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Better Electrolytes for Batteries
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standard electrolytes: salt in organic liquid
Lithium-ion rechargeable battery high conductivity > 1 mS/cm
Discharge mechanism
A
: M :  flammable M LiPF,
Electrons; Current E (EC:DMC)
Separator

« poor mechanical properties

» polarization since both ions move

Electrolyte
(Polymer battery: gel polymer electrolyte)

Spoyjes

©2006 HowStuffWorks

 |low transference #

http://electronics.howstuffworks.com/everyday-tech/lithium-ion- D
battery.htm +

b, =
T D_+D;




Polymer Electrolytes
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salt in polymer: e.g. LiTFSI in PEO

v not flammable X\ 1% low conductivity!

' r=0.08 ' ' ‘ ]
v' better mechanical properties = . ‘/ﬁ 2 _
: lectrolyt : 10° ¢ ‘ ! ’ i
electrolyte — - ’ v )
o ' 8| = i ji .2 h
» polarization since both ions move [E5— " — 3 c% i 2 <
X «— AN & ® N I % e -
o4} 87 _
T 8 C,EO; AC,ED,]
 low transference # 0.4} 5_rmoos] i Scfeoi ﬁgjegj-
i s @ C4,EQ; ¢ C,EQ,|-
T » 1 105 EmPEO
t, = D+ S T i ‘ 20 40 60 80 100 120
D_+ Dy | ; . T(°C)
0.2} 3 <o ]
o <
I M(k;?n:ol) G Pesko, D. M., et al. (2016). Macromolecules, 49(14), 5244-5255.

Timachova, K., Watanabe, H., & Balsara, N. P. (2015). Macromolecules, 48(21), 7882-7888. 6



Single-lon Conductors (SICs)

SIC: a material with only 1 mobile ion; other ion is covalently bound

ceramics

25 mS/cm at room temp
but brittle

M4d)X, Li(4d)Xg  P(2b)X4
(M=PorSi;X=SorCl)
\ Liieh, Li8f) > Li4c)

Kato, Y et al. (2016). Nature Energy, 16030.

polymers

t, = 0.85
but ¢ = 1.3*10>S/cm at 60C

ip&o n p
|
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v" not flammable

v better mechanical properties

v no polarization

U=e=0 0=8=0 v high transference #
Li* l?l‘ Li* N-
|
0=8=0 0=S=0
|
Bouchet, R et al. (2013). Nature Materials, 12(5), 452-457. 7
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Conductivity in Polymer SICs =

still too low!

o[ Traditional Liquid Electrolyte at Room Temperature ]
107¢ 2 30°C ' A: [EO] /[Li] = 15 B: [EQJ/Li] = 12
[| @ 90°C , :
3L i X o y
10 B 0 o
H 0
® C F
A - °D /g ;g—F
£107°F . 1 g SOy Li*
% o ° s e ¢ A - ?/
N A o0 ®e s C
210°F A A = ; OCHs  Ret. 63
> [ : .
B : A 44 . ¢ B A 1 C:[EQ]/[Lil=16  |D:[EO]/[Li] =9
3 [ 8 4 ® A7 & . ]
-8106:’. QA :A A ° ; . 31 xOMy
8§ L . b -
I A | R
107k 3 A L 1\/\/so3u
: L A : Ry: or 0=8=0
_ ° A 0y, |ur N-
10°} -+ D AR EE S
Ref.77| ©CFs  Ref.78
10-9 1 Al 1 A1 L 1 L
1985 1990 1995 2000 2005 2010 2015

Year Published

Diederichsen, K. M., McShane, E. J., & McCloskey, B. D. (2017). ACS Energy Letters, 2(11), 2563-2575.



Electrostatics of lons
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1 o .
interaction energy: U (r) = yy— eCherQ i(;ncsilglrictnc
0

electrostatics favor aggregation

entropy favors dispersion

in water: ¢ = 80
NaCl dissolves

in polymers: 2 <e<10
fore =2.5,d=2A

D - — -®
t!”

