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Coupled Problems at Interfaces
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Multiple electrochemical reactions in a multicomponent electrolyte system

cathode anode
LiF SEI: Solid-EIectronte L |_ [Can the same concept be applied to strongly]
Interphase, provides: reducing synthetic electrochemistry?
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Li/SEl/electrolyte interfaces and charge transfer reactions

A The Li-metal electrode is negatively charged at electrochemical equilibrium

A The impact of Electrical Double Layer (EDL) on Solid Electrolyte Interphase (SEI)
formation

A New EDL models are required for
A Solid electrolytes (SEI as well)
A complex electrolytes: Localized high-concentration electrolytes (LHCE)
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"A Tale of Two Stories” Ref. to lecture by Axel Gross

The Li-metal electrode is negatively charged ( he g during plating/stripping

At electrochemical equilibrium (zero current) At electrochemical equilibrium for full cell
for half reaction
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Putting materials into a battery --- ions, electrons, and atoms

The DFT computed Open Circuit
Voltage is the different between

DFT computed
Hi at the two electrodes. Measured electronic properties for
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O Lit ions are free to move.

O At open-circuit voltage (OCV) equilibrium, the
Li* ion electrochemical potential is a constant
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Putting materials into a battery --- ions, electrons, and atoms
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"A Tale of Two Stories"

Li-metal electrode is negatively charged during plating/stripping

At electrochemical equilibrium (zero current) At electrochemical equilibrium for full cells
for half reaction
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Finding the Electrochemical Equilibrium

Electrochemical reaction : d i{ve)m g O d &

30 3Y oxidized state i reduced state
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Finding the Electrochemical Equilibrium

Electrochemical reaction : & i{ve)m g 0 d &
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Varying both electrode (alloying) and electrolytes

e” in Vacuum (+4.44 vs. SHE, +1.4 vs. Li+/Li in aqueous, +5.07 vs. Fc+/Fc) ELECTROCHEMICAL SCALE / V PHYSICAL SCALE / eV
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The intertwined two charge transfer reactions

nature energy

Article https://doi.org/10.1038/s41560-022-01144-0

Electrode potentialinfluences the
reversibility oflithium-metal anodes
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Finding the Equilibrium State when Li%Li* is at 0 Volt

Electrochemical reaction
00 £€aQ0 00
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E. Santos and V&chmicklerAngew Chem. Int. Ed. 2021, 60, 5876

Table 1: Potentials of zero charge ¢
a few metals in aqueous solutions.?

and deposition potentials ¢, for

Metal P [V] o [V]
Cu/Cu™™ —0.73 0.34
Ag/Ag” -0.7 0.80
Pb/Pb™" —0.84* —0.126
Cd/Cd™" —0.72 —0.402
Ni/Ni™" —0.29* —0.228
TITI™ —1.02* —0.440
Mg/Mg™™ —1.36% —2.356
Zn/Zn™" —0.63 —0.763
Li/Li™ —1.91 —3.045
Na/Na™ —2.3%* —-2.71
K/K* —2.7* —2.925

_ : LI plating
o8l | -0.8
00 -01 -02 -03 -04 -05 -0.6 -0.7

Charge density on Li /e nm™
15 Li and Qi, Energy Environ. Sci., 2019, 12, 128695
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Large Design Space (chemistry, composition, structure) of electrolytes

Salt: LiPFg, LITFSI, LiFSI

High-concentration
electrolytes (HCE)

Localized high-
concentration
electrolytes (LHCE)

Low-concentration
electrolytes (LCE)

e.g. 1M
Solvent: solution . ..
Carbonate based: EC, EMC E)I:umerlj—llé IIEfl_tFOdUCGd to
Ether based: DOL, DME, MFTP :
Fluorinated: e.g. FEC ¢ TFEO, TFPTFA, TFETFE

Co-design of Electrode and Electrolyte

(e.g. what worked for the graphite electrode d o e sworé for the Li-metal electrode)
Challenges for next-generation electrolytes for high energy electrode (e.g. Li, Na, Zn, Mg, € .)
SEl; lon conductivity, viscosity, wettability, cost, safety, €
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DFT 2 MD A Phase Field for temporal and spatial SEI Evolution
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Reduction of Realistic Electrolytes within the EDL

AWhat 6s the electrolyte structure n s
electrical double layer)?

