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e.g., SEl formation mechanism assigned without regard to ﬁme'.‘
A\ “

Fluoroethylene Carbonate and Vinylene Carbonate Reduction:
Understanding Lithium-lon Battery Electrolyte Additives and Solid
Electrolyte Interphase Formation

Alison L. Midlan,T Bharathy. S. Parirénalam,i Michal Leskes,” Rachel N. Kerber,” Taeho Yoon,”
Clare P. Grey, and Brett L. Lucht®*
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Accounting for time: this mechanism is untenqk

. . Journal of The Electrochemical Sm'z_'%\'. 161 (3) A213-A221 (2014)
Consumptlon of Fluoroethylene Carbonate (FEC) on Sl'C 0013-4651/2014/161(3)/A213/9/$31.00 © The Electrochemical Society

- Composite Electrodes for Li-Ion Batteries Modeling Electrochemical Decomposition of Fluoroethylene
Roland Jung,™** Michael Metzger,"* Dominik Haering,"* Sophie Solchenbach,** Carbonate on Silicon Anode Surfaces in Lithium Ion Batteries
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Cyril Marino," Nikolaos Tsiouvaras,” Christoph Stinner,” and Hubert A. Gasteiger*** Kevin Leung,"" Susan B. Rempe,* Michael E. Foster,* Yuguang Ma,” Julibeth M. Martinez
del la Hoz,” Na Sai,* and Perla B. Balbuena”"

Journal of The Electrochemical Society, 163 (8) A1705-A1716 (2016)
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« SO, in situ measurement = good
« But experimental platform can seldom span 10'° time scales

~ NN ~ ~\ N ~ WV allaWallalal VW ~ ~ 1 AL ~ N Ve W ~ Ll

Direct observation and kinetics of a
hydroperoxyalkyl radical (QOOH)

John D. Savee,” Ewa Papajak,” Brandon Rotavera, Haifeng Huang, Arkke J. Eskola,
Oliver Welz,T Leonid Sheps, Craig A. Taatjes, Judit Zador, David L. Osborni}

« Screamingly obvious?
« Ofher scientific communities ¢

Science (2015), Sandia’s ~ Fi1 Enersy landscape for

20 - : QOOH formation. Computed

Comb uUs flon cen fer 0 K stationary point energies

i relevant to the production of

P JR— QOOH from R + 0, for R = 2-butyl
10 — J i H H (red, derived from n-butane) (25),

\)\/ - 3-oxopent-2-yl (blue, derived

R+0 f ;‘ from 3-pentanone) (27). and

R O 2 A4 35 cyclf)heptadlenyl‘ (gray. Ry)

0 — B H § ‘ and 2 4-cycloheptadienyl (black,
i ) lecular Rp) (both derived from c-hpd and
unimo calculated in the present work).

~NN AW © decomposition  The different PESs are offset to

10 —

match at the energy of QOOH. For
clarity, slight barriers that may

RBOO RqO0 \0 .-"': . exist in R + Oy entrance channels
are not shown.
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Traditionally battery modeling focuses on materials sy

-

First-Principles Studies on Cation Dopants and ElectrolytelCathode
Interphases for Lithium Garnets Chem. Mater. 2015, 27, 4040—4047
Lincoln J. Miara,*"'L William Davidson Ric:hardsfh Yan E. Wang,i and Gerbrand Ceder
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“When tradition thus becomes master, it
inaccessible, ... it blocks our access to t
concepts handed down to us have been in
they have had such an origin, and make
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Solid state electrolytes: single phase thermodyna
_ Origin of Outstanding Stability in the Lithium 5olid Electrolyte
Materials: Insights from Thermodynamic Analyses Based on First-
Principles Calculations

Yizhon Zhn' Hingfeny He," and Yifei Mot T+ o0k 101020 =2 T
&S maa vdatw, a0 5, 7, 23835 S0E
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« solid electrolyte stability in ¢
thermodynamics
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Reason: materials synthesis occurs at high temperatur(.:
A\