). 112 kT
A -+
® - = @OF

ions strongly aggregate

http://wps.prenhall.com/wps/media/objects/3312/3391718/blb1301.html



lonic Aggregates form in Polymer SICs
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ionomer melts
PSS with Zn*2

O - 1 “lionomer peak”
l—v(nm 3) 5 g
w -‘ s o . Ubqu”tOUS
+ & y : * low wavevector peak in scattering

® _— « from inter-aggregate scattering

- ‘ 1200~

ionic aggregates

400

% TEM showing _
W aggregates 0

d =2n/q

qlnm=")

PEpAAg 5-Zn56

Yarusso & Cooper, Macromolecules, 1983

Seitz et al., JAm Chem Soc 132, 8165 (2010)
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Many lonic Aggregate Morphologies
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Experiment (X-ray scattering)

. m._ ll isolated aggregates
disordered . gsres
%1000- % o) o
ij\:izl-a z i !!_[ j—ﬂ—(OCH CH,)—o0
% SO;Na n
layers .
y J Nafion 117 20% RH _)(; L A (VC
_ S ° - layers ‘m ;
OH i & i
1 X o] AN
0—=—S—0 s p21SA &o(/ i CC " LR :_?:LI;};“ K
0.6 . 0] B e [T
20 J, D‘C«ot i HO"  (CHy), ‘
Ll ey © v(’C T
t 28 A > .
Ordered phases Trigg et al, Nature Mat (2018) Trigg et al, Nature Mat (2018)
) percolated aggregates
o m* i .
0 0=S=0 ) .
o : 0y _0-Li
Ll o X
o) 23°n G
M* = Li*, Na*, Cs*, NBu4+ \ Temperature ’ !

Lu et al, JACS (2020) Frischknecht et al (2020)



National | « Los Alamos
Laboratories

What Influences lon Transport!? B (@ .

Polymer mesostructure,

: Segmental dynamics
architecture

@, = interactions
O )) =
@ @9 Cation

| '0 solvation
lon aggregation structure dynamics

Schauser, N. S., et al. (2020). J Am Chem Soc, 142(15), 7055-7065.

» polymer dielectric constant

 jonic aggregate morphology

* ion—ion interactions

 jon solvation energetics and dynamics

- polymer segemental dynamics (T,) 12



Could lons Move in Aggregates!
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Evidence from coarse-grained MD simulations

e=4 + — pair energy = 48 kT
/ = '“'“’--«ﬂ__‘_\__
O OM ° e e
M W /] T A energy to move between clusters:
/ ,-"’ T . \
POAA " [ about 2 kT
/ / ],"' ,.'f
a & /] (up to 6 kT)
discrete clusters percolated
/o [ - - - -
f” / ﬁ [ ek al -
’\:T"'“*-]Lﬂﬁ__i / / -
""—-~.\\_\& x_""“-*--mx___\_‘_f j" / e BRI
jons change places with neighbors h=5.9c

clusters merge/break up

Hall et al., Macromolecules (2012) 13



Questions for Today —— .
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« what is the nanoscale morphology of ionic aggregates?

* pnAA-y%X

. p5PhSA-X

* how do ions move in polymers with ionic aggregates?

[ )
. atomistic MD simulations °
3 \
. »
4]

coarse-grained MD simulations 215

.0

O7g

« can spatially-continuous, percolated aggregates improve ion transport?

« partial evidence from simulation
14



Modeling (Simulating) Polymers @i, (A G
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Consider a spher: ricad cow
of radius K ...

i

string model
« good for theory
e mesoscales atomistic model
« chemically specific
 limited in time, length scales
coarse-grained model
« used a lot in simulations
* intermediate length, time scales

15



Computational Methods in Polymers B (D) e
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EST.1943

A

Time

Simocko, ACS Macro Lett, 2016

Field
theory

Coarse-grained
molecular dynamics

Peters, Langmuir, 2012

Atomistic
molecular dynamics

Arnarez, J Chem Theory Comput, 2015

Yao, Sci Rep, 2014

Quantum
mechanics

Voss, Phys Chem Chem Phys, 2016

>
Length i



Molecular Dynamics Simulations
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e put atoms in a box
 solve F = ma for each atom

 calculate statistical properties (averages) over trajectories

need to know forces on each atom: “force field”

