPO, coated with Al,O, layer

Al,O;-coated LCP in LiBF,-based electrolyte
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It’s hard to organize both carbon and protective inorganic coatings

Ali Eftekhari, Journal of The Electrochemical Society, 151, 9, A1456-A1460 (2004)



Electrolytes

Voltage window of conventional electrolyte (1M LiPF, in EC:DEC = 1.1):
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There is no effective passivation in high-voltage region — in contrary with low-
voltage (anode) SEI

Wangda Li, Bohang Song and Arumugam Manthiram Chem. Soc. Rev., 2017, 46, 3006--3059



Electrolytes

Possible directions of improving:

1) Stable solvents (sulfones, nitriles, fluorocarbonates)
2) SEl-forming additives

3) lonic liquids

4) Superconcentrated solutions

5) Solid electrolytes



Low cost, wide electrochemical
window, good thermal stability

Table 2. Summary of the physical properties and electrochemical
window of sulfone-based electrolytes.””**%
Solvent™ T T, Tas Window

°ql ra [mSecm™] (vs. Li*/LD
DMS 110 238 / /
EMS 365 240 6.3 (1 m LiTFSI) 59
MEMS 15 275 2.8(1 m LiTFSI) 56
EMES 2 286 2.8 (1 m LITFSI) 56
EMEES <0 =290 3.1 (1 m LiTFSI) 53
ESCP 38 328 3.2 (1 m LiTFSI) ~55
TMS(SL) 27 285 2.5 (1 m LiPFy) 58
FPMS 56 180 0.035 (1 m LiTFSI) 5.8/LiPF,+ DMC
[a] DMS =dimethyl sulfone; EMS =ethyl methyl sulfone; MEMS = methox-
yethyl methyl sulfone; EMES =ethyl methoxyethyl sulfone; EMEES =ethyl
methoxyethoxyethyl sulfone; ESCP=ethyl sulfonyl cyclopentane;
TMS(SL) = tetramethylene sulfone or sulfolane; FPMS = 3,3,3-trifluoroprop-
yl methyl sulfone.

Shi Tan, Ya J. Ji, Zhong R. Zhang, and Yong Yang, ChemPhysChem 2014, 15, 1956 — 1969
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Khasanova, N.R., Drozhzhin, O.A., Fedotov, S.S., Storozhilova, D.A., Panin, R.V., Antipov, E.V., (2013) Beilstein Journal of Nanotechnology, 4 (1), pp. 860-867.



TMS, EMS: excellent oxidative stability, Coulombic efficiency with LiNi, sMn, :O, cathode
material, low volatility and flammability
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Nitriles

Wide stability window, wide working temperature range.
Low solubility of the conventional salts (LiPF, LiBF,) = using in mixture with carbonates

Table 3. List of physical properties and electrochemical windows of dinitrile solvents and common carbon solvents used in lithium electrolytes."™

Solvent Structure £l q[q::l"‘ Tn [FCpe Ty [eC)H T [ecye Window {vs. Li*/Lj)

1]
DEC /\0)\] /\ 3 0.8 —43 127 25 5.15
dinitriles CN(CH,),CN

n

malononitrile (MAN) 1 48 solid 3 220 86 -
succinonitrile (SCM) 2 55 27 54 266 13 -
glutaronitrile (GLN) 3 37 53 —29 287 13 7.3
adiponitrile (ADN) 4 30 6.1 1 295 163 6.9
pimelonitrile (PMMN) 5 28 7.6 =31 175 12 7.0
suberonitrile (SUN) (5] 25 8.2 - 325 110 6.8
azelanitrile (AZN) 7 23 8.7 =18 209 =110 -
sebaconitrile (SEM) - 22 10.7 8 200 =113 7.2

[a) £ is the dielectric constant. [b] # is the viscosity. [c] T is the melting point. [d] T, is the boiling point. [e] T, is the flash temperature; T is the auto-igni-
tion temperature.

