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|. Thick SEI layers — we think we know what they are made of

SEI — solid electrolyte with high electronic resistivity (E. Peled)

« high electrical resistance and high cation selectivity and permeability

« thickness close to a few nanometers

« tolerance to expansion and contraction
* Insolubility in the electrolyte

* high stability

E. Peled et al., J. Electrochem. Soc.,
164 (2017) A1703

The barrier of ca. 20 A
blocks electronic tunneling

SEI at lithiated Au in comm. electrolyte
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Z. Zeng et al., Nano Lett. 2014, 14, 1745-1750
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Pristine graphite
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Graphite after cycling in
1 M LiPFg in EC:DEC

P. Verma et al. Electrochim. Acta
55 (2010) 6332-6341
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CEI layers — so thin that some people don’t believe they exist

CEI formation on the edge planes of LiCoO,

Charged to 4.50 V

L
. _&
¥

O M 18 nm
v

Discharged to 3.90 V

W. Lu et al. ACS Appl. Mater. Interfaces
9 (2017) 19313
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CEl layers — so thin that some people don’t believe they exist

CEI formation on the edge planes of LiCoO,

Charged to 4.50 V
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Equivalent circuit to model surface layers
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M. Thomas et al., J. Electrochem. Soc.
132 (1985) 1521 W. Lu et al. ACS Appl. Mater. Interfaces
9(2017) 19313
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Thin CEI layers — we know little

CEI formation on the edge planes of LiCoO,

Charged to 4.50 V

Equivalent circuit to model surface layers
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Classical double layer
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The simplest surface layer model

P solid electrolyte Thin layer of solid electrolyte at the
| | : material surface
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/ Migration of Li* ions;
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|. Charge transfer at the interface I1. “Diffuse part” of the
material/“compact part” of the double layer double layer




The simplest surface layer model
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Highly concentrated electrolytes: some examples

b, 58] LiFSA/DME . .
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Chem. Commun., 2013, 49, 11194
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Voltage (V)

Voltage (V)

High voltage superconcentrated electrolytes

LiNiy:Mn, :O, material at 5 V
. Wang et. al. Nature Commun. 7 (2016) 12032 than on discharge
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Voltage (V)

High voltage superconcentrated electrolytes
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Water-based superconcentrated electrolytes
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Anode: Mo,S, Cathode: LiMn,O,
— * |ncreased width of
I electrochemical
E 0.5} 231V a66v .
A window
v

» Protective layers at

--------------------

cathode and anode
« High conductivity

22 24 26 28 3.0 38 40 42 44 46

Potential (V) vs Li/Li*
L. Suo et al. Science, 350 (2015) 938 - 943

Disadvantages of superconcentrated electrolytes

1) High cost

2) High viscosity, low conductivity (except for aqueous
solutions)

3) Slower intercalation kinetics
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EC-based superconcentrated electrolytes
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Conclusions on the superconcentrated electrolytes

* In aqueous solutions, the highest charge transfer rates are
observed for intermediate concentrations (where surface
dissolution for LiMn,O, is suppressed)

« At higher concentrations the reaction is slowed down
(aqueous CEI? Salt precipitation?)

* In carbonate electrolytes, the resistance of surface layers
Increases with the increase in concentration (CEI formation)

« Charge transfer rates decrease with the increase in surface
layers resistance

Higher interfacial stability will be
compensated by slower Kinetics

V. Nikitina et al. Langmuir (2017) 10.1021/acs.langmuir.7b01016



High voltage potassium batteries: the EEI structure effects

nearly perfect framework for K

What factors determine the differences
In charge transfer kinetics for different
alkali metal 1ons?

We can compare intercalation
rates for Na*™ and K* (same
Intercalation sites)

A perfect model system - a
_ | _ system with the simplest
G e R T TE I possible EEI structure

E, V (Fc¢'/Fc)
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Acetonitrile — no CEI formation, but some material dissolution
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I/ mA-g"
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Acetonitrile — no CEI formation, but some material dissolution
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Why do D values change?

Inadequate method of calculating D? o KR
- Finite diffusion, low amplitude potential steps, single \\/\ /./""'“\N/....\‘
phase regions, narrow particle size distribution, correct s ,\/ ]
choice of diffusion geometry, account for ohmic drop and T e T
slow kinetics (C. Montella) ]
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Why do D values change?

Inadequate method of calculating D?

- Finite diffusion, low amplitude potential steps, single
phase regions, narrow particle size distribution, correct

choice of diffusion geometry, account for ohmic drop and

slow kinetics (C. Montella)
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R/kQ - cm?

What about charge transfer rates for K* and Na*?
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Less resistive CEI layers are formed in K* electrolytes?
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If we increase KPF, concentration:

500 . . \
. N
RCEI \lx\
400 —=—R, \
“E 3001 \/‘f
(&) ALAAAALAAAL LM
G
= 20 ““,m“.m\r." os |
100 4
K (0.5 M)/EC
0
39 40 41 42 43 44 45
E/V (K'K)
0.10 :
0osd — ]S'd yel —3: cyel
—2"cycl ——5 cycl
0.06 -
0.04-
<
= 0.02-
= 000
-0.02 1
0041 K / EC/PC ]
-0.06 : : . . . .
38 40 42 44 46 48 50
E/V (K'/K)

500

400 ~

"E 3004

(&)

