


Simulations of Solid-Electrolyte Interfaces i SN Ehame
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Interface structure

* Explicit Solvation
* Treats all species at the same level of
chemical accuracy:
* Electrode (graphite)

* Solvent (EC) yL
Z

* Electrolyte (LiPF) Species in SEI film
* SEl species (LiEC, Li,CO,, LiF, etc.) FINRORENTN .-

o \
e Requires explicit structural details. Qsr w
L]

* Requires statistical averaging over all LEC  Li,BDC
possible configurations of all species. ‘R’ 0

« Computationally costly. o Bl

Norio Takenaka; Yuichi Suzuki; Hirofumi Sakai; Masataka Nagaoka;
J. Phys. Chem. C 2014, 118, 10874-10882.
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Simulations of Solid-Electrolyte Interfaces

Hybrid Quantum-Continuum Model

* Divides the system into two subsystems:

* “Explicit” system which is treated quantum-
mechanically,

* In an “implicit” environment which is treated at a
mean-field continuum level

 Automatically averages out degrees of
freedom of environment.

* Computationally efficient.
* Focus on the explicit system.
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“Explicit”
Quantum
System

Sanchez, V. M.; De La Llave, E.; Scherlis, D. A.
Langmuir 2011, 27 (6), 2411-2419.



Implicit Model for Solvent

V.le(mVv(r)] = —4nlp(r) + pmop ()]
 Dielectric continuum with smoothly
varying permittivity
« £(r) =1+ (ggolvent — Dy (1)
* Non-mean field contributions:
e Cavitation

 Solid-solvent dispersion
* Solid-solvent repulsion

are also included as proportional to the
solvent accessible surface area.

varying permittivity
- =Cr D — 1 + CEsolivenct — 1D C7D
- Nomn-mean field contributions:

Solid-solvent dispersion

- Solid-solvent repulsion
are also included as proportional to thhe
solvent accessible surface area.-

e(r)

I 90.70
72.76

- 54.82
- 36.88
18.94
[ 01.00

W . i
i —— A -
i — i

Yy — i N — i

W ey W—

b

8

If
s
o
f
&
.
!
o

i "."'--q‘_ "'—-1_

L E—
-

e i
- Wr—

C-‘l—\-‘ L

By # i _r

...___-.\

- ) o — i =

g —
‘..-.-..._,,l_ ™ i # i — F— e

L
g e

L e
il — o ey W

"-.,k — By "-—..\ — =y




Continuum Model for Mobile Electrolyte lons
V- ler)Vv(r)] = —4rlp(r) + ppop ()]
* Electrolyte charge density

Pmop(T) = z_zici ()

] bulk values of

; electrolyte
ZiV(T) HUi concentration
c;(1r) =c?/1(r) exp| ——— +k T
B B

Solute size (p)

Solvation radius (R,)

pmob(r) o

1.0
l— 0.6
- 0.2
--0.2

~ THE FARADAY
INSTITUTION




Electrolyte Parameters

— found by calibrating activity coefficients of electrolytes with experiments.

N
Alr) = 1_[% [1 + erf(lr — Ri| = Rsolute(P) — Rsolvent)]
I o 3

25 === Stewart and Newman (2008) [Experimental]
: —%— computed p=0.001 e/a *R_=10.5 bohr
mpé= computed P=0.002 e/a * R =10.5 bohr

—&— computed p=0.003 e/a * R =10.5 bohr

Ve (MY2)
0 010203040506070809 1




Electrolyte Parameters

2.5
—e— non-linear P-BE, R5°Vent =10.5a,, oA = 0.001e/a3
~>¢= non-linear P-BE, R°Vent =10.5a,, p2 = 0.002¢/a3
== non-linear P-BE, R*°Ve"t = 10.5aq, p2 = 0.003e/a3
. —t=linearised P-BE, R¥°Ve" = 10.5a, p} = 0.002e/ad
—— linearised P-BE, R5°Vent = 5.0ay, p} = 0.002¢/a3
@~ linearised P-BE, R*°Ven = 0.0ag, p = 0.002¢/a3
1.5 A Stewart and Newman (2008),%° [Experimental]

|n Vmean
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0.0
—e— non-linear P-BE, R5°Vert = 2 0a,, pd = 0.002e/a3
~3 non-linear P-BE, R5°Vent = 2 0ay, pd = 0.003e/a]
—— non-linear P-BE, R%°Vet = 2 0ay, p} = 0.004e/a3
==L —+=linearized P-BE, R%VeM = 2.0a,, p2 = 0.002¢/a3
== linearized P-BE, R%°Ve" =1 0a,, p} = 0.002e/a3
~@— linearized P-BE, R%°Ve" = 0.0ay, p} = 0.002¢/a3
—0.2 1 Hamer and Chi (1972),% [Experimental]
Ringe et al. (2016),2° [FHI-AIMS]
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KCl in water at 298 K

