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Abstract

The Solvation Structure, Transport Properties and Reduction Behavior of Lithium-Ion
Battery Electrolytes

by
Tingzheng Hou
Doctor of Philosophy in Engineering — Materials Science and Engineering
University of California, Berkeley

Professor Kristin A. Persson, Chair

Novel cathode materials and anode materials emerge as promising candidates for realizing
next-generation energy storage. Along with the innovation of electrode materials, electrolytes
that enable Lit transport between electrodes during charge and discharge require to be
redesigned as well. This is particularly important because the as-formed electrode-electrolyte
interphase (SEI) is found crucial for the full cell operation. In Chapter 1, the components
of conventional electrolytes and the formation mechanism of the SEI are briefly introduced.
Moreover, some of the promising anode systems, i.e., Si anode and Li metal anode, are
reviewed. Finally, approaches to stabilize the interphase of the anodes using novel liquid
electrolytes and solid-state electrolytes (SSEs) are thoroughly discussed.

In order to obtain a fundamental understanding of the solvation structure, transport prop-
erties, and reduction behavior of electrolyte systems of LIBs, modeling and simulation tech-
niques including classical molecular dynamics (MD) and quantum chemistry calculations
are widely utilized. In Chapter 2, the related theory and methods for building a consis-
tent theoretical framework for evaluating both commercial and novel battery electrolytes are
introduced. First, the procedures for modeling an electrolyte system using molecular dynam-
ics are thoroughly discussed based on Frenkel and Smit. Second, the analytical equations
to obtain transport properties from molecular dynamics trajectories are derived. Finally,
the methodologies of calculating reduction and solvation properties from quantum chemical
calculations are briefly introduced.

Fluoroethylene carbonate (FEC) has been proposed as an effective electrolyte additive that
enhances the stability and elasticity of the SEI. However, uncertainties still remain on the
exact mechanism through which FEC alters the electrolyte decomposition and SEI formation
process. In Chapter 3, the influence of FEC on a LiPFg/ethylene carbonate (EC) electrolyte
is investigated through classical MD, Fourier-transform infrared spectroscopy, and quantum
chemical calculations. FEC is found to significantly modify the solvation structure and



reduction behavior of the electrolyte while being innocuous to transport properties. Even
with limited 10% of FEC, the Li* solvation structure exhibits a notably higher contact-ion
pair ratio than the parent EC electrolyte. Moreover, FEC itself, as a new fluorine-containing
species, appears in 1/5 of the Li* solvation shells. The Li*-coordinated FEC is found to
reduce prior to EC and uncoordinated FEC which will passivate the anode surface at an
early onset by forming LiF. The critical role of FEC in tailoring the Li* solvation structure
and as-formed protective SEI composition provides mechanistic insight that will aid in the
rational design of novel electrolytes.

Despite the extensive employment of binary/ternary mixed-carbonate electrolytes (MCEs)
for Li-ion batteries, the role of each ingredient with regards to the solvation structure, trans-
port properties, and reduction behavior is not fully understood. In Chapter 4, the Gen2 (1.2
M LiPFg in EC and ethyl methyl carbonate (EMC)) and EC-base (1.2 M LiPFg in EC) elec-
trolytes, as well as their mixtures with 10 mol% FEC, are investigated by atomistic modeling
and transport property measurements. Due to the mixing of cyclic and linear carbonates,
the Gen2 electrolyte is found to have a 60% lower ion dissociation rate and a 44% faster
LiT self-diffusion rate than the EC-base electrolyte, while the total ionic conductivities are
similar. Moreover, we propose for the first time the anion—solvent exchange mechanism in
MCEs with identified energetic and electrostatic origins. For electrolytes with additive, up
to 25% FEC coordinates with LiT, which exhibits a preferential reduction that helps passi-
vate the anode and facilitates an improved SEI. The work provides a coherent computational
framework for evaluating mixed electrolyte systems.

The novel intrinsically anionic Metal-Organic Frameworks (MOFs) with a superior ionic con-
duction performance has opened up a new possibility for the development of SSEs. Given
the numerous materials space with almost unlimited possibilities of MOF's, it is important
to develop a theoretical method that can predict the transport properties of SSEs based
on MOFs. In Chapter 5, classical molecular dynamics, grand canonical Monte Carlo, and
quantum chemistry are utilized to model the diffusion and ionic conduction phenomena of
a novel MOF-688 material and its derivatives. The main ionic conduction mechanism is
identified as solvent-assisted Li hopping by calculating the ionic conductivity using theo-
ries based on different levels of simplification. Moreover, the Lit distribution in the SSE is
found to be highly correlated to the charge distribution on the POM cluster. A hypothet-
ical non-interpenetrated MOF-688 derivative is proposed with improved ionic conduction
performance, providing insights into the design rules of the novel type of SSEs.



To my family



Contents

Contents

List of Figures

List of Tables

1 Introduction
1.1 Liquid electrolytes and the solid electrolyte interphase . . . . . . . . . . ..

1.2
1.3

Anode materials . . . .. ...
The solid-state electrolyte . . . . . ... ...

2 Theory and Simulation Methods for Modeling Electrolytes

2.1 Molecular dynamics simulations . . . . . . ..
2.2  Quantum chemical calculations . . . . .. ..
3 The Influence of Electrolyte Additives in Unary Cyclic Carbonate Elec-
trolytes
3.1 Introduction . . . .. .. ... ... ... ...
3.2 Computational and experimental details . . .
3.3 Solvation Structure . . . . ... .. ... ...
3.4 'Transport Properties . . . . . . .. ... ...
3.5 FTIR Measurements . . . ... ... .....
3.6 Reduction Potentials . . . . .. .. ... ...
3.7 Conclusions . . . .. ... ... ... .....
4 The Modeling of Binary/Ternary Mixed-Carbonate Electrolytes
4.1 Introduction . . . . . .. ... ... ... ...
4.2 Computational and experimental details . . .
4.3 Solvation structure of the Gen2 and EC-base electrolytes . . . . . . . . ..
4.4  Anion-solvent exchange mechanism . . . . . .
4.5 Solvation structure of the GenF and ECF electrolytes . . . . . . .. .. ..
4.6 Transport properties . . . .. ... ... ...
4.7 Reduction behavior of each solvent ingredient

i

ii

iv

xi

Tt W = =

11

21

23
23
25
27
30
32
36
40

41
41
43
45
47
o1
52
o4



il

4.8 Conclusions . . . . . . . . 5%

5 The Modeling of Novel Solid-State Electrolytes Based on Metal-Organic

Frameworks 57
5.1 Imtroduction . . . . . . . . ... 57
5.2 The conduction mechanism of MOF-688 . . . . . . ... ... ... .... 58
5.3 The relation between the charge distribution and Lit density . . . . . . . . 62
5.4 Novel one-fold MOF-688 design . . . . . . .. .. ... ... ... ..... 64
5.5 Conclusions . . . . . . . . e 66
Bibliography 67
Appendices 87

A Supplementary Materials for The Influence of Electrolyte Additives in
Unary Cyclic Carbonate Electrolytes 87

B Supplementary Materials for The Modeling of Binary/Ternary Mixed-
Carbonate Electrolytes 99

C Supplementary Materials for The Modeling of Novel Solid-State Elec-
trolytes Based on Metal-Organic Frameworks 114



List of Figures

1.1

1.2

1.3

Schematic of the anode SEI formation process showing (a) graphene layers sur-
rounded by electrolyte salts and solvents above 1.4 V vs. Li/Li*, (b) propylene-
carbonate (PC) intercalation with lithium ions into graphene layers resulting
exfoliations below 0.9 V vs. Li/Li*T and (c) stable SEI formation in EC-based
electrolyte below 0.9 V vs. Li/Li"; plane side with thinner SEI and edge side with
thicker SEI. Copyright 2016 Elsevier, under the terms of the Creative Commons
CC-BY license http://creativecommons.org/licenses/by/4.0/. . . . . . . . . ..