= 200

100 4

R

Potential vs Li/Li

T T T N
Rct s\
RCEI \ 7
—+—R \
z
e  TMMasaassdasisaaa 4 -
\ ALAAA
“oeq..
.‘.““m“mm \ @
Na (0.5 M)/ EC \\§
3?7 3r8 3.I9 4?0 4T1 4?2 4?3 4.4
E/V (K'/K)
xin Li K ,,VPO,F
50 0;0 0;1 0;2 0;3 0;4 0;5 0}6 0;7
C/5
4.5
4.0 |
35
- erélenurgger
25}
2.0

|||||||||||||

0 10 20 30 40 50 60 70 80 90 100 110 120

Specific capacity, mAh/g

* In0.5M KPF; in
EC/DEC:

R, values are higher

for K*, while R,

values are still lower

than for Na*

Less resistive CEI layers
are formed in K*
electrolytes (higher K*
salt solubility),

but the charge transfer
resistance is higher
(large size of the cation)

S. Fedotov et al. Chem. Mater., 28 (2016) 411

33



The feasibility of a high voltage K* battery

We can’t use metallic K anode
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High voltage electrolytes for K-ion batteries

Sulfone

L EMS yl
( ™S ¢»_J
e
s| ' A__Fs '
174
5 /A es ¢
(@]
EVS }
1 1 1 1 1 1 1
0 1 2 3 4 5 6
Voltage, V

A. Abouimrane et al. Electrochem. Commun.

11 (2009) 1073

Nitriles

1.E-03
5.E-04 A

0.E+00

I/ mAcm®”

-5.E-04 7

— ADN

EC:ADN
W/L S——
| L[n 1 2 3 4 5 6

-1.E-03

Y. Abu-Lebdeh et al. J. Electrochem. Soc.

E/Vvs. Li'/Li

156 (2009) A60

SL

1/ uA

4.2 4.4 4.6

E/V (K'/K)

3.8 4.0

4.8

5.0

42 44
E/V (K'/K)

4.0

3.8

2 E-07
—— GLN-as recieved
GLN:EC
—— GLN-distilled
1.E-07 4
; 8.E-08
4 E-08
0.E+00 ’ : : _‘/ |
3.2 42 52 6.2 7.2
E/Vvs. Li'/Li
Y. Abu-Lebdeh et al. J. Power Sources.
189 (2009) 576
418 5.0

35



High voltage electrolytes for K-ion batteries
Nitriles
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T T T
fL EMS

5
]
c /
o

(
S
5 BS v
o ¢

Voltage, V

A. Abouimrane et al. Electrochem.
Commun. 11 (2009) 1073

TMS

I/ pA

I/ mAcm®”

3.8

4.0

4.2 4.4 4.6 4.8

E/V (K'/K)

5.0

]EOBJ

0.E+00 ~

-5.E-04 7

L Good for publlcatlon e

-1.E-03

E/ V vs. Li*/Li

Y. Abu-Lebdeh et al. J.
Electrochem. Soc. 156 (2009) A60

1/ uA

Qbserved IN real life

2 E-07 ]
————
— GLN-as recieved

GLN: EC

5 8.E-08 -

4E-08 -
0.E+00 ’ . — i
32 42 52 6.2 7.2

E/Vvs. Li'lLi

Y. Abu-Lebdeh et al. J. Power Sources.
189 (2009) 576

4.6

42 44
E/V (K'/K)

3.8 4.0

4.8

5.0

36



S — — EEC - lowest R,

10 FEC ! 150{ —— SL 1. .

i o] —HON resistance + high R,
- 4 . .

1not stabl

<° > 01 —o—sSL
24 - —o— ADN
~ ] = . 34{——FEC
| 50 =
0 ! U
! -100-
24 ] 9 2_
T T T T : T _150 T T T T T —\
36 38 40 42 44 46 48 50 38 20 19 a4 15 iy
E/V (K'/K) E/V (K'/K) :
"*TreC AxinK,, VPOF
006 — Toycle@8Vv)  —— Lcycle(50V) "0.0 0.2 0.4 0.6 0.8
_____ 10" cycle (4.8V)  ----- 5" cycle (5.0 V) 5.0F T T 5(')"‘ lz""'
X 4.5
p: o
S > 4.0
= 2 AxinK, VPOF
g 35¢ 0.0 0.2 0.4 0.6 0.8 1.0
s T T T T T T
= 3.0F th 5" 2" ™
o 40 5.0 ]
> | I
. . . . . . . 2.5} 15 mAh |_"’°'h X
3.8 4.0 4.2 4.4 4.6 4.8 5.0 I @
E / V (K+/K) 2.0 3 1 1 1 12“‘1_ 01"'. 1 ; 4'0
“Stable” cycling up to o 20 40 60 Jso 100 P
. -1 o
- () Capacity / mAh g 8
4.8V, but: S3of
5.0 . . . .
48 5 .
91 20L .
~ 48 The prObIem /6 20 40 60 80 100 120 14
< . . 4
= 4.4/ Capacity / mAh g
< IS not solved
> 4.2 .
3 K. Chihara et al. Chem.

w s
© o
1 :

w
o
"

(I'ESU'tS should be Commun., 2017, 53, 5208

tlizgtter in a 2-el cell) -



hank you for your attention!

S.S. Fedotov (MSU)

S.Yu. Vassiliev (MSU) Prof. K.J. Stevenson (Skoltech)
M.V. Zakharkin (Skoltech/MSU) Prof. E.A. Antipov (MSU)
L.V. Yashina (MSU) Prof. A.M. Abakumov (Skoltech)

S.M. Kuzovchikov (MSU)
A.Sh. Samarin (MSU)