* intramolecular

* bonds
* angles
. 100 ;
e torsions E/cm! : Repulsive +A/r2 ,
50
* intermolecular 5 Lol St SRRk

-------
—- -
)
-
-

 nonbonded, i.e. van der Waals
» electrostatics (Coulomb) 50 |
» polarizability

-100 } Attractive —-B/r¢

3.0 4.0 5.0 6.0 7.0 8.0
r/A

http://chemistry.stackexchange.com/questions/34214/physical-significance-of- 1 7
double-well-potential-in-quantum-bonding



Output from MD Simulations
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“trajectories”: coordinates of all the atoms, as a function of time
» average over time to get spatial information
« analyze in time for dynamics (e.g., ion motion)

whole system single polymer chain
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Precision PE-Based Polymers | =

Ox_OH p9AA O OH  p21AA
M W Atomistic MD Simulations

n
(22 mol% AA) (9.5 mol% AA)

* OPLS-AA force field

P AA_'43%L| « 80-200 polymers

« 81, 90, or 84 backbone carbons/polymer

breci v N\ *~ 6 nm box, total of ~25,000 atoms
recise spacer Neutralization  Counterion

length (p9, p15, |evel type (Li*, Na*, « NVT ensemble, T well above T,

P2 Ce', 21) « LAMMPS

2000F —
- Precise
Random

glass transitions

* pnAA: Ty =3-13°C

« p9AA-35%Li: Tg =69 °C
« p15AA-38%Li: Tg =53 °C

1500

1000

Log Intensity [a.u.]

Intensity [a.u.]

Zn82
500 ~|Zn81

Zn0
Zn0

-1
q[nm] 19

M. E. Seitz et al., J. Am. Chem. Soc. 2010, 132, 8165-8174.




lonic Aggregate Morphologies
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aggregates: all ions + COO- groups within a cutoff distance

100% neutralized systems form partially neutralized systems form
percolated aggregates at long times isolated aggregates

p9-20%Li

p21-38%Li

p21-100%Li

20



Comparison to X-ray Scattering

Intensity (a.u.)

calculate total scattering from MD simulations

include scattering functions f; for each atom type

. P21AA 1
} 38%Li3

. } 38°oLI

O(’ oLl

q
-
<
4
4
B
q
4

0%Li 1
R

,v
10

q (nm”)

T

15

T

20

35

30

25

20

15

10

Middleton, L.R. et al, Polymer 144, 184 (2018)

Frischknecht and Winey, J Chem Phys 150, 064901

POAA-35%Li

T

— X-ray
——MD

(2019)

10 15 20

p15AA-38%Li
T

X-ray

g (nm”)

excellent agreement!

S(a)

G

,J
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p21AA-38%Li
T

21



X-ray Scattering Doesn’t Determine Morphology e
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p21AA-56%Zn P9AA-43%Li p9AA-24%Cs
need simulations Type 1 Type 2 Type 3
or imaging!

e) f)
50 B 30
=l * Exp gba * Exp.
- =4 73 osim = A5 o Sim.
s s . |e s 2 %
> > %0 B > o
C C {am
B 220 210
£ £ £
10
0 0
2 4 6 8 10 12 14 16 2 4 6 8 1012 14 16 2 4 6 8 1012 14 16
g(nm™") g(nm™") g(nm™")

22

Buitrago, C. F. et al. Macromolecules 48, 1210-1220 (2015).



Precision PE-Based Polymers 2

precise sulfonated polymer

4PCP P4PCP pSPh
%\9/* /k\?/jk
Q 710 710
SOzX SOzH
- -
710 710
p5PhSA-X p5PhSA
X=Li*, Na*, Cs*

Kendrick IV, A. (2018). Macromolecular Rapid Communications, 25,

1800145-1800148.

Rev. Heat Flow (a.u.)

Laboratories

M, (D) <o

polymers are glassy!