An illustration of the volume expansion during the charge and discharge process
of Sianodes. . . . . . . . L

Schematic of the materials design and electrochemical cycling performance of a
Yolk-Shell Nano-engineering Design for Si anode. (a) A conventional slurry coated
SiNP electrode. SEI on the surface of the SiNPs ruptures and reforms upon each
SiNP during cycling, which causes the excessive growth of SEI and failure of
the battery. The expansion of each SiNP also disrupts the microstructure of
the electrode. (b) A novel Si@void@QC electrode. The void space between each
SiNP and the carbon coating layer allows the Si to expand without rupturing the
coating layer, which ensures that a stable and thin SEI layer forms on the outer
surface of the carbon. Also, the volume change of the SiNPs is accommodated
in the void space and does not change the microstructure of the electrode. (b)
A magnified schematic of an individual Si@Qvoid@QC particle showing that the
SiNP expands without breaking the carbon coating or disrupting the SEI layer
on the outer surface. (d) Galvanostatic cycling of different silicon nanostructures
(PVDF binder). All samples were cycled at C/50 for the first cycle, C/20 for the
second cycle, and C/10 for the later cycles. Adapted with permission from ref
[38]. Copyright 2012 American Chemical Society. . . . . . . .. .. ... ...

v



14

1.5

1.6

3.1

3.2

3.3

3.4

(a) Schematic representation and SEM images of SEI formation on a silicon anode
which is long-time cycled with different electrolytes FEC/LP40 (a) and LP40 (b).
The two SEI layers are different in composition and are highlighted with different
colors. (b) Gravimetric capacities and Coulombic efficiencies of the Si/Li0 half-
cells cycled between 0.12 and 0.9 V at 500 mA /g (Si) using FEC/LP40 (black)
and LP40 (blue) electrolytes. The schematic representation and cycling perfor-
mance adapted with permission from ref [30]. Copyright 2015 American Chemical
Society. The SEM images are adapted from ref [36]. (©) The Electrochemical So-
ciety. The schematic representation and cycling performance are reproduced by
permission of IOP Publishing Ltd. All rights reserved. . . . . . .. .. .. ..

Schematic of the electrochemical deposition behavior of the Li metal anode with
(a) the PLL solid electrolyte with immobilized anions and (b) the routine liquid
electrolyte with mobile anions. Adapted with permission from ref [50]. Copyright
2017 National Academy of Sciences. . . . . . . . . . . . .. ... ... .....

Synthetic Strategy and Structure Illustration of MOF-688. Reprinted with per-
mission from ref [61]. Copyright 2019 American Chemical Society. . . . . . . .

Calculated radial distribution functions, g(r), and the corresponding integrals,
N(r), of Li-O(EC), Li-F(PFg™), Li-Li, Li-P(PFg™) pairs of (a) (b) 1.0 M LiPFg
in EC, and Li-O(EC), Li-F(PFs™), Li-P(PFg ™), Li-O(FEC), Li-F(FEC) pairs of
(c) (d) 1.0 M LiPFg in EC with 10%mol FEC additive. . . . . ... ... ...

(a) The calculated total coordination number for Li* in 1.0 M LiPFg in EC with
0/5/10% FEC and 1.2 M LiPF4 in EC with 0/5/10% FEC with specifying the
contributions from EC, FEC, and PF¢~. The representative solvation structures
taken from MD simulation snapshots of (b) 1.0 M LiPFs in EC and (¢) 1.0 M
LiPFg in EC with 10% FEC. The carbon, hydrogen, oxygen, fluorine, phosphorus,
and lithium elements are represented by grey, white, red, green, blue, and purple,
respectively. . . . . . L L

(a) Self-diffusion coefficients computed from MD simulations at 298 K as com-
pared with NMR experiments (1.0 M LiPFg in EC) from Hayamizu et al. [139]
(b) Transference numbers for Lit and PFg~ from MD simulations and NMR
experiments from Hayamizu et al. [139] The error bars represent the standard
deviation of the data collected every 1 ns during the 5 ns production runs. . .

Measured FTIR spectra of the C=0O breathing band of (a) pure EC and 1.0 M
LiPFg in EC, and (b) EC with 10% FEC and 1.0 M LiPFg in EC with 10% FEC.
(c—d) The corresponding calculated IR spectra in comparison with the experi-
mental results. Red, cyan, purple, green, grey, and dark grey lines correspond
to uncoordinated EC, EC coordinated with Li", uncoordinated FEC, FEC co-
ordinated with Li™, C—H deformation, and total spectrum, respectively. Scatter
points denote the original FTIR data points. . . . . . . . .. .. ... .. ...

28

30

31

33



3.5

3.6

3.7

4.1

4.2

Measured FTIR spectra of the P-F bond stretching band of (a) 1.0 M LiPFg in
EC, and (b) 1.0 M LiPFg in EC with 10% FEC. (¢) The corresponding calculated
IR spectra for 1.0 M LiPFg in EC in comparison with the experimental results.
Yellow, green, blue, and dark grey lines correspond to uncoordinated PFg~, coor-
dinated PF¢~, FEC ring deformation, and total spectrum, respectively. Scatter
points denote the original FTIR data points. . . . . . . . .. ... ... ....

The calculated anticipated (solid line) and experimental (dash dotted line) dif-
ferential capacity plots (dQ/dV vs. V) during the formation step of EC and FEC
electrolyte. The computed profile is obtained by convoluting the calculated re-
duction potentials with a 0.1 V width concave triangular wave, the experimental
one is reproduced from Xia, et al. [155] by removing the background. . . . . .

Geometries and spin density analysis of reduced solvent molecules (a) EC, (b)
FEC, and solvate complexes (¢) Li"-EC, (d) Li*-FEC, (e) Li*-PF¢~, (f) Li*-
PF¢(EC), (g) Li*-PF¢~ (FEC), (h) Lit-(EC)y, (i) Lit-(EC)3(FEC) (EC reduc-
tion), (j) Lit-(EC)3(FEC) (FEC reduction), (k) Li*-(EC)s, (1) Lit-(EC)s, (m)
Lit-(EC)5(FEC) (FEC reduction), and (n) Lit-PF¢=(EC)s. . . ... ... ..

The solvation structure analysis of the EC-base and Gen2 electrolytes. (a) Three
representative solvation structures of solvation separated ion pairs (SSIP), contact
ion pairs (CIP), and aggregate (AGG) species in the Gen2 electrolyte. The light
blue, dark blue, light yellow line representations denote the EMC, EC, and PFg~
clusters, respectively. The purple and red ball representations denote Li ions
and coordinating carbonyl O atoms, respectively. (b-d) The population, solvent-
specific coordination number, and representative solvation structures of SSIP,
CIP, and AGG species in the EC-base electrolyte. (e-g) The population, solvent-
specific coordination number, and representative solvation structures of SSIP,
CIP, and AGG species in the Gen2 electrolyte. . . . . . . . ... .. ... ...