But even for synthesis,
metastability is useful
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« Anneal at 700 rather than
900 °C, improves materials
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A perspective on the high-voltage LiMn; 5sNig 504
spinel cathode for lithium-ion batteries
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Arumugam Manthiram,* Katharine Chemelewski and Eun-Sung Lee
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Energy Environ. Sci., 2014, 7, 1339-1350 Mn® (from 4V capacity)




Interface (SEl passivating films) governed by kineﬁc(“

inspired by Ceder et al.’s work, did similar calculations for SEl componenf“

Stability of Sclid Electrclyte Interphase Compenents on Lithium
Metal and Reactive Anode Material Surfaces

evin Leung,*" Fernando Soto,’ Kie Hankins,* Perla B. Balbuena,' and Katharine L. Harrison'
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LEDC kineftically unstable at Li (100), a-Si interfaces (.‘
A\
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+ °
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AE =0.00 eV

3-layer LEDM

on a-Si

i e

defined S it s

AE =0.00 eV
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- unstable if reaction exothermic and barrier <=1 eV (< 10 hour reaction Id

Li,CO4 unstable on Li (100) surface, barrier marginal e

single Li,CO;,

4-layer Li,CO
Ve, ~0.61V
vs. Li*/Li(s)



CO, further decomposes on Li (100)
000000fOCe 000000 000000
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CO, -> CO: AE* =

* Previous AIMD simulations of CC

« “C" then forms “Li,C", perhaps

Destruction of SEl compo

R .. i |incredible
Li intercalation YR o o : Mmess

typically 30-50 nm




Where this paradigm leads: £
hot spots, surface heterogeneities Mn(ll) induced SEI disruption

Influence of manganese(Il), cobalt(Il), and nickel(IT) additives in
electrolyte on performance of graphite anode for lithium-ion

Li Li,O
batteries Electrochimica Acta 47 (2002) 12291239
e ® 0%
8% &
< .
¢ 99%8% % e s o
N . .’ » 28 ¢ ¢

S
S =

e &
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V(x) vs. Li'/Li(s)

Initial charge (Cathodic potential)

0.02V @ @ @@ o0
vs. Li/Li*

First-Principles Modeling of Mn(ll) Migration above and Dissolution
from Li,Mn,0, (001) Surfaces Chem Mater. (2017)
Kevin Leung*®
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Solid state electrolytes: single phase thermodyna
_ Origin of Outstanding Stability in the Lithium 5olid Electrolyte
Materials: Insights from Thermodynamic Analyses Based on First-
Principles Calculations

Yizhon Zhn' Hingfeny He," and Yifei Mot T+ o0k 101020 =2 T
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Some Note

Need extreme care w

in periodic boundo
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Monopole, dipole, quadrupole corrections (.‘
)\

Periodic boundary conditions in ab initio calculations

G. Makov and M. C. Payne
PHYSICAL REVIEWB 51 4014
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« for homogenous systems

Adsorbate-substrate and adsorbate-adsorbate interactions of Na and K adlayers on Al(111)

Jorg Neugebauer and Matthias Scheffler

PHYSICAL REVIEWB | 46 16067
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Mean electropotential is undefineoﬂQ‘

O Ewald summation useac
« So absolute Fermi level E¢ i
« |f we have vacuum region

« This allow an absolute refe

bulk crystal simulation
cell: E;, work function
are undefined




Computing anc

« Al battery interfaces, e

« So far our ability to moo

Leung & Teneny, J. P
Leung, Phys. Chem. C
Leung & Leenheer, J.




discharge:
LIC , >Li*+e +1/6
at >=0.1 V vs. Li,/Li(s) .