Practical Approach to Large-Scale Electronic Structure Calculations
in Electrolyte Solutions via Continuum-Embedded Linear-Scaling
Density Functional Theory

Jacek Dziedzic, Arihant Bhandari, Lucian Anton, Chao Peng, James C. Womack, Marjan Famili,

Read Online




PBCs: Electroneutrality V - [e(r)Vv(r)] = —4n|p(r) + prop (1) ]

m Accessible Jellium Grand canonical electrolyte

Non-uniform background charge which follows Poisson-
Boltzmann distribution and neutralizes the charge on
atoms.

Opposite background charge  Opposite background charge in
in the entire simulation cell. the electrolyte accessible region.

(r)dr’ A(r) | p(r)dr’ —Z 5
pmob(r) = — fpf:lr, . pmob(r) - = }Af(:'):lr' i pmob(r) — /1(1') zizicl@exp< - [v](({:;_l_ . ]>

Pmob (T)
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Electronic structure calculations in
electrolyte solutions: Methods for
neutralization of extended charged
interfaces

ite , 124101 (2020); https://doi.org/10.1063/5.
Submitted: 08 July 2020 . Accepted: 09 September 2020 . Published Online: 22 September 2020
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Grand canonical DFT for simulations of charged solid-liquid interfaces

Canonical ensemble of electrons Grand canonical model for electrochemistry

(constant number of electrons) ( >

~

et flo =t —e-U

Atomistic | Atomistic Diffuse
electrode electrode electrolyte
with Vacuum with layer

electronic electronic with
density density density
Pe Pe I Pmob

-2 -1 0 +1 +2
[ —

Pe + Pmop (X 1073 e/A%)

Electrochemistry from first-principles in the
grand canonical ensemble

Cite as: J. Chem. Phys. 155, 024114 (2021); https://doi.org/10.1063/5.0056514
Submitted: 11 May 2021 » Accepted: 22 June 2021 « Published Online: 12 July 2021
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Ensemble for electrons

Canonical Grand canonical

Electronically isolated
system.

Number of electrons and the
charge is fixed.

Chemical potential is found.
A=FE—-TS
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10 4
(a) canonical
g (g=2.9 e} j k
s 6
System connected with an N 4 \ [
electronic reservoir. o
Chemical potential of 27 c+(2)
electrons is fixed. 0. — c-(2)
Charge is found. [{b) grand canonical
. U=0.7V
Q=FE—TS—uN, 8L )
g 4]
N4 i
>
21 c+(2)
s C_(Z)
0 .
0 20 40 60 80
z (A)

Electrochemistry from first-principles in the
grand canonical ensemble

Cite as: J. Chem. Phys. 155, 024114 (2021); https://doi.org/10.1063/5.0056514
Submitted: 11 May 2021 » Accepted: 22 June 2021 « Published Online: 12 July 2021
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Quantum System

p(T) = pe(r) + pouc(r)

per) = ) St (rIi(r)

. . ‘jElectrostatic potential,v(r)
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Quantum System

p(r) = pe(T) + pruc(™)

per) = ) St (rIi(r)

Electrostatic potential,v(r)

1
0= fie | Yi(r) (— —Vz) Y, (r)dr Kinetic energy 12
2o (-

+hkgT ) fln fie + (1= fi) Infi
k

—He Z fx
k
3 fi [ W) vps ) i
k

+Exc

Entropy

Chemical potential term

Pseudopotential contribution

Exchange Correlation Energy



1
0= fie | Yi(r) (— —Vz) Y, (r)dr Kinetic energy 13
2o (-

+kBTka Infi, + (1—fi,)Inf; Entropy

Quantum System —Ue Z fr Chemical potential term

p(r) = pe(T) + pruc(™) +Z fr j Yr(r) vps() Y (r)dr  Pseudopotential contribution
k

+Ey¢ Exchange Correlation Energy

per) = ) St (rIi(r)

2 14
T _[ [_ 2L |ZZ(7')| +p(r)v(r) + Z zic; (1) 17(1')‘ dr Electrostatic En.