The anion—solvent exchange mechanism. (a) Node graph representations of two
types of anion—solvent exchange mechanism, the “entry-exit” type and “exit-
entry” type. (b) The coordination numbers of EC and EMC as a function of time
before and after each “PFg~ exit” or “PFg~ entry” event. The time of each event
happens is set as 0 ps, and the coordination numbers are averaged over all such
events. The light-colored area denotes the extent of standard deviation. (c-f)
Sample trajectory of EC-PFs~ exchange in the Gen2 electrolyte. (c) Lit—X (X
= carbonyl O in EC or F in PF¢™) distance as a function of time. The snapshots
of the sampled Li* solvation shell at (d) 150 ps, (e) 180 ps, and (f) 210 ps of
the time slice. The color scheme is the same as Figure 4.1a. The non-exchanging
coordinated molecules are set as transparent for clarity. . . . . . .. .. .. ..

vi

34

37

39

45



4.3

4.4

4.5

5.1
5.2

The electrostatic potential contour maps of (a) EC, (b) EMC, (c¢) Li* coordi-
nated EC ([LitEC]), and (d) Li* coordinated EMC ([LitEMC]) calculated using
quantum chemistry. The slice is across the carbonyl plane. Red, blue and white
colors represent the least positive (or most negative), most positive, and inter-
mediate electrostatic potential, respectively. The color bar shows the values of
the electrostatic potential in volts. The directions and magnitudes of the net
molecular dipole moments are shown for EC and EMC. The connections between
atoms represent chemical bonding or Li* coordination. (e) An illustration of the
octahedral coordination of Li* with equatorial (eq.) and axial (ax.) coordination
sites with respect to PFg~ (yellow ball). The light blue and dark blue balls indi-
cate the preferential sites for EMC and EC, respectively. (f) The calculated and
fitted angle distribution of P-Li-O (P = P in PFs~, O = carbonyl O in EC and
EMC) of CIP species. . . . . . .. ..

The population and species-specific coordination number of SSIP, CIP, and AGG
n (a-b) the ECF electrolyte and (c-d) the GenF electrolyte. . . . . .. .. ..

Transport properties of the EC-base, ECF, Gen2, and GenF electrolytes. The
residence times (7;;) of EC-Li*, EMC-Li*, FEC-Li,, and PF -Li* pairs in the
EC-base, ECF, Gen2, and GenF electrolytes. (b) The calculated self-diffusion
coefficients of electrolyte species (EC, EMC, FEC, PF¢~, and Li") in the EC-
base, ECF, Gen2, and GenF electrolytes. Experimental values for EC (1 M
LiPFg in EC), and MCE (1 M LiPFg in EC:DEC 1:2 (mol.)) at 298 K are taken
from the literature [139]. (c¢) The experimental (Exp) and calculated (Cal) ionic
conductivity at 298 K. . . . . . ..o

Three possible mechanisms of Lit motion in the MOF-688 based SSE.. . . . .

The conduction mechanism of MOF-688. The coordination number of (a) Li*-
O(POM), and (b) Li"-O(PC) in MOF-688(Al) and MOF-688(Mn). (c) The ionic
conductivities of MOF-688(Al) and MOF-688(Mn) from experimental measure-
ments [61], and theoretical calculation using Green-Kubo relations (GK), Nearst—
Einstein relations (NE), and simple hopping model (hopping). (d) An illustration
of the solvent-assisted hopping between POM clusters. The evolution of the coor-
dination number of LiT-O(POM) and Li™-O(PC) before and after hopping events
in (e) MOF-688(Al) and (f) MOF-688(Mn). The time of each hopping event hap-
pens is set as 0 ps. The coordination number profile is averaged over all hopping
events in each simulation. The light-colored area denotes the extent of standard
deviation. . . . . . . L

vil

49

51

52

99



9.3

5.4

Al

A2

A3
A4

A5

A6

A7

A8

A9

The charge and Li* distribution on the MOF-688(Mn) POM surface. (a) Front
and (b) top view of the electrostatic potential (ESP) surface of the MOF-688(Mn)
POM cluster. The color bar shows the values of the electrostatic potential in volts.
(c) Front and (d) top view of the Li* density plot on the MOF-688(Mn) POM
surface. White balls denote the O atoms of the POM cluster. The color bar
shows the transparency and Lit number count from 100,000 randomly sampled
coordinates during the MD simulation. The density plot uses a 8 A x 8 A x 5
A mesh with each mesh division 0.2 A equally spaced. . . .. ... ... ...

One-fold MOF-688 design. (a) An illustration of the realized MOF-688 solid-state
electrolyte material with a three-fold interpenetrated structure. (b) An illustra-
tion of the proposed MOF-688(one-fold) solid-state electrolyte material with a
one-fold interpenetrated structure. (c¢) The coordination number of Li*-O(POM),
and LiT-O(PC) in MOF-688(one-fold). (d) A comparison of the ionic conductiv-
ities of MOF-688(Mn), MOF-688(one-fold), and liquid carbonate electrolytes.
The yellow area shows the lower and upper bound of the ionic conductivity of
conventional liquid carbonate electrolytes. . . . . . . . . .. ... ... .. ..

The MD simulation box of (a) 1.0 M LiPFg in EC and (b) 1.0 M LiPFg in EC
with 10% FEC . . . . . .
(a) Self-diffusion coefficients of 1.0 M LiPFg in EC computed from 5 ns and 55
ns MD simulations as compared with NMR experiments (1.0 M LiPFg in EC)
from Hayamizu et al. [137] The error bars of the 5 ns production run represent
the standard deviation of the data collected every 1 ns. (b) Log-log scale plots of
mean squared displacement (MSD) of EC, PF¢~, and Li* in 1.0 M LiPFg in EC
show the slope of 1 indicating diffusive regime within 5ns. . . . . . . . . . ..
The snapshot of the simulation box of 1.0 M LiPFgs in EC at 10 ns. . . . . . .
Radial distribution function g(r) and the corresponding integrals (a, b) 1.0 M
LiPF¢ in EC with 5% FEC, (¢, d) 1.2 M LiPF¢ in EC, (e, f) 1.2 M LiPFg in EC
with 5% FEC, and (g, h) 1.2 M LiPFg in EC with 10% FEC.. . . . . . .. ..
The mean squared displacement (MSD) of the electrolyte components in (a) 1.0
M LiPFy in pure EC, (b) 1.0 M LiPFg in EC with 5% FEC, (c) 1.0 M LiPFy in
EC with 10% FEC, (d) 1.2 M LiPFg in pure EC, (e) 1.2 M LiPF¢ in EC with 5%
FEC, and (f) 1.2 M LiPFg in EC with 10% FEC. . . . .. ... .. ... ...
The full IR spectra obtained from experiments for (a) EC electrolyte and (b) EC
electrolyte with 10% FEC, with and without LiPFg salt. . . . . .. . ... ..
Calculated FTIR spectra of the C=0 breathing band of EC electrolyte with 10%

Measured FTIR spectra of P-F stretching band of 1.0 M LiPFg in EC, and 1.0
M LiPFg in EC with 10% FEC. . . . . . . . . ... ... .. .. ... .....
Measured FTIR spectra of the C=0 bond stretching band of (a) EC electrolyte,
and (b) EC electrolyte with 10% FEC. . . . . . ... ... ... ... .....

viii

63

64

88

39
90

91

93

94

95

96

97



A.10 Figure S10. Measured FTIR spectra of ring breathing band of (a) EC electrolyte,

B.1
B.2

B.3

B4

B.5

B.6

B.7

B.8

B.9

and (b) EC electrolyte with 10% FEC. . . . . . . . ... ... ... ... ...

The MD simulation box of the Gen2 electrolyte. . . . . . . . .. .. ... ...

AGG species in the Gen2 electrolyte. Among the 31.4% of the AGG species,
9% are AGG1 (positive triple ions) with two Lit and one PFg~. Meanwhile,
the AGG2 structure with neutral charge and the AGG3 (negative triple ions)
structure account for 8% and 7%, respectively. The remaining 7% consists of
AGG4, AGG5H, and other larger structures. Subsequently, while the EC elec-
trolyte has a much higher SSIP ratio than the Gen2 electrolyte, more than half
of the AGG species in the Gen2 electrolyte narrow the gap of the proportion of
ionically conductive solvation species. . . . . . . ... ...

The linear diffusion behavior of four duplicate runs of the EC-base electrolyte
required to calculate (a) self-diffusion coefficients, and (b) ionic conductivity. A
slope of one (corresponding to linear data on a log-log plot) is indicated on each
plot. The effective “mean square displacement” on the y-axis of panel (b) is the
quantity in angular brackets in equation 2.25. . . . . . . ... ... ... L.

Sample trajectory of Li-PFg coordination distance as a function of time in (a)
EC-base electrolyte, and (b) Gen2 electrolyte. A cutoff distance of 5 A is used to
differentiate CIP and SSIP. . . . . . . . . ... ... .. ... ...