Battey Interfaces

At <0.8 V (vs. Li*/Li(s)), EC-base
electrolyte decomposes on anod

ethylene
carbonate
(EC)

sself-limiting SEI growth stops
further electrolyte breakdown

Xu, Chem. Reuv. 104:4303_ (2004) )
ssearch for alternatives continue

Li intercalation et

typically 30-50 nm 23




Journal of The Electrochemical Society, 152 (11) A2151-A2154 (2005)
0013-4651/2005/152(11 /A2151/4/57.00 © Th(. Electrochemical Society, Inc.

Lithium-Ion Transfer at the Interface Between Lithium-Ion

Conductive Ceramic Electrolyte and Liquid Electrolyte-A

Key to Enhancing the Rate Capability of Lithium-Ion Batteries

Takeshi Abe,™” Fumihiro Sagane, Masahiro Ohtsuka, Yasutoshi Iriyama,* and
Zempachi Ogumi**

t(°C)
60 55 50 45 40 35

30

electrolyte graphite
solution de-solvatio

— _ -1
- ‘)E et
ﬂ S~
diffusion through Li-GIC
electrolyte transport diffusion through
through SElI __ graphite
| Ea=53 - 59 kJmol”
Li* phase transfer ® LLT/PC-LiCF,SO,

O  glass electrolyte / PC-LIiCF, 80,

30 31 32 33
1000/ (K)

modeling-wise, we are not there yet.
1. electrode surface not pristine; SEl struc
2. voltage dependence hard to calibrate




voltage “=" Fer

Diffuse Layer

Solvated cation

Specifically adsorbed anion

voltage
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Voltages: DFT calculations vs. expt. (.
DFT modeling: one electrode/Fermi Experiments; >2 eIec’rrodes/Fed

as refe

VAC
electro

energy

V.=®/|e|] - 1.37V

(using Li*/Li(s) reference; for H*/H20, 4.44



N the battery modeling OLUJC [T1CUT omething €

PHYSICAL REVIEW B 70, 235121 (2004)

First-principles prediction of redox potentials in transition-metal compounds with LDA+U
F. Zhou M. Cococcioni, C. A. Marianetti, D. Morgan, and G. Ceder

Ax Li+Li,MO, & Li, ;4 MO, Lithium

cathode _ anode
i)~ ML
V(x) S
F PO, tetrahedra
( - [E(Li, MO,) - E (LileO}_,) — (x»—x)E(Li metal)]
il (v —x)F
Mn?* Mn**
Olivine 3.92 5.09
Layered
Spinel 4.64
Monoxide (Ref. 40) 3.6

« Simulation cell has
« Fermilevel not def



LIB: Two voltage definitions: electronic vs. “ionic” voItq*"
(rest of the world vs. battery literature) “‘

U o) — e

V.=®/|e| - 1.37V

True instantaneous voltage
(“potentiostat”)

Vi
Vi
Vi

Li content slowly
Ve

= Vﬂ
Ve
Ve



An arbitrary DFT inferface is not

Experimental analogy: Galva

L2 Metrohm

Autolab s.v.

iR drop

2
§
i
g

500 1000 1500 2000 2500
Time (s)
Figure 3 - First two charge steps, each composed by 10 minutes of
C/10 galvanostatic charge, followed by 10 minutes of relaxation time.
The iR drop is shown, together with the AE, and AE, (Equation 1.2),




This confusion about “voltage” occurs in
INa. DAPE

Space—Charge Layer Effect at Interface between Oxide Cathode and

Sulfide Electrolyte in All-Solid-State Lithium-lon Battery
Jon Harmpama,™ Keitaro Sodeyama,™ Linan Han " Rammont Taada, "

nd Yoshiraks T ol
e Chem. Mater, 2014, 26, 4243—4255

auilibrim {Amrm:., z.uumuf.]

[ritial Stag-e ufﬂharai_nﬂ {Li on m1mntralinn!|.

aryv interface mode

Electrode-Electrolyte Interface for Solid State Li-lon Batteries:
Point Defects and Mechanical Strain

Santosh KC,2% Roberto C. Longo,* Ka Xiong,® and Kyeongjae Cho®P»*?