: .. : h : W
A How do they decompose and contribute to the beneficial LiF phase? Qisheng Wu
( an electronically passivating layer)
Jsat M ;S
) Li AP/ Y )/ , N

LiPF,

Li* TFSI- P ‘;
© i o °

Solvent: DOL:DME =6:1 (Weak so|vent)
Solvent: EC.EMC=3:7  (Strong solvent)

t»(r B C M Relative permlttlwty
Ex(F F) H ﬁ W}f te r Férd F
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EC (ethylene carbonate) (Ethy y ) Additive: <~10%

Ev3a FF 8 FEC K
©L/®N @0 OF_ L7
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I
|
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I
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Reduction of Realistic Electrolytes within the EDL

A Whatos the electrolyte struct uraectncel doubletlafieg? c |
A How do they decompose and contribute to the beneficial LiF phase?

IMLiPFgin ECEMCat20C _____ ___ LM LITFSI in DOL:DME at 20C
,»~ stronger solvent, Well-solvated ions "~ ,-~ Weak solvent, ions pairs N
' " 085 gal i - ! . ) \
\\ / | m ' E \./ ng 085 gl |
[} L I — — 1
= 3 I — ] . i
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I © -1 : : 8 =D :
: 5 10 i 210 :
| e | | Q-
| ol | | I |
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I | |
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B Li*-cluster without PFg-and FEC W Lit-cluster with PFg I Lit-cluster with FEC B Li*-cluster without TFSI-and FEC B Li*-cluster with TFSI- B Li*-cluster with FEC

B Li*-cluster with both PFg-and FEC e Free EC mmm Free EMC mmm Free FEC BN Li*-cluster with both TFSI-and FEC WS Free TFSI- mmm Free FEC
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Reduction of Realistic Electrolytes within the EDL

A Whatos the electrolyte struct uraectncel doubletlafieg? c |
A How do they decompose and contribute to the beneficial LiF phase?

IMLIPEgIn ECEMCat20C _____ Add FEC ___ 1M LITESI in DOL:DME at 20C
,»~ stronger solvent, Well-solvated ions ", ,»7 Weak solvent, ions pairs .
/ \ ,
. : \ \
" 085 gaf=iih - l '
\\ _ J : : \o/- - ‘I
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Sensitive to temperature

No F With F
Need to add FEC pAl (cu Q£Y> No impact from FEC
_IMLITFSIin DOL:DME at -40C | _IM LITFSI in DOL:DME at 20C
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Sensitive to temperature

No F A This is consistent with the trend given by XPS With F
Need to add FEC  measurement for F, C and O content in SEI No impact from FEC
1M LiTFSI in DOL:DME at -40C 1M LiTFSI in DOL:DME at 20C
.~~~ Weak solvent, ions pairs IR .~~~ Weak solvent, ions pairs RN
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high-concentration and localized high-concentration electrolytes (LHCE)
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What makes DME a solvent (£,  .2) butnot TFEO (£, .1)?

Li* - FSI- Li* - 3DME

A The formation of different solvation shells, which are
mainly driven by steric and electronic effects.

A As a result, DME has much stronger solvating ability than
TFEO despite their similar dielectric constant (~7.0) 1.2

d 1 DFT-calculated binding energies
By T F 2

Lit - 2TFEO _ _
Li*-FSl- |6.07 —
eV Li*-DME |2.81eV
TFEO-1 ) —
i Li* - TFEO | 2.00 eV '—f 2DME | 4.50 eV
b o o ) s
r | I I 2TFEO eV

Gaussian 09 code; M06-2X // 6-31+G**: SMD

[1] Journal of Solution Chemistry 25, 1163-1173 (1996)
3 J| |= 1 [2] Cao, X., Zhang, J.-G. & Xu, W. Electrolyte for Stable Cycling of
> =| W ’ Rechareable Aklali Metal and Alkali lon Batteries. United States patent (2019).
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LiFSI DME

Computational Detalls 17r Ay

Calibrate the COMPASS lll force field; MD simulations with different initial structures
Charge scale of 0.7 for salt to find heterogeneous structures.