The optimized structures for calculating the anion—solvent exchange free energy.
The red, grey, white, cyan, orange, and purple balls denote oxygen, carbon,
hydrogen, fluorine, phosphorus, and lithium, respectively. . . . . . . . . . . ..

Optimized geometries before and after reduction of (a-b) Lit-EMC, (¢c-d) Lit—
EC, (e-f) Lit—(EC)3(EMC)3, (g-h) LiT—FEC, and (i-j) Lit—(EC)y(EMC)3(FEC).
The red, cream, white, green, and purple colors denote oxygen, carbon, hydrogen,
fluorine, and lithium, respectively. . . . . . . . . . .. ...

Two groups of clusters (a) [Li"EC]...PFs~ (Ep1), and (b) [LitTEMC]. .. [PFs™]
(Epz), for the binding energy decomposition using ALMO-EDA((solv). The red,
cream, white, green, orange, and purple colors denote oxygen, carbon, hydrogen,
fluorine, phosphorus, and lithium, respectively. . . . . . . . . ... ... .. ..

The binding energy decomposition analysis (EDA) of [LitEC]...PFs~ (Ep),
[LitEMC]...[PFg¢~] (En2) and their difference into contributions from permanent
electrostatics (ELEC), Pauli repulsion (PAULI), dispersion (DISP), polarization
(POL), and charge transfer (CT). . . . . . ... ... ... ... ... .....

The calculated ionic conductivities of the EC-base, ECF, Gen2, and GenF elec-
trolytes using Green-Kubo relations (GK) and Nernst-Einstein equation (NE),
and the corresponding ratios of solvent separated ion pair (SSIP). . . . .. ..

X

98

100

102

103

104

105

106

107

108

110



B.10 The electrostatic potential contour maps of (a) EC, (b) EMC calculated from the

C.1

C.2

C.3

fitted RESP charges in the chosen molecular dynamics force field. The electro-
static potential is truncated with a cutoff distance of 1.5 A to avoid infinite po-
tential values at point charge centers. The slice is across the carbonyl plane. Red,
blue, and white colors represent the least positive (or most negative), most pos-
itive and intermediate electrostatic potential, respectively. The color bar shows
the values of the electrostatic potential in volts. The connections between atoms
represent chemical bonding or Li* coordination. . . . . . . ... ... ... ..

Experimental and calculated ionic conductivity as a function of temperature from
—40 to 60 °C at 10 °Cintervals. . . . . . . . . .. ... ..o L
Front view of the electrostatic potential (ESP) surface of the MOF-688(Al) POM
cluster. The color bar is the same as the main text Figure 5.3. . . . . . . . ..
Top view of the electrostatic potential (ESP) surface of the MOF-688(Al) POM

cluster. The color bar is the same as the main text Figure 5.3. . . . . . . . ..

113

115

116

117



List of Tables

1.1
1.2

3.1

3.2

4.1
4.2

Al

A2

B.1
B.2
B.3

B4

Common carbonate solvents. . . . . . . . . . .
Common salts. . . . . . .

The calculated coordination number of Li-X pairs, total coordination number,
CIP ratio and corresponding contact ion pair (CIP) formation free energy A;Georp
of 1.0 M LiPFg in EC with 0/5/10% FEC and 1.2 M LiPFg in EC with 0/5/10%

The reduction potential vs Lit/Li(s) (i.e. subtract 1.4 V) of individual solvent
molecules and solvate complexes, in Volt, where corr. denotes values after the
aforementioned standard-state correction. . . . . . ... ..o

Anion—solvent exchange free energy from SSIP to CIP. . . . . . ... ... ..
The calculated (Cal) and experimentally (Exp) measured reduction potentials vs
Lit/Li(s) of Li* coordinated solvents, in Volt. The parentheses with a minor sign
denote the reduced molecule. . . . . . . . ... 0oL

The most probable distance (D) and peak height for Li-X pairs (X = O(EC),
F(PFg¢~), O(FEQC)) in their corresponding RDFs. . . . .. .. ... ... ...
The coordination number of Li-X pairs (X = O(EC), F(PFg™), Li, P(PFs™)), and

total coordination number . . . . . . .. L

The detailed population of species in the four electrolytes. . . . . . .. .. ..
The detailed solvent-specific solvation numbers of the four electrolytes.

The amount of the salt and solvents used for preparing the four electrolytes for
ionic conductivity measurement. . . . . . .. ..o
Measured ionic conductivities at room temperature and corresponding corrected
values at 25 °C. . . . . . L

X1

29

36
47

54

92

92

101
101

109

109



Xil

Acknowledgments

First and foremost, I am grateful to my advisor, Professor Kristin Persson, for all her
generous support and guidance. There were several times that I felt extremely frustrated
during my Ph.D. life, for not making progress, for interpersonal conflicts, for the social
isolation during the pandemic, and for the high pressure before major deadlines. I couldn’t
make it through without her kind understanding and helpful instructions. During the past
five years from September 7, 2016 when I joined the Persson group, I learned a lot from her
broad experience and meticulous attitude in materials modeling. She is a role model that
lets me know what a great scientist should look like, and encourages me to pursue a possible
future career as a scientific researcher.

I would like to thank my Dissertation Committee members, Professor Mark Asta and
Professor Bryan McCloskey. 1 especially thank Professor Mark Asta for teaching me the
basics of molecular dynamics simulations in the course MSE215.

I would like to thank my collaborators, Wentao Xu (13 #5), Dr. Guang Yang (#7%),
Dr. Shuren Lin (#£# \), Dr. Jagjit Nanda, Professor Jie Yao, and Professor Omar Yaghi.
They offered me full support from the experimental side that help complement my Ph.D.
research.

I would like to thank every Persson group member. I especially thank Kara Fong, a great
young scholar, for helping me implement theoretical calculations and for teaching me a lot of
best practices in data processing and presenting scientific results. I would like to thank Dr.
Julian Self, Eric Sivonxay, Dr. Rachel Woods-Robinson, Dr. Rebecca Stern, who entered
the Persson group in the same year. Thank you for all the help, and thank you for fighting
together! I would like to thank Dr. Nav Nidhi Rajput, for mentoring me during the first
year of my Ph.D. I would like to thank Dr. Miao Liu (X#&) for the generous advice and
help during his time in the Persson group and throughout the years. I would like to thank
Dr. Ryan Kingsbury, Dr. Matthew Horton, Dr. Shyam Dwaraknath, Dr. Brandon Wood,
Dr. Sang-Won Park, Dr. Xiaohui Qu, Dr. Trevor Seguin, Dr. Samuel Blau, Dr. Mingjian
Wen, Dr. Jimmy Shen, Dr. Joseph Montoya, and Dr. Jianli Cheng for the generous help.

I would like to thank my former advisor Professor Qiang Zhang (3K5%) at Tsinghua
University for his continued help. I would like to thank my friends and also study partners
at Berkeley, Dr. Jingyang Wang (£ 5H), Dr. Zhengyan Lun (f£1EF), Mengyu Gao (=%
), and Shouping Chen (Ff%F).

I would also like to thank my love, Lu (##), for all her support during my Ph.D. She
has reminded me to practice self-care and maintain a healthy work-life balance. She is also
a good partner in study and research. I am truly grateful to have met her here at Berkeley
and to have her in my life.

Finally, I would like to thank my parents, Jinfeng Hou (###) and Jiying Shi (52 4%
7). They made me what I am today with their infinite love and full financial support. They
taught me how to be a good son, a good student, and a good man. Thank you, mom and
dad!



xiii

Funding and Computational Resources Statement

This research is supported by the U.S. Department of Energy’s Vehicle Technologies Office
under the Silicon Electrolyte Interface Stabilization (SEISta) Consortium directed by Brian
Cunningham and managed by Anthony Burrell.