) 286°C, - i

) 1 in p5PhSA
EpSPhM 1 (acid form)
{psPhsAli — E

- . i Ty is absent or
y p5p%3oc 1 very high in
I | p5PhSAX

0 50 100 150 200 250 300

T(°C)

Atomistic MD Simulations

OPLS-AA force field

216-1728 polymers

8 repeat units/polymer, ~ 8 nm box

extensive annealing at high temperature/pressure
production runs at 160 °C in GROMACS 23



lonic Aggregate Morphology
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D5PhSA-Li p5PhSA-Na p5PhSA-Cs

all ionic aggregates percolate
through the simulation box

................ L

i@  —Exp.(160°C)] |(b) "Exp. (160°C)]
;M —Exp.(40°C) § § . e Sim. (160°C)

__p5PhSA-Li;

N

o

N
aaaal " PR

o5PhSA-Na] good agreement with X-ray

o
T

Intensity (a.u.)

—
e
aal " Akl

. g
.......
o
o -~
o .
oor
*e

p5PhSA-Cs]

N
o
=)

.

. .

. .
. .
'''''''

T T T T T T TTT

T

0 2 4 6 8 101214 16 18200 2 4 6 8 10 12 14 16 18 20

q (hm™) q (nm™)

Paren, Thurston et al, Macromolecules (2020) 24



Intermediate-Scale Morphology
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extract subclusters from percolated aggregates for each subcluster: calculate gyration tensor
use graph theory: who is connected to who? « 3 eigenvalues: give relative shape
« shape anistropy «?2
 k=0:sphere

 x=1:rod
Ribbon-like: I; > I, > I; | Planar: I, ~ 1, > I Isotropic: Iy ~ I, ~ s C 3
K?=0.52 K?=0.22 K?=0.059 Stringy: > L =

S

k?=0.78

)

Ly 90°1 Uy Iy
4
< |-
Lo | a, !

(C) ¥l 2 : I3 3 !

Paren, Thurston et al, Macromolecules (2020) 25



Subcluster Shape Distributions -
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sulfonates: planar/ribbon

(a) pSPhSA-Li (b) p5PhSA-Na
g
[ Polymer (median K,z) ] .
P9AA-100%Li (0.47)]
50.10: —— p5PhSA-Li (0.21) ]
. - —— p5PhSA-Na (0.15) -
g j —— pP5PhSA-Cs (0.06)

carboxylates: stringy

1.0 3

Paren, Thurston et al, Macromolecules (2020) 26
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« what is the nanoscale morphology of ionic aggregates?

* pnAA-y%X

. p5PhSA-X

* how do ions move in polymers with ionic aggregates?

e atomistic MD simulations

coarse-grained MD simulations s

OTS

« can spatially-continuous, percolated aggregates improve ion transport?

« partial evidence from simulation
27



Slow Dynamics in pxAA SICs
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p21-100%Li, T = 600K

clusters showing only Li* and O

t=tg t=1ty+ 1 us (1000 ns!)

o
H Y

Frischknecht et al, Macromolecules 52, 7939 (2019) 28



lon Motion in pxAA-35%Li
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N\

O .OM*
* > 1 us simulation time
M o T — 6OOK
p9AA n
pP9AA-35%Li
)RS;' A9
isolated clusters N
] S - 0
w®,
W de
' 2 o "
P gy
¢ L)

’ t=298.8ns

29
A.L. Frischknecht et al., Macromolecules 52, 7939 (2019)



lon Motion in pxAA-35%Li

{\O:CLO-/ML/\/\/}
p9AA n
D9AA-35%Li

isolated clusters

> 1 us simulation time
T = 600K

@

Sandia
National
Laboratories

ot

t=327.6ns

;")
B o=
t=298.8 ns

A.L. Frischknecht et al., Macromolecules 52, 7939 (2019)

30



Dynamics in Isolated Aggregates

; OF coarse-grained simulations
- : isolated clusters

I time

clusters merge/break up

Hall et al., Macromolecules (2012) 31



lon Motion in pxAA-100%Li =
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0 OM*
W D9AA-100%Li N —
p9AA n

percolated aggregate

MSD (A?)