A Well describe electronic polarization and Li* transport Case 2

A Well describe aggregation between Li* and anions Case 1: one -

large cluster

1601 @ Nocharge scaling
Charge scaled by 0.8 for ions _ ) | 3
A Charge scaled by 0.7 for ions //
120 L+P <
g Case 3: small clusters
L%D ME 7
80+ .

FF-calculated binding energies (kcal/mol)

401 N\ e T
L4-E C
0 | L¥TFEO | |
0 40 80 120 160

DFT-calculated binding energies (kcal/mol)

Time (ns)

Qisheng Wu, et al. JACS, 145, 2473 (2023)

Dassault Systémes BIOVIA, Materials Studio, 2020; Mol. Simul. 2020, 0 (0), 1i 12;
26 JCP, 1984, 81, 5111519; JCP, 1984, 81, 3684i 3690.




A Unified Model for LHCE: a micelle-like structures

. Micelle in microemulsion

LIESI Trans. Faraday Soc. 9, 99 (1913)

. Surfactant
20 , A

06 hydrophilic Hydrophobic
\ UN% head tail
DME TFEO

. mis\(;ible=

Nsurfactanbwat er

diluent Free solvent . .
A Solvent acts like surfactant and forms a surfactant region

@ Li* coordinated solvent _
° A Solvent can completely enter both salt and diluent phase

O
CIP Aggregates (AGG)
- - A Stable heterogenous structures

higher coordinated : : : i
‘ agggregates (AGG+) A Local salt concentration gets higher with a gradient

A A critical concentration is needed to form micelles

Nature Mat. 22, 15311539 (2023)



https://www.chegg.com/learn/topic/function-of-micelle

LHCE get more localized through micelle-like structures

A Solvent forms surfactant region and even enters A Salt concentration gradient forms, with
diluent phase, giving higher local concentration higher value at center of the clusters

Real MD simulations

X Radial distribution function SSIP CIP AGG AGG+
(0]
—— AGG vs TFEO 25°C
—— AGG+ vs TFEO LHCE
—— DME vs TFEO HCE
(LiFSI-1.05DME)
HCE
e wrsaaoug
HCE
| = s
Centre d
sas0l vent A LCE

" 1 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
3 4 5 r&) r8 9 710 720 730 740 750 760 770 780 79

Raman Shift (cm™)

A Salt-solvent clusters in LHCE are transformed to show

Sl e ASS higher Li*-anion coordination than that in HCE counterpart.

(CN=1) (C N2 0 1B) (C NX)

28 Nature Mat.22, 1531 1539 (2023)



Electrolytes with homogenous vs heterogeneous structures

b cal h cal. _
It was found that LHCE shows HCE (LIFSI-1.2DME) LH,CE (L”is}'l 1.2DME ZTEEO)
higher coordination between
Li* and salt anion (FSI°) than its

HCE counterpart

a ©
Solubility limit: J P""z"

~LiFSI-1.05DME LiFSI

SSIP: solvent-separated ion pair

CIP: contact ion pair Ryisioe T '{
AGG: aggregates ® HCE (LiFSI-1.4DME) .,
AGG+: higher coordinated aggregates gt T N ;{z
SSIP ¢ AGG —
oL (CN=0) M ¢ (CN=2 or &
3AGG+ 9 LHCE (LiFSI-1.2DME-8TFEOQ)
8 CIP o e
° (CN=1) :M (CNO4) p
\ salt-solvent clusters
y (AGG & AGG+) y 4
Quantitative Analysis shows: f LIFSITFEOY 0 7 solvent
A LCE: mainly SSIP & CIP; I
A HCE: mainly CIP & AGG 4 ° i }
A LHCE: mainly AGG & AGG+ - : Al
- o
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EDL Structures of Complex Electrolytes