This research used resources of the National Energy Research Scientific Computing Cen-
ter (NERSC), a U.S. Department of Energy Office of Science User Facility operated under
Contract No. DE-AC02-05CH11231. This research used the Savio computational cluster
resource provided by the Berkeley Research Computing program at the University of Cali-
fornia, Berkeley (supported by the UC Berkeley Chancellor, Vice Chancellor for Research,
and Chief Information Officer). A portion of the research was performed using computa-
tional resources sponsored by the Department of Energy’s Office of Energy Efficiency and
Renewable Energy and located at the National Renewable Energy Laboratory.

Copyright Notice for Previously Published/Co-Authored Work

“The influence of FEC on the solvation structure and reduction reaction of LiPFg/EC elec-
trolytes and its implication for solid electrolyte interphase formation” by Tingzheng Hou,
Guang Yang, Nav Nidhi Rajput, Julian Self, Sang-Won Park, Jagjit Nanda, and Kristin A.
Persson. (Nano Energy, 2019, 64, 103881) (C) 2019 The Authors. Published by Elsevier Ltd.
Reproduced with permission from Guang Yang, Nav Nidhi Rajput, Julian Self, Sang-Won
Park, Jagjit Nanda, and Kristin A. Persson.

“The Solvation Structure, Transport Properties and Reduction Behavior of Carbonate-Based
Electrolytes of Lithium-lIon Batteries” by Tingzheng Hou, Kara D. Fong, Jingyang Wang,
and Kristin A. Persson. (Chemical Science, 2021, DOI: 10.1039/D1SC04265C) (C) 2021 The
Authors. Reproduced with permission from Kara D. Fong, Jingyang Wang, and Kristin A.
Persson.



Chapter 1

Introduction

High capacity energy storage technology holds a decisive position in fulfilling the ever-
increasing demands of portable electronic devices, electric vehicles, and smart grids for
intermittent solar or wind power [1]. Conventional lithium-ion batteries (LIBs) with a com-
position of LiCoO,/graphite, which has a theoretical energy density of 360 Wh kg™, cannot
fully satisfy this requirement. To further increase the energy density, novel cathode materials
(e.g., Cation-disordered rocksalt-type cathode materials [2, 3], sulfur/carbon composite cath-
ode [4]) and anode materials (e.g., silicon anode [5], Li metal anode [6]) emerge as promising
candidates for realizing next-generation energy storage. Along with the innovation of elec-
trode materials, electrolytes that enable Li™ transport between electrodes during charge and
discharge require to be redesigned as well. This is particularly important because the as-
formed electrode-electrolyte interphase is found crucial for the full cell operation. Therefore,
the actual performance of an electrode material is largely dependent on the composition and
intrinsic properties of the associated electrolyte. In this chapter, the components of con-
ventional electrolytes and the formation mechanism of the electrode-electrolyte interphase
are briefly introduced. Moreover, some of the promising anode systems, i.e., Si anode and
Li metal anode, are reviewed. Finally, approaches to stabilize the interphase of the anodes
using novel liquid electrolytes and solid-state electrolytes are thoroughly discussed.

1.1 Liquid electrolytes and the solid electrolyte
interphase

The composition of the electrolytes for commercialized LIBs has been well identified [7].
Although the formulation differs between scenarios, the prototype employs a carbonate-
based electrolyte with cyclic carbonates (e.g., ethylene carbonate (EC), and propylene car-
bonate (PC)), linear carbonates (e.g., ethyl methyl carbonate (EMC), diethyl carbonate
(DEC), and dimethyl carbonate (DMC)) and lithium salts (e.g., LiBF,, LiPFg, and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI)), as shown in Table 1.1 and Table 1.2. The
cyclic carbonates with a high dielectric constant possess higher relative solvating ability [8].
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Table 1.1 Common carbonate solvents.
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The lithium salt cations and anions dissociate, fully or partially, and are solvated by the
solvent molecules, which enables Li* transport. The linear carbonates serve to mitigate the
viscosity and lower the melting point. Moreover, the reduction reactions of electrolytes cru-
cially lead to the spontaneous formation of an electrically insulating and ionically conductive
SEI between anode and electrolyte in the initial cycles [9]. Hence, the key descriptors for
electrolyte performance lie in three major categories: the solvation behavior, the transport
properties, and the electrochemical reduction/oxidation behavior.

To realize next-generation energy storage systems, there is a pressing need for functional,
optimized electrolytes with excellent bulk stability and conductivity while exhibiting a suit-
able range of passivating reactions towards the chosen anode material [10, 11]. Mounting
evidence points to the rational design of the bulk electrolyte solvation structure [12], includ-
ing both majority as well as minority species, as a vehicle towards tailoring specific interfacial
reactivity and reduction potentials of electrolyte components, which in turn contribute to
the formation of a functional solid electrolyte interphase (SEI) layer.

An optimal SEI layer passivates the anode surface against further side reactions while
facilitating Li-ion transport [13, 14]. Extensive previous work shows that a complicated
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cascade of reduction reactions occurs during the first cycle, and that the initially formed
SEI containing inorganic species, e.g. LiF and Li;COj [15, 16|, as well as organic ones, e.g.
lithium ethylene dicarbonates (LEDC) [17, 18], further evolves through a variety of aging
processes [19-21] (hydrolysis, reaction between Li salt and intermediate decomposition prod-
ucts, and thermal decomposition, etc.) as well as continuous electrolyte reduction [22, 23].
The sequence of reactions and their aging depend both on the specific components and con-
centration, including additives and impurities, of the bulk electrolyte, and upon the specific
anode material and its surface chemistry and structure. Hence, in principle, every anode
material requires a differently tailored electrolyte, to achieve maximal compatibility—both
electrochemically as well as mechanically.

1.2 Anode materials

Graphite-based materials have been constantly used as the anode active material for LIBs
[24, 25]. With its high practical specific capacity of around 350 mAh/g (theoretical capacity
of 372 mAh/g) and low and flat working potential (between 250 and 50 mV vs Lit/Li), it
is still by far the most commonly used commercial anode material for LIBs [24]. As shown
in Figure 1.1, for graphite anode SEI, it is generally accepted that LiPF¢ precipitates in the
form of LiF or Li,PF, after reduction. Carbonates from the electrolyte solvent precipitate
with lithium ions in form of Li;COg, lithium alkyl carbonate (ROCO,Li), or other organic
compounds. While LiF, Li;O, Li;COg, and other insoluble products remain on the graphite
surfaces as components of SEI layers, some soluble products from solvent decomposition may
diffuse back into the electrolyte. Most reduction processes take place between 0.8 V and 0.2
V vs Li/Li* on highly ordered graphite [26].

There is intense interest in developing new anode materials that store higher densities
of lithium [27]. One of the most promising anode materials for future high energy density
LIBs is Si, due to its high theoretical specific capacity (exceeding 4200 mAh g~!) and low
cost [5]. However, as shown in Figure 1.2. during the charging and discharging process, the
Si anode must suffer large volume change during battery reactions, i.e., up to 280% volume
expansion (increase) from Si to LijsSiy, compared with 13.2% volume expansion from Cg
to LiCg [28]. Conventional LIB electrolytes, such as LiPFg in cyclic EC and linear DMC
and/or DEC [7, 29], form a non-passivating Si SEI that is unable to mitigate the cracking
due to Si’s large volume expansion and contraction during cycling. To improve the Si SEI,
several approaches [30] have been explored, including nanoengineering (Figure 1.3) [31, 32],
use of binders with tailored functionalities [33-35], as well as modified salts and electrolyte
additives (Figure 1.4) [36, 37].