- ——p21-100%Li, Li ]
10°- ——p9-100%Li, Li 4

p21-100%Li, C
------- p9-100%Li, C

10" A A A
10° 10’ 10°

time (ns)

« at long times, ions move
faster than polymer

* not close to diffusive regime
after > 1 us

A.L. Frischknecht et al., Macromolecules 52, 7939 (2019) 32



lon Motion in p5PhSA-X W

SO,X
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—
Q
~

10°4 Cation / SO, | T(°C)
| p5PhSACs s 5 210180 150 120 90 60
—~  ]PSPhSA-Na [-==-- 61 . 3
E jor] PN T ] 1 . m p5PhSA-Cs
o) | 1 "\ A p5PhSA-Na |
2 -7 ® p5PhSA-Li 1]
_3_: ]

log,plopc(S/em)]
7
) ’P .f

e N
[ ] N .H
- . .
1 A ]
-10 o ‘x =
: Y
-111 A ]

20 22 24 26 28 30 32

1000K/T
- jons move faster than SOy, backbone * conductivity measured by EIS
. not diffusive after several ps * Arrhenius temperature dependence
« jons rearrange with neighbors in the aggregate * ion dynamics in same relative order as

in MD (Cs* is fastest, Li* is slowest) 33

Paren, Thurston et al, Macromolecules (2020)



Comparisons .

Would a larger anion help?
by leading to better ion dissociation...

g O CFs polymer E, (kJ/mol) log (A) Ty (C)
x i X ON"o (ScmZ/mol)

o0=¢=0 | o=g=0 p5PhSA-Li -11.0 —

p5PhSA-Cs 76 9.8 > 260

| pSTFSI-Li 127 12.9 234

pspnsAX | PSTRSIX pSTFSi-Cs 85 9.2 197
X=Li*, Na*, Cs* ' X=Li*,Cs*

larger anion has higher activation energy
larger anion has lower conductivity

differences in morphology?

Stacy, E. W. et al, Macromolecules 51, 8637 (2018) 34



Coarse-grained MD Simulations
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Previous work: conductivity is higher in percolated aggregates

0.001 ‘ | ‘
—®— jonenes
—H— pendants
>
=
=
© 0.0001 i
-]
©
c
Q
O
10° | | ‘ l ‘ dilscre’ge, non-percolated morphology
2 3 4 5 6 7 8 9 10

« conductivity decreases with decreasing ion concentration
« lowest for non-percolated aggregate morphology

Ting et al., Macromolecules, 2015 35



lon motion in CG simulations

“Hall” model: bead-spring chains + charges
bead size o, cation size .5c
N = 35-39

@ National “JLos Alamos
lab[)l'a[oﬂes Ay ARG LABORATORY

800 polymers
melt (T>Ty)

. . 2 |
vary dielectric constant ¢ _ 107 ¢ . Fﬁ

$ ® p2
s ¢ p3

p13 polymer (sparse) 0 103 p5
& p7
e 2
o 234
= pll @ /
S 10+ N\

- P13 ¢ spacer length

p1 polymer (“polyll”’)

10° -
0.0 0.2 0.4 0.6
mol frac. ions (CB+ClI)

0.8

negative correlation between D and ionic content

36



Effect of morphology on ion diffusion

] . | " |

cluster size distributions il ¢
100 13 ercolated
isolated] P
pl13
pl Yy
10! 102k
. crossover
5 102 T
5 l E
£ 3 P3 “ 10}
S 10 5
_g a)
(o)
S 10+
10k
10-° »
10 10°
109 107 102 103 104 10° 0.0
cluster size (CB + Cl)
€=4.0

0.2 0.4 0.6
f (mole frac. ions)

e=4,4.5,5,6,8, 10

0.8

37



lon association lifetime
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< # CBs cont. bonded to ClIs fromt, <t < t,+ At >

S(At) =

< # CBs bonded to Cl at time t, > solymerized fonic i

jons associated if within 1.1c; unassociated if outside 1.7c

5 D directly proportional to 1/
(%) —_— -
o 10° 10— 7T
c C
O L
2 [
L 107F E
$ 107 g :
5 N
.E '\g L
; S(At) ~ exp {_(AT/TS )'B} = 10°F 4
— C
8 102 <~
(9} L
£ 100 10" 102 100 10 10°k |
10° lag time At 3
-10 1 sl PR S S
1940° 10" 10° 10°