Electrostatic potential,v(r) —kBTZ J c;(r)dr Electrolyte osmotic pressure

—kgT Z J ¢;(r)InA(r) dr Electrolyte accessibility term

+kBTZJcl(r)l <

— Z Ui f c;i(r)ydr Electrolyte chemical potential
=1

> dr Electrolyte entropy



1
0= fie | Yi(r) (— — Vz) Y, (r)dr Kinetic energy 14
2o (-

+kBTka Infi, + (1—fi,)Inf; Entropy

Quantum System —Ue Z fr Chemical potential term

p(r) = pe(T) + pruc(™) +Z fr j Yr(r) vps() Y (r)dr  Pseudopotential contribution
k

+Ey¢ Exchange Correlation Energy

per) = ) St (rIi(r)

2 14
T _[ [_ 2L |ZZ(7')| +p(r)v(r) + Z zic; (1) 17(1')‘ dr Electrostatic En.

Electrostatic potential,v(r) —kBTZ J c;(r)dr Electrolyte osmotic pressure

—kgT Z J ¢;(r)InA(r) dr Electrolyte accessibility term

+kBTZJcl(r)l <

— Z Ui f c;i(r)ydr Electrolyte chemical potential
=1

> dr Electrolyte entropy

+yS Solvent cavitation, dispersion and repulsion



Quantum System

p(r) = pe(T) + pruc()

pelr) = ) St (rIbi(r)

. . “Electrostatic potential,v(r)

15

Total free energy,

Qi (), fr, v(r), ¢i(1)]

is minimized

1\7
2

2+ Vps(r) + Vi (1) + V(T)] Yr = &Pk
f = 1
‘ 1+ exp (—gkk;Tﬂ e)

Grand canonical DFT

.uezlugef_e'U

c;(r) = A(r)c; exp (

p
7.[e(r)7v(r)] = —n lpe () + pruc™) + )z <r>]
=1

—Zj [V(T) + vs]
)

dr=0

Poisson-Boltzmann Theory

p
j;/ lpe (1) + pnuc(r) + ; z;ic; (1)




ONETEP Calculation procedure in vacuum
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ONETEP Calculation procedure with new electrolyte model

DL MG
V- lemVv()] = —4nlp(r) + prop (1))
solvent permittivity AL electrolyte charge
o I

—
ONETEP




Differential capacitance of few-layer graphene

Diffuse layer capacitance

(Cq)

(a)
B 1 layer, Cg=12.19uF/cm?
104 <« 2 layer, C4=10.63uF/cm? 401
A 3layer, Cq=11.09uF/cm? ~ 201
» 4 layer, Cq=10.88uF/cm? 5
Q
51 ¥ 5 layer, Cq=10.94puF/cm? 3
B
_ -20
~
€
2 01 —401
Qg
2 (b)
S
80
_5-
< 60
]
~10- l’ & 401
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Electronic capacitance

(Ce)

- 1 layer
—— 2 layer
—A— 3 layer
—»— 4 layer
—¥— 5 layer
\_ —e— 1 layer, Ponomarenko 2010 (Experimental)
\ —+— 1 layer, Xu 2011 (Experimental)
A
Ny
xy
=y . e
=3 — e
A—A A
o __m
100 -075 -050 -025 000 025 050 075  1.00
u(v)

The Journal
of Chemical Physics

ARTICLE scitation.org/journalljcp

Electrochemistry from first-principles
in the grand canonical ensemble

Cite as: J. Chem. Phys. 155, 024114 (2021); doi: 10.1063/5.0056514
Submitted: 11 May 2021 - Accepted: 22 June 2021 -
Published Online: 12 July 2021
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Total capacitance

1

Cy

1

Ca

1
Ce
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Li plating and dendrite growth on graphite

\

« -
-

Gao et al. Joule 5, 393414, (2021)
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WHAT ARE THE CONDITIONS FOR DENDRITE GROWTH IN LI-ION BATTERIES e

* At what voltage with respect to Li/Li* does the nucleation of Li
clusters start?