Lithium metal is regarded as another promising anode to further increase the energy
density of batteries because of its high theoretical specific capacity (3860 mAh g=!) and
low reduction potential (—3.04 V vs. standard hydrogen electrode) [6]. However, uncon-
trollable lithium deposition during plating/stripping, generally emerging as dendritic and
mossy lithium, induces cell failure and even thermal runaway causing fire/explosion events,
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Figure 1.1 Schematic of the anode SEI formation process showing (a) graphene lay-
ers surrounded by electrolyte salts and solvents above 1.4 V vs. Li/Lit, (b) propylene-
carbonate (PC) intercalation with lithium ions into graphene layers resulting exfolia-
tions below 0.9 V vs. Li/Li" and (c) stable SEI formation in EC-based electrolyte be-
low 0.9 V vs. Li/Li"; plane side with thinner SEI and edge side with thicker SEI.
Copyright 2016 Elsevier, under the terms of the Creative Commons CC-BY license
http://creativecommons.org/licenses/by/4.0/.

which plagues the utility of lithium metal anodes in practical applications [39]. Li dendrites
are generally induced by inhomogeneous distributions of space charge, current density on
the anode surface, and the crack of SEI. Much effort has been devoted to preventing the Li
dendrite growth in a working battery [40]. Among these strategies, in situ formation of SEI
with high uniformity and stability is one of the most effective and convenient routes due to
its prominent impact and low cost, particularly in the industrial manufacture of batteries
[29]. Many electrolyte modification approaches are employed to facilitate the in situ forma-
tion of a stable SEI layer, such as metal cation additives (Cs™ and Rb™) [41], fluoroethylene
carbonate (FEC) additive [42], and highly concentrated electrolyte [43].

For both Si and Li metal anodes, FEC has been spotlighted as an effective electrolyte
additive that significantly enhances the stability and elasticity of the as-formed SEI film [44].
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Figure 1.2 An illustration of the volume expansion during the charge and discharge process
of Si anodes.

In the presence of FEC, which degrades at a higher reduction potential than both EC and
DEC, a denser, more uniform, and conformal SEI is formed on both silicon anode and lithium
metal anode [30, 42]. This SEI layer has been found to ameliorate the emergence of large
cracks and suppress further decomposition of EC/DMC, leading to enhanced electrochemical
performance, improved Coulombic efficiency, and uniform surface morphology of the anode.
However, the exact mechanism through which additives alter the electrolyte decomposition
and SEI formation process remains unclear. The detailed influence of the FEC additive on
tailoring the bulk electrolyte properties and full cell electrolyte performance is discussed in
Chapter 3 and Chapter 4.

1.3 The solid-state electrolyte

As mentioned in the previous section, the Li metal anode by definition has the highest the-
oretical energy density among any other anode materials of LIBs. However, the electronic
and ionic conductive Li dendrite can penetrate the porous separator and make direct contact
with the cathode, leading to the internal short circuit of the batteries [45]. Moreover, un-
even precipitation of active materials will lead to their losing contact with the anode, forming
electrochemically “dead” Li and causing permanent capacity loss. Even though novel elec-
trolyte additives, such as FEC, can provide an improved cycling performance, potential risks
of thermal runaway still exist, hindering the practical applications of lithium metal anodes.
To seek a permanent solution to the challenge, one straightforward approach is substituting
the conventional separator and liquid electrolyte design with high-mechanical-strength and
dense solid-state electrolytes (SSEs). SSEs mainly fall into three categories: inorganic solid
electrolytes, polymer solid electrolytes, and composite SSEs.

Among the recent advances of inorganic solid electrolytes, predominant types of ma-
terials include garnet-type SSE (LizLaszZryO42, LLZO) and its analogues, Li;P3S;; (LPS)
[46], and Lij 4Aly4Ti; 6(POy4)s (LATP) [47]. Inorganic SSEs exhibit satisfactory ionic con-
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Figure 1.3 Schematic of the materials design and electrochemical cycling performance of
a Yolk-Shell Nano-engineering Design for Si anode. (a) A conventional slurry coated SiNP
electrode. SEI on the surface of the SiNPs ruptures and reforms upon each SiNP during
cycling, which causes the excessive growth of SEI and failure of the battery. The expansion
of each SiNP also disrupts the microstructure of the electrode. (b) A novel Si@void@C
electrode. The void space between each SiNP and the carbon coating layer allows the Si
to expand without rupturing the coating layer, which ensures that a stable and thin SEI
layer forms on the outer surface of the carbon. Also, the volume change of the SiNPs is
accommodated in the void space and does not change the microstructure of the electrode. (b)
A magnified schematic of an individual Si@Qvoid@QC particle showing that the SINP expands
without breaking the carbon coating or disrupting the SEI layer on the outer surface. (d)
Galvanostatic cycling of different silicon nanostructures (PVDF binder). All samples were
cycled at C/50 for the first cycle, C/20 for the second cycle, and C/10 for the later cycles.
Adapted with permission from ref [38]. Copyright 2012 American Chemical Society.
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Figure 1.4 (a) Schematic representation and SEM images of SEI formation on a silicon
anode which is long-time cycled with different electrolytes FEC/LP40 (a) and LP40 (b).
The two SEI layers are different in composition and are highlighted with different colors.
(b) Gravimetric capacities and Coulombic efficiencies of the Si/Li0 half-cells cycled between
0.12 and 0.9 V at 500 mA /g (Si) using FEC/LP40 (black) and LP40 (blue) electrolytes. The
schematic representation and cycling performance adapted with permission from ref [30].
Copyright 2015 American Chemical Society. The SEM images are adapted from ref [36].
(© The Electrochemical Society. The schematic representation and cycling performance are
reproduced by permission of IOP Publishing Ltd. All rights reserved.

ductivity, mechanical properties, and excellent electrochemical stability against Li metal.
Notably, some of them have ionic conductivity comparable to or even surpassing that of lig-
uid electrolytes (1-10 mS cm™1) [6]. However, a trade-off exists where high elastic modulus
typically leads to poor surface adhesion and high interfacial resistance. To circumvent the
challenge, remedy strategies have been explored including engineering an interfacial layer
between lithium metal and SSEs [48], and surface treatment of SSE to reduce interfacial
resistance and increase lithiophilicity [49].

Polymer solid electrolytes based on lithium salts in polymer matrices exhibit favorable
interfacial contact with Li metal and low cost [45]. Nonetheless, the performance of polymer
solid electrolytes is limited by low ionic conductivity [6], low lithium ion transference number
[51], and unsatisfactory elastic modulus [52] compared with inorganic crystalline electrolytes.
Continuous efforts have been made to further improve their mechanical/electrochemical sta-
bility and ionic conductivity, e.g., introducing mechanical reinforcement blocks [53], incor-
porating single-ion conductors that replace lithium salts [54], and double layer designs that
balance the performance metrics [55, 56]. Recently, several composite SSE designs have been
proposed that combine ceramic nanoparticles/nanowires with the polymer [57-60]. Zhao et
al. [50] developed an anion-immobilized solid-state composite electrolyte (PLL) synthesized
by a Garnet-type Al-doped Lig 75LagZr; 75 Tag 25012, polyethylene oxide (PEO), and LiTFSI,
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Figure 1.5 Schematic of the electrochemical deposition behavior of the Li metal anode
with (a) the PLL solid electrolyte with immobilized anions and (b) the routine liquid elec-
trolyte with mobile anions. Adapted with permission from ref [50]. Copyright 2017 National
Academy of Sciences.

where TFSI™ anions are effectively immobilized due to their interactions with ceramic par-
ticles and polymer matrix (Figure 1.5). As a result, a high transference number, low po-
larization, and uniform ion distribution are achieved. Nevertheless, even with improved Li
dendrite suppression, interfacial adhesion, and transference number, the reported ionic con-
ductivity of composite SSEs is still one to two orders of magnitude lower than that of liquids,
which is insufficient to fulfill the demand for high energy density and high charging rate bat-
teries. Alternatively, adding organic solvents into the solid polymer matrices is considered
as a practical workaround to increase the ionic conductivity [61]. However, typical organic
solvents (e.g., EC) that exhibit superior salt solvating ability will also lead to the solvation,
swelling, or even dissolution of the polymer, which deprive its mechanical strength as a solid
electrolyte.