S. Mogurampelly, J.R. Keith, and V. Ganesan,
J Am Chem Soc 139, 9511 (2017) 38



lon association lifetime

Rasa i Nen,
- i,
gy
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< # CBs cont. bonded to ClIs fromt, <t < t,+ At >

S(At) =
< # CBs bonded to CI at time t, >
10'15 | /I ot
| A A A IO N ,.I’.' m=1
10° O o0 102} yqu"'"v
= S -9 &
E '998% S ol 30%
o | clustered | =107 F QO
. | crossover S | (SS)O &
10' .. percolated = 1074k
]I.I.I.I.I.l.: i
0246 8101214 105 L
N 102 4. 4107
s (T )

for percolated aggregates: D. o< 1/1,
39



lon “stepping” along percolated aggregates o (AN 2

« Los Alamos

p=3,e=4.0

full system 10 o slice

Bollinger, Stevens, & Frischknecht, ACS Macro Lett 9, 583 (2020) 40



Path covers

lon “stepping” along percolated aggregates

Anion network (at At=0), 4o slice
T I % bV TSR N i ey g m“ﬂ%
KgIAL P3, €= 4—percolated At=34T;
— (

Path of anion neighbors

Cation
of interest

"ﬁg Alamos

NATIONAL LABORATORY
EST.1943

Sandia
National
Laboratories

If “stepping” describes motion in

percolated networks, Tg should
capture when counterion moves to

new sets of neighbors

41



Path covers

T TRy
A|'=34T5

lon “stepping” along percolated aggregates

“i\

7

K

ATl
P&,

/

Anion network (at At=0), 4o slice
TP P = ,
p3, € = 4 — percolate

Path of anion neighbors

Cation
of interest

ﬁg Alamos

NATIONAL LABORATORY
EST.1943

Sandia
National
Laboratories

anion neighbors at
various lag-times

Yellow anions are

distinct from pink
anions (i.e., new colors
equal completely new

neighbors)

42



ﬁg Alamos

NATIONAL LABORATORY
EST.1943

Path covers
A|'=34T5

Anion network (at At=0), 4o slice
A YPRT AA A~ e SEENNPN S
p3, € = 4 — percolated

lon “stepping” along percolated aggregates

“i\

anion neighbors at
various lag-times

Bollinger, Stevens, & Frischknecht, ACS Macro Lett 9, 583 (2020) 43

Path of anion neighbors

Cation
of interest
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Percolated Aggregates to Enhance Conductivity!? @

can spatially-continuous, percolated aggregates improve ion transport?

percolated aggregates good for conduction in: for melt polymer SICs

e ceramics need to reduce ion association lifetime
» polymerized ionic liquids (?) « add solvent to aggregates?

» hydrated SIC polymers (eg Nafion, p5PhSA, ...) « use larger anions?

» better polymer architecture?

10— 3
|1 —e— p5PhSA ]
1 —¢— Nafion

10" 4
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Conclusions
D)

ionic aggregate morphology dependent on

 anionic functional group, cation, polymer backbone

ions in discrete ionic aggregates move by cluster rearrangements

ions in percolated ionic aggregates move by stepping along the aggregate
« the “stepping” time is the ion association lifetime

« diffusion constant proportional to inverse lifetime D. « 1/,

better ion conductors: lower !

 weaker electrostatic interactions

 larger ions, more delocalized ions

« add solvent for better screening/dissociation
45
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lon motion in discrete aggregates -
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< # anions bonded to cations at t,+ At >
C(At) = intermittent ion-assocation function

< # anions bonded to cation at time t, >
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Energies in CG Simulations

M (COS) “iaamms
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& = pair energy (contact) is 48 KT.
== pPairs are not likely to separate.

Coulomb energy
-20

ideal cluster: 4 * N, =9, pendants
—~ 25 ¢ ideal cluster |
b= mp= e
i -30 -!:' P
U qi9;¢B S i,
T Z rij o 36 ° HIkh 1 be
i#]
-40 L ! L !

20 40 60 80 100
# ions in a cluster

“ideal cluster” good proxy for pendant clusters
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