Shi Tan, Ya J. Ji, Zhong R. Zhang, and Yong Yang, ChemPhysChem 2014, 15, 1956 — 1969



Adiponitrile

Most common:

Adiponitrile (AN)
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Fluorinated solvents

F © o Sigma-Aldrich:
Fluoroethylene Carbonate: V FEC (99%) 25 g -~ 50000 .

@)

LiCoPO,:

100 ", FEC/DMC

EC/DMC

' ' ' ' ' . . . ]
bl 1w 20 u &0 ] el 70 0 B0 00
Cyele numbar

(b)

Initial (magenta), cycled in EC (black), cycled with FEC (red)
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FEC: fluorinated species at the surface,
no exfoliation and oxidation of C



Additives: EC or not EC?

1990:

2016:

Studies of Lithium Intercalation into Carbons Using Nonaqueous
Electrochemical Cells

Rosamaria Fong, Ulrich von Sacken, and J. R. Dahn
Moli Energy Limited, Burnaby, British Columbia, Canada V5C 4G2

ABSTRACT

Li/graphite and Li/petroleum coke cells using a 1M LiAsF; in a 50:50 mixture of propylene carbonate (PC) and ethyl-
ene carbonate (EC) electrolyte exhibit irreversible reactions only on the first discharge. These irreversible reactions are as-
sociated with electrolyte decomposition and cause the formation of a passivating film or solid electrolyte interphase on the
surface of the carbon. The amount of electrolyte decomposition is proportional to the specific surface area of the carbon
electrode. When all the available surface area is coated with the film of decomposition products, further decomposition re-
actions stop. In subsequent cycles, these cells exhibit excellent reversibility and can be cycled without capacity loss.

Enabling linear alkyl carbonate electrolytes for high voltage Li-ion
cells
Jian Xia ?, Remi Petibon °, Deijun Xiong °, Lin Ma ®, J.R. Dahn *®~

2 Dept. of Physics and Atmospheric Science, Dalhousie University, Halifax, Nova Scotia, B3H3J5, Canada
b Dept. of Chemistry, Dalhousie University, Halifax, Nova Scotia, B3H4R2, Canada

HIGHLIGHTS

5 with various enablers” were developed.
e Linear alkyl carbonate electrolytes have very good performance at high voltages.



Additives: EC replacement

Table 1
List of abbreviations, additives and their ability to passivate the graphite electrode when used in 1 M LiPFg in EMC (no EC).
Additives Ability to passivate the graphite electrode
EC - ethylene carbonate Yes
VC - vinylene carbonate Yes
PES - prop-1-ene,1,3-sultone Yes
FEC - fluoroethylene carbonate Yes
DiFEC - (4R,55)-4,5-Difluoro-1,3-dioxolan-2-one Yes
MEC - methylene-ethylene carbonate Yes
SA - succinic anhydride (SA) Yes
MA - maleic anhydride No
DPC - diphenyl carbonate No
VEC — vinyl ethylene carbonate No

Jian Xia, Remi Petibon, Deijun Xiong, Lin Ma, J.R. Dahn J. Power Sources 328 (2016) 124e135



Additives
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Jian Xia, Remi Petibon, Deijun Xiong, Lin Ma, J.R. Dahn J. Power Sources 328 (2016) 124e135




Additives

Tris(trimethylsilyl) phosphite (TMSP):
reacts with HF traces, prevents d-metal
dissolution, forms stable cathode SEI

ived SEI
!
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Young-Min Song, Jung-Gu Han, Soojin Park, Kyu Tae Lee and Nam-Soon Choi, J. Mater. Chem. A, 2014, 2, 9506



lonic liquids

RTIL = liquid salt (anion + cation, without solvents). good thermal stability, non-

flammability, low vapor pressure and high oxidation resistance at high voltages. BUT: high
cost, high viscosity