Metal-organic frameworks (MOFs) and covalent organic frameworks (COFs) have been
demonstrated to be promising substitutions of their polymer kindred as SSEs [62]. MOFs
are crystalline materials that consist of metal centers connected by organic ligands [63].
The highly connected crystalline structure built from strong chemical bonds facilitates great
resistance towards organic solvents. To introduce ionically conducting species into the frame-
work, one approach is to use externally added salt where a certain portion of anions can be
immobilized by coordinating with partial positively charged (§7) sites on the charge neutral
frameworks. For example, Park et al. [64] and Wiers et al. [65] reported SSEs based on
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Figure 1.6 Synthetic Strategy and Structure Illustration of MOF-688. Reprinted with
permission from ref [61]. Copyright 2019 American Chemical Society.

MOF materials MIT-20 and MOF-74. With the addition of LiBF, salt and solvents, the
ionic conductivity is measured to be 4.8 x 107* (298 K) and 3.1 x 107 (300 K) mS cm ™!,
respectively. However, the reported conductivity values may not reflect the intrinsic ionic
conduction property of the bulk MOF materials because of the addition of excess liquid
electrolyte. A more complicated approach is to construct frameworks by directly linking
negatively charged building blocks. Conducting Li* can then be introduced as counteri-
ons. Therefore, to achieve a satisfactory ionic conduction behavior of LiT, it is required
to deliberately control the charge distribution as well as the total charge carried on the
framework. Most recently, Xu et al. [61] synthesized an intrinsically anionic MOF ma-
terial (MOF-688) by linking ditopic amino functionalized Anderson type polyoxometalate
[N-(C4Hg)4]3[MnMogO15(OCH2)3CNHy,] (MnMog) with 4-connected tetrahedral tetrakis(4-
formylphenyl)methane (TFPM) building units through imine condensation (Figure 1.6). The
framework has a diamond (dia) topology with a 3-fold interpenetrated structure. Each unit
of MnMog in the polyoxometalate cluster carries three negative charges which are balanced
by three tetrabutylammonium (TBA™) cations which are then exchanged by three Lit. Us-
ing anhydrous PC as a solvent, the material exhibits a high ionic conductivity (4.0 x 10~* at
298 K), a high lithium ion transference number (t;;+ = 0.87), and a low interfacial resistance
(353 ) against Li metal.



CHAPTER 1. INTRODUCTION 10

With MOF-688 as a novel and promising prototype SSE, there is a pressing need to
understand its structural as well as transport characteristics regulating the Li* ionic con-
duction. The mechanism of how the 3D micropore mesh accommodates the Li™ ions and
solvent molecules that enable ionic conduction remains unclear, necessitating a dynamical
analysis of the Li™ solvation and diffusion mechanism. In Chapter 5, I will investigate the
ionic conduction mechanism of the MOF-688 SSE using computational modeling methods.
Moreover, possible pathways to improve the performance are also discussed.



11

Chapter 2

Theory and Simulation Methods for
Modeling Electrolytes

In order to obtain a fundamental understanding of the solvation structure, transport prop-
erties, and reduction behavior of electrolyte systems of LIBs, modeling and simulation tech-
niques including classical molecular dynamics (MD), ab initio molecular dynamics (AIMD),
and quantum chemistry calculations are widely utilized. The typical simulation time in
AIMD simulations (< 1 ns) is less than the residence time of a common lithium-anion/solvent
pair [66, 67], and hence it may not capture the equilibrium state. Therefore, in this chap-
ter, I will focus on the theory and methods of classical molecular dynamics and quantum
chemistry for building a consistent theoretical framework for evaluating both commercial
and novel battery electrolytes. First, the procedures for modeling an electrolyte system us-
ing molecular dynamics are thoroughly discussed based on Frenkel and Smit.! Second, the
analytical equations to obtain transport properties from molecular dynamics trajectories are
derived. Finally, the methodologies of calculating reduction and solvation properties from
quantum chemical calculations are briefly introduced.

2.1 Molecular dynamics simulations

Molecular Dynamics (MD) simulation is a technique for computing the equilibrium ther-
modynamic properties and transport properties (in and out of equilibrium) of a classical
many-body system. The timescale for traditional MD simulation is typically in a range of
nanosecond to microsecond, which is suitable for obtaining the solvation structures and trans-
port properties of electrolyte systems. In this section, an introduction to the fundamental
theory and algorithm of the MD simulation for modeling electrolytes is given.

!Partly excerpted from Understanding Molecular Simulation, Second Edition, Daan Frenkel and Berend
Smit, Chapter 3: Monte Carlo Simulations & Chapter 4: Molecular Dynamics Simulations & Chapter 6:
Molecular Dynamics in Various Ensembles, Copyright 2002, with permission from Elsevier.
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The simplest case: a mincrocanonical ensemble

In a simplest case electrolyte system, a set of N particles is defined. The Newton’s equations
of motion are numerically solved to update the position and velocity of the particles until
the properties of the system no longer change with time. After equilibrium, an additional
period of production run is performed to obtain the interested electrolyte properties. If we
assume the system cannot exchange energy or particles with its environment, the simulation
produces a trajectory that conserves the total energy. In other words, for fixed system energy
(E), number of atoms (NNV), and volume (V'), we are sampling a mincrocanonical ensemble
(constant N, V, E) [68].

To initialize the simulation, non-overlapping positions and velocities (unified or random-
ized) are assigned to the N particles in the electrolyte system. The particle positions should
be chosen compatible with the structure that we are aiming to simulate. For example, the
distance between particles and the relative atomic positions within a molecule should be
reasonably initialized so that they are close to the expected values under an equilibrium
state. A cubic box (or cell) is typically employed.

Newton’s equations of motion

The Newton’s equations of motion governing the particle motion can be represented as follows
[68]:
dr, .  p;

=TI, =V
dt mi’

dp: _ \4 a; =f 0
= Pi =MV = mia; = L = ——=—
dt p 8rz~

where r;, v;, p;, a;, m; are the position, velocity, momentum, acceleration, and mass of
particle ¢, f; is the force applied to particle 7, t is time, and wu is the total energy. In total,
equation 2.1 and 2.2 give 6N different coupled first-order equations describing the time
evolution of 6N positions and momenta of the N particles.

Consider a simple pair-wise potential

(2.1)

u, (2.2)

1 1
u(ry, . ry) = 5 > ullr; —r;)) = 5 > ul|ri)). (2.3)
ij ij
The force can be expanded to
0
fi = —8r}u:2fij(|rij|), (24)

JF

where f;; is the force on particle ¢ due to particle j. The brute force computation of the
equation will result in a computational cost of O(N?).
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Periodic boundary conditions

The periodic boundary conditions (PBCs) are usually employed to model an infinite bulk
phase based on the N-particle system [69]. The box containing the N particles that we have
initialized is called a primitive cell, and an infinite amount of the identical primitive cells
would constitute a periodic lattice. In that case, a particle (i) will in principle interact with
all other particles in the infinite periodic system, including the periodic image of its own. In
reality, however, because many interatomic or intermolecular interactions will damp rapidly
with distance (e.g., the Lennard-Jones potential), it is usually permissible to truncate such
interactions beyond a certain cutoff without sacrificing the accuracy of the calculation. Thus,
the total cost of the calculation can be limited. In the N-particle example, we use a cutoff
at a distance r., where r. is chosen to be less than half the diameter of the periodic box.
Therefore, we can always limit the evaluation of intermolecular interactions between particle
1 and j to the interaction between ¢ and the nearest periodic image of j. For a simple cubic
box, the distance in any direction between ¢ and the nearest image of j should always be
less than box size/2. A practical method is to divide the simulation cell to multiple sub-cells
each with a length of r.. In that case, at each time step, the computational cost is O(N) for
assigning particles into sub-cells, and the computational cost of computing forces resulted
from neighbor particles only in neighboring cells is also O(N). The actual performance of
the algorithm should also be dependent on the ratio of r./box size.