EDL® Electric Double Layer; 0-13 A from negative
electrode based on charge screening length

IL: Inner Adsorbed Layer (0-5 A)

OL: Outer Diffuse Layer (5-13 A)

Heterogeneity of the EDL structure of LHCE/LMCE

3 Different clusters observed
Counting all the CN numbers
~z - N(\Q\YCV‘ "
e M e He

‘£

S T

Salt-Solvent-(some Li-Solvent-Diluent Solvent-Diluent mixture
Diluent) clusters solvation shells phase

Stern Model should be used to
describe EDL of HCE/LHCEs
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EDL of LHCE is heterogeneous A form heterogenous LiF nanograins

Salt-solvent
salt-solvent clusters
clusters (AGG & AGG+) M
lon -abundant solvent
region
Anode
(charging)

Li* coordinates to

: Bulk phase of LHCE
solvent, and possibly

with diluent Sm‘faﬂaytreglon
.. AGS;____! S
lon -deficient ‘-"'Kﬁsf\ o
region Ry o L G
i, -.I .
reu K204
® Lition @» anion @ solvent diluent | "l s

31 Wu and Qi, Energy Enviroigci, 18, 30363046 (2025)



Applying MD-DFT-data model to Heterogeneous Electrolytes

(a) LCE (1-9) (b) HCE (1-1.4) (c) HCE (1-1.2)

o = +0.6 e/nm? ’ = +0.6 e/nm?2 o = +0.6 e/nm?

Bl Lit-clusters w/o FSI

=il B |
il B E Li*-clusters w/i FSI~
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00 08 16 24 : : : :
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o

(d) LHCE-1 (1-1.2-2) () LHCE-2 (1-1.2-2)
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10‘2 LE i 1 I ] E ﬂ : , , B Li*-clusters w/i TFEO
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E (V vs Li/Li™) E (V vs Li/Li*)

Wu and Qi, Energy Enviroisci, 2025, 18, 3036046



https://doi.org/10.1039/1754-5706/2008

Use T to push local salt concentration even higher, benefits SEI

Competition of salt-solvent solubility and solvent-diluent miscibility

A More DME enters the TFEO reg iTBQ\tWQ/mepe_ﬂng@ffeCt@Q@&a@igher
A DME dissolves more LiFSIs al t wi t hZ T H AGGH/AGG ratio at 25 ° C compared to those at

10and 45° C
LHCE(LIFSI-1.2DME-2TFEO) After SEI formation, cycling at 25 ° C
Formation Aging - e
1 21 T varies) ©5C) Dr. Corey Efaw and Dr. Bin Li Cgpgg
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—o— R t 1!
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Tuning chemistry, composition - structures i properties

HCE (no free solvent)
LHCE (LiFSI-1.2DME-2TFEOQO)

MCE (partial solvation shell,
With free solvent)

lon-solvating
TFPTFA

Diluent
TFEO, TFETFE

- %)
u _"W'
» (S
U

1M: LCE
(full solvation shell

LMCE (LiFSI-3.2MTFP-1.6TFPTFA)

Salt
precipitation




Tuning chemistry, composition - structures i properties

_ Md Jamil HoSsain
LMCE (LiFSI-3.2MTFP-1.6TFPTFA)

Solubility of

LiIFSI in MTFP is ~2.25M LMCE LMCE

Lower ion-to-solvent ratio (LIFSI-3.2MTFP-1.6TFPTFA) (LiIFSI-3.2MTFP-1.6 TFETFE)
MCE (LiFSI-3.2MTFP) TFPTFA enters solvation shell TFETFE has no solubility

Salt
precipitation

Salt
precipitation

No. of Li* coordinated to each FSI-: 1 2 3 4 5 6

In collaboration with Esther S. Takeuchi
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Schematics of EDL structures of electrolytes
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Modified workflow