 What is the voltage for onset of dendrite growth in a battery?
e At what location on a graphite particle do dendrites grow?
 What is the effect of electrolyte?

* How can it be prevented?

20



What are the conditions for dendrite growth in Li-ion batteries

* On extended basal plane

2Li: N pt P4 p LI
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(a) cDFTv
Q=00e Q=00e
Li
Vacuum
(b) gcDFTv < >
iy fl- =g —e-U
Li
Vacuum

mref

fle- = fie= —e-U

voumal o JOEE T
Materials Chemistry A -

View Article Online

View Journal | View Issue

Li nucleation on the graphite anode under potential

control in Li-ion batteriest

Cite this: J. Mater. Chem. A, 2022, 10,
11426
Arihant Bhandari, ©2° Chao Peng, ® ¢ Jacek Dziedzic, ©2° John R. Owen, ®

Denis Kramer & <€ and Chris-Kriton Skylaris ® *
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Nucleation Energy (eV)

30

-20

Nucleation energy (AQ)

1 =r— U=-0.1V

—— U=0.1V
—+—= U=0.0V

T T T T T
12 24 36 48 60 72
size of Li cluster (n)

22

L : e

nlLi+G - Li,G,

AQU) = [ 6(U) = Qe (U) — 1 - (28]

Potential of zero nucleation energy (PZN)

0.05
0.00 -
@
\
S \ - -e
~ -0.05 1% B b &
> [ o
1 /P’
| @
-0.10 44
Il
é
~0.15 : . : : .
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POTENTIAL OF ZERO NUCLEATION ENERGY (PZN) G

Computed, Bhandari et al. JIMCA 10, 11426, 2022

600
—@— Lithiated zigzag edge
500 ~ ©— Unlithiated zigzag edge
=@~ Lithiated basal plane
400 7 —@— Unlithiated basal plane
< 300 +
g
> 200 +
N
100
0
—100 A
-200 T T T T T
0 12 24 36 48 60 72
size of Li cluster (n)
Zigzag Lithiated graphite -40 mV
edge  Unlithiated graphite -60 mV
Basal Lithiated graphite -80 mV

plane  unlithiated graphite -120 mV

Experimental, Gao et al. Joule 5, 393, 2021

voltage vs. Li/Li+(mV)

600

500

IS
=)
o

mv

-100

-120

-140

-160

10 15 20 25 30 35 40
normalized capacity(%)

Nucleation barriers
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Mechanisms of Li deposition on graphite

Cluster growth

(a) Unlithiated graphite  (b) Lithiated graphite

Surface coverage

(b) Lithiated graphite
S (I &
GG C L L UL EL

e (T
s & - -~ 1
¥ ‘VI
e o oo i S

/g e ava s grarais g aiara g
LU U LU U

(a) Unlithiated graphite

Mulliken Charge (&)
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Total charge density

Unlithiated graphite Lithiated graphite

Cluster growth

Uniform surface coverage
x=0.1 x=3.0

Cluster growth
x=0.1 x=3.0 x=0.1 x=3.0

Uniform surface coverage
x=0.1 x=3.0

80 1

80 1

< <
N N
20 1 20 1
0 T T T T 0 T T T T
0 20 0 20 0 20 0 20 0 20 0 20 0 20 0 20
y (A) y (A) y (A) y (&) y (A) y (A) y (A) y (&)
H - - - - — H - - - - —
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
Charge density (me/A3) 25

Charge density (me/A3)




Mechanisms of Li deposition: surface coverage and dendrite growth
Arihant Bhandari, Jacek Dziedzic, John R. Owen, Denis Kramer, Chris K. Skylaris, J. Mater. Chem. A (Under review)

We find that the process of Li deposition on graphite anode occurs in following stages:
* Deposition of Li-ions uniformly on the surface of graphite anode at higher voltages (> 0.0 V)

 Reduction of aggregated Li-ions to metallic Li clusters and growth of Li clusters into dendrites ( < 0.0 V)
We find the cross-over voltage for the above two processes. For safe operation of Li-ion batteries the voltage on

graphite should be kept above this cross over value.

Mechanisms of Li plating

1 1
(b) Li cluster growth

(a) Surface coverage
) “
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