Journal of The Electrochemical Society, 161 (11) F53104-F3110 (2014) |

— = -

00802 0%020 @oo0o0o00
o°x°o°!°o
~0Y% 0% o enases

10,0,0,0.0,0°°0°00

How Voltage Drops Are Manifested by Lithium lon Configurations at

Interfaces and in Thin Films on Battery Electrodes
Kevin Leung* and Andrew Leenheer

The First-Cycle Electrochemical Lithiation of Crystalline Ge: Dopant
and Qrientation Dependence and Comparison with Si
Maria K. Y. Chan,” Brandon R Long,® Andrew A, Gewirth,** and Jeffrey T. Greeley* ™

AV(z)

Modeling interfaces between solids: Application to Li battery materials

£Cs
W
A\

N.D. Lepley and N. A. W. Holzwarth”
PHYSICAL REVIEW B 92, 214201 (2015)

Charged and Discharged States of Cathode/Sulfide Electrolyte
Interfaces in All-Solid-State Lithium lon Batteries
Masato Sumita*' Yoshinori Tanaka,” Minoru keda,' and Takahisa Ohno* ¥
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Quiz: what is the “voltage” of Li (100) metal in vacuur(.‘

Ve=&/le| - 137V Vi = (i — Frig)) /e

I

True instantaneous
voltage

e AUt +3e >A

* yet we never g
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Electric Double Layer (EDL) in lithium ion batteries “‘

Graphite
Li intercalation

™ Solvated cation

Specifically adsorbed anion

S

typically 30-50 nm
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E10 Changed title font for consistency.
Ernie, 2/10/2012
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(1) Potential dror

“electric
double
layer” at
solid
interface




° ° L '
Li,CO,5 covering Au(111) under UHV condmons'.’
Li,CO5 oxidation relevant to Li-air batteries (hystersis durinM

IO

« to “oxidize" Li,CO,,
remove (e, Li*)
(e)
 |AU* |V | surface
dipole -> raise 7,

« Only one potential-
of-zero-charge at izl
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LiMN,O, (111) on Au(111) “current colleCtor

LMO(111)
surface:
Karim et al.
PRB 87:0753
(2013)

‘L L L LL L
L L kL £

g

electronic voltage/Ferm level not




(B) Solid-

No vacuum! Hc
(pristine electrod




-~ Basal plane work: Leung & Tenney, JPCC

R

vz

In lithium ion batteries, Li, transfer, not just e transfer,
controls the potential

(Our voltage determinatio
Michiel Sprik and coworke



Calculating voltage in lithium ion

=+0.21/e|

|‘H 1R

q,=+0.79e|

fi= = = §
'.‘l'. el

e S

AG(2 pts) ~ 0.5< dH(k )/

« moving Li** into electrolyte le
* AG;=0: Li* equally likely to be

* make contact with expt. (don’t




Nanosized simulation cell details
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S . 4 v -

~19A  ~15A
« Put net charge -n

* nexcess Li*in liq

For aqueous system
See works by Michig
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Calculating voltage drop in batteries via AG; of Li* transfer ‘\‘

1 N

_|||||||||||||||||||||||||||||||||||||y
1.2 potential of zero charge e
(for Li frozen in LiC ) ‘

/
s
s

[l

0.8
0.6

AN
AN
[V
°L
|||||||||||||||||||||]/||

% P S(ﬁ
i moves from Ny
0.4 FiC, to liquid EC 7 >< e
: /7 L )
0.2 labove this Voltagejgf// HQ\QO

Irl_lllllllllllllllllll

LiCqg EC electrc
* 0V vs LiCy4 (y-axis)is ~0.1 V vs

-0.2
-0.4
-0.6
-0.8

voltage vs. Li_ (EC):LiC, (volt)
,

»7 - rapid EC decomposition
at this potential

I_|I\|\I ‘\IIIlIIIIlIIII

001 -0.008 -0.006 -0.004 -0.002
G (e/A”)

o

» Net —ve surface charge (o) exists
plane during Li* intercalation

« Small cell size -> ¢ changes duri
integration ( so.-[ (%) ). tak
halfway point for ¢ value.
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EC decomposition seen at very low potentials (!:

_IIII|IIIIHIII|\IIIIII\I|IIHIIIH|IIIIHIII TTTTTT Jﬂ

12F potential of zero charge
E (for Li frozen in LiC )

0.8F

ii+ moves from
0.4FiC to liquid EC s

voltage vs. Li" (EC):LiC, (volt)

Es | rapid EC decomposition
at this potential

Spop® @ . 0.2 fabove this Vol‘ragex/

S8 @ | o L
_ 0.2F 7

SHSESH o *%3 ' 04f 71

YR N

-0.008 -0.006 -0.004 -0.002 0

c (e/Al)

» enough —ve charge (excess €")

for e to jump from LiCg4 to EC
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Li edge gccupancy

* Focus on 0=0, vary n; (Li coverage
* AG; = 0 (Li+ intercalation) when n;

* ny; =1 used previously too low volt:




predlc’rl

potential

electrode

M- is stable




Similar to ferrocene as mar

Tang, Lu, Newmg

top view

+ FEC (fluorethylene carbonate
« R~O0forFEC, R~0.4Afor

® =0.58 V for F

FEC as additivie: , Leung, Re



AIMD interfacial potential and g09 bulk liquid” calculations
agree to within ~0.15 V in FEC reduction threshold

Interface: 0.51 V

e 6 6 &

Interface: 0.76 V

GO09 “bulk” calculation: 0.58

& ¢ & ¢
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Figure 1. Reldive energes of Sie eleciolyte window E, and e
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Application: |
reduction




The strange case of PF; degradation

* may be due to thermal/water i

» But experiments with added we

Hydrolysis in the system LiPFs—propylene
carbonate—dimethyl carbonate—H-0

AN Plakbhoraypk o al fJloumal of Fluorine Chemictry I25 (2005) 27-31

0,00 50000 100000 15000 200.00 250,00 30000 350000 40000 45000 50000 55000
time, hours




interface: 0.53 V. & ™t
barrier at least 1.0 e¥ z‘;_

interface: -0.35 V

barrier at most 0.2 eV |

[+

02F
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09F
0.8F
0.7F

% 0.6 cannot collect statistics

= 05[

R’ = R(P-F) — R(Li-F)

PF6-decomposes,




Devised method for predicti
interfacial processes

LiCg basal plane negatively

PFg reduction on graphite e

Applications to insulating ele




Are there easier ways 1o do thise "?

Capacitive charge storage at an electrified interface investigated

I : via direct first-principles simulations
(V) | 0(V)
- = em e = - e em = Maxwell D. Radin,":" Tadashi Ogitsu,” Juergen Biener,” Minoru Otani,” and Brandon C. Wood™:!
PHYSICAL REVIEW B 91. 125415 (2015)

One-sided charging Two-sided charging

e |

First-Principles Molecular Dynamics at a Constant Electrode Potential
PRL 109, 266101 (2012) PHYSICAL REVIEW LETTERS

Nicéphore Bonnet,'> Tetsuya Morishita,' Osamu Sugino,” and Minoru Otani'

P .
R,=—t P, =F,=®—®,,

ESM one-sided

counter-electrode

Pt slab Water
two-sided

# of layers

« |DFT not yet calibrated fo

Li* concentration on/nea



N All-Solla barreries, tnis 1S a

* Inliquid electrolyte batteries
are still solid-solid inferfaces

« How much of the EDC is fro
solid and solid-liquid interfac

« What are the consequences
evolution, Li* transport ...)

Lo 2018 MR[S|] AP .
r’& SPRING MEETING & EXHIBIT Abstract Submission Opens—September 29, 2017
" April 2-6, 2018 | Phoenix, Arizona Abstract Submission Deadline—October 31, 2017

‘ www.mrs.org/spring2018



!