A) Cation Anlon Tn [ Ew
T {V v Li} (% s, Lib
TF5I 0.8 (R =Ms; 1.0 (R;=Me; 5.3 (R=Me;
Re=H, Re=Er)  R:=H, R=E1) Re=H, R+=E1)
BF.q' 15{R|I;|.-Mﬂ_'
Fa PFy  SE-A2 (R 1=Me)
TFSI IS (Ro=Me; 064 (R=Me; 573 (Ry=Me
' Ry=Pr} R:=H.Rs=Hex)  R:=H. R=Hex)
imidazolium
F&l =12 (By=Me; 0.7 i3
E=H, E:=Er)
BiC™y 12600R =Me;
Ro=H, Ry=Et)
TF51 02 (=, 36 (R=Me;
[}c B:=Pr] R=Pr)
FiI A (R =Me;
- R=Fr}
pryrralidinum
=18 (R;=Me;
R=Bu}

TF5I -7.9 (R=EL
Rz=Buj}




lonic liquids

Propylmethylpyrrolidinium bis(trifluoromethylsulfonyl)imide:
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Conventional electrolyte: LiF-containing
surface film grows with cycling, increasing
Ret

PMPyr-TFSI: more organic C-C and C-F
species, thickness is much lower.
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Junyoung Mun, Taeeun Yim, Kyungjin Park, Ji Heon Ryu, Young Gyu Kim, and Seung M. Oh, J. Electrochem. Binding Energyr eV
Society, 158 (5) A453-A457 (2011)



Concentrated electrolytes

Unique properties in comparison with 1M solutions: stable Li metal cycling, stable

graphite cycling without EC additive, enhanced interfacial Li+ transport, low volatility and
flammability etc.

Since 2016: application as high-voltage electrolytes. LiN(SO,F), (LiFSA) + DMC:
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. Wang, J.; Yamada, Y.; Sodeyama, K.; Chiang, C. H.; Tateyama, Y.; Yamada, A. Nat. Commun. 2016, 7, 12032



Concentrated electrolytes

Concentrated LiPF and LiBF, — PC solutions: better
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Doi, R. Masuhara, M. Hashinokuchi, Y. Shimizu, M. Inaba, Electrochimica Acta 209 (2016) 219-224
T. Doi, Y. Shimizu, M. Hashinokuchi, M. Inaba, Journal of The Electrochemical Society, 163 (10) A2211-A2215 (2016)



Concentrated electrolytes

Semi-concentrated solutions (~ 2M and 3M) of LiBF, in PC: elevated high-voltage
stability, no problem with wettability (see V. Shevchenko poster)
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Concentrated electrolytes

LiNi, sMn, :O, galvanostatic cycling: LiNiy <Mn, :O, CV after cycling:
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Concentrated electrolytes

I Cblack [ LNMO [l PVDF [ ] MFx [l RCFx[___ ] Adv C+O [l El-te prod

composition, at. %

XPS analysis of electrodes after cycling: no considerable difference in composition or
binding energies



Concentrated electrolytes

5 cycles in concentrated electrolyte (1:3.9), re-assembling, 5 cycles in dilute electrolyte (1:11.8)

5,0

il

—133) yi-

4,0

— -

35

E vs. LilLi", V

0,8
O
30

20 40 60 80 100 120 140 160 180 200 220 240

S
~
1

C, mAh/g

5,0+

*,V

4,5

N\

40 | Re-assembling the cell

Coulombic efficiency
®
o

E vs. Li/Li

o

3]

1
L

3,54

3,04

VA S R L T R L L TR L 0,4 T T T T T T T T T T T v T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220 240 1 2 3 4
C, mAh/g

No considerable influence of “SEl pre-formation” on the electrochemical behavior in
dilute electrolyte



Solid electrolytes
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Most common solid electrolytes: Li;N, LiPON, Li,S-based glass, NaSICON-type oxides, Lij s_
3xL80 541103, LisLa3Zr,0,, etc.



LiNiy sMn, :O,/LiPON/Li thin fim battery:
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However, “bulk” electrodes still need improvements — problems with the interface

Juchuan Li, Cheng Ma, Miaofang Chi, Chengdu Liang, and Nancy J. Dudney, Adv. Energy Mater. 2015, 5, 1401408



Most of the efforts in the field of high-voltage batteries are
aimed at optimizing Li-ion chemistry which was founded 26 years
ago. However, average discharge voltage of the majority of the

cells is still 3.7 V.

Change the way of thinking or continue with optimization?

Thank you for the attention and for
vour future ideas!