For long-range interactions, such as Coulombic and dipolar interactions, the idea of trun-
cation of interactions does not work anymore. In such cases, the interactions with all peri-
odic images should be taken into account explicitly. Common techniques for handling long-
range interactions includes Ewald summation and particle-mesh-based techniques, which
have computational costs of O(N2), O(NInN), respectively [70]. Therefore, a particle-
particle/particle-mesh (PPPM) method is selected in this study to compute the Coulombic
interactions.

Verlet algorithm

With the initialized velocities and the forces computed from the initialized positions, the
velocities and positions can be updated by integrating Newton’s equations of motion. Among
all the algorithms have been designed to do this, the Verlet algorithm is known as one of the
simplest and usually the best algorithm [68].

Starting with Newton’s equations of motion, we perform Taylor series expansion of the
coordinate of a particle around time t:

r(t + At) = r(t) + #(t) At + %f(t)AtQ + é‘f‘ ()AL + O(AY), (2.5)

where ©(t) = v(t), ¥(t) = a(t) = % Then equation 2.5 becomes

r(t + At) = r(t) + v(t)At + fz(—;l)m? - é'f'(t)At?’ + O(Ath). (2.6)



CHAPTER 2. THEORY AND SIMULATION METHODS 14

Similarly,
r(t — At) = r(t) — v(t)At + ?Aﬁ — é'f‘(t)Aﬁ + O(AY). (2.7)
m

Summing equation 2.6 and equation 2.7, we obtain

r(t + At) +r(t — At) = 2r(t) + £(t) At? + O(AtY).

m
which yields:
f(t
r(t+ At) ~ 2r(t) —r(t — At) + %At? (2.8)

The estimate of the new position contains an error that is of order At*, where At is the
time step of the MD simulation.
By subtracting equation 2.6 and equation 2.7, we obtain

r(t + At) —r(t — At) = 2v(t) At + O(A?),

(o) = r(t+ At) —r(t — At)
2At

This expression for the velocity is only accurate to order At?. However, the position of the

next time step is uncorrelated to these velocity changes. Therefore, the accuracy to order

At? is acceptable. The updated velocities can be used to compute the kinetic energy of the

system.

With the above-derived equations, the Verlet algorithm is simple to implement. It only
requires the instantaneous f and r, and r of the previous step. It has excellent global
stability as a consequence of two features. First, because Newton’s equations of motion are
time-reversible, the Verlet and Verlet-derived algorithms also satisfy this property. In other
words, reversing the velocities of the N particles should result in a trajectory that re-traces
itself. In fact, many other algorithms are not time-reversible, even if the simulation is carried
out with infinite numerical precision.

The second feature, which is more important, is called area preserving, also known as
symplectic in mathematics. It is a subtle feature as a consequence of the equations of
motion. For example, if we initialize the trajectory of the N particles on a particular energy
hyperplane in phase space, £ = FEj, the collection of the N particles can be used to define
a 6N — 1 dimensional area of the E hyperplane. If we let the trajectory evolve in time,
the area it defines after some time ¢ is expected to remain the same, since the area of the
Ey hyperplane does not change. Otherwise, the system has moved to another hyperplane
E # Ey, and energy is not conserved, i.e., there is an energy drift. It is possible to check the
area preserving feature of Verlet and Verlet-derived algorithm by computing a Jacobian of
the coordinate and velocity updates for time steps.

Finally, it should be noted that even with a time-reversible algorithm, the actual numer-
ical implementation, strictly speaking, is not truly time-reversible. The finite precision of
floating-point arithmetic of computers will result in rounding errors. Therefore, a proper

+ O(A). (2.9)
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number of significant figures should be specified. Moreover, when integrating the equations
of motion, the length of each time step will also influence the behavior of the system dy-
namics. A large time step could Kkill the stability for purely numerical problems. Here, we
use a simple harmonic oscillator to estimate a reasonable value of the time step At. Imagine
two particles forming a harmonic oscillator with a frequency of w = 10 s (correspond-
ing to a wavenumber of 3333 cm™! in atomic spectroscopy). Let the equilibrium distance
between the two particles be rq. If we suppose that the increment of motion in each step is
Ar ~ 0.1rg so as to be stable, then an appropriate At would be on the order of magnitude
OfAtN%Nlo_mSN 1 fs.

Property calculations

After equilibrium, a certain period of production run is performed so that the interested
electrolyte properties can be extracted. The simplest quantities among these are the ther-
modynamic properties of the electrolyte system, such as the temperature T" and the pressure
P [68].

The temperature can be obtained by computing the average kinetic energy, given by

2(Ek) 2 = ‘pi‘Q
T = = 2.1

=1

where FJ is the kinetic energy, kg is the Boltzmann constant.
The average pressure P can be obtained by

(P) = ngT + % <Z f(r;;) - r,-j> : (2.11)

i<j

where the first term reflects the kinetic energy contribution if assuming no particle interac-
tions (ideal gas), the second term accounts for the non-ideal particle interactions. It should
be noted that this pressure expression is derived for a system at constant N, V, and T,
which will be discussed in the following sections.

According to Onsager regression theory, the average regression of microscopic fluctuations
in a system will obey the same laws as the corresponding macroscopic irreversible (non-
equilibrium) process [71, 72]. Therefore, we can extract transport properties directly from
the equilibrium MD trajectory. For example, the self-diffusion coefficients for each species in
the MD simulation can be obtained by calculating the slope of the mean square displacement
(MSD, r%(t)) over time using the Stokes-Einstein relation [73].

Let’s consider the diffusion of particles that are initially concentrated at the origin of our
coordination frame

c(r,0) = 46(r), (2.12)

where ¢(r,0) is the concentration at distance r with respect to the origin and at time t = 0,
d(r) is the Dirac delta function. The Fick’s second law governing the relation between the
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concentration and diffusion rate is

c(r,t)
ot

where D is the diffusion coefficient. The equation 2.12 and 2.13 yield:

= DV?c(r, 1), (2.13)

c(r,t) ! e -
= X —_——
= UrDnyz P\ Tapr )

where d is the dimensionality of the system. Using the fact that

/drc(r, t) =1,

/drc(r, tyr? = (r3(t)).
Multiplying equation 2.13 by 7? and integrating over all space yields

%/drc(r, tr? = D/drr2V2c(7’, t). (2.14)

we obtain

The left side of the equation is equal to

o(r* (1))
ot

Therefore,

O(r3(t)) 2¢72
et D/drr Vee(r,t)

_D / ArV - (F2Ve(r, 1) — D / Arve? . Ve(r, )

=D / dS (r*Ve(r,t)) — 2D / drr-Ve(r,t)

_o- 2D/dr (V - re(r, 1)) + 2D/dr(V r)e(r, 1)

— 0+ 24D / dre(r, 1)

— 24D. (2.15)

Equation 2.15 relates the diffusion coefficient D to the width of the derivative of the mean
square displacement over which the particles have moved in a time interval t. The equilibrium
diffusion of particles in the MD simulation follows the exact same rule as this irreversible
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process. Hence, for every particle i, we measure the distance traveled in time ¢, Ar;(¢)?, and
we plot the mean square of these distances as a function of time ¢ [51]:
to—t

N N
)= LS Anpe L S Ly
Ni:1 ! ts—t+1t0:0N —

where the angular brackets denote the average of the squared displacement over all particles
and over all time origins, ¢ is the number of time steps in the simulation, and ¢y are the
different time origins, r;(t) is the position vector of species i at time ¢, and r.,(t) is the
position of the center of mass of the entire system, which we include to correct for any drift
in the center of mass of the simulation box. Thus, for a 3D system, the slope of the linear
regime in the MSD is then calculated to obtain:

ri(t) — 15(0) — [ron(t) — ren ()], (2.16)

1. d,,

Interestingly, the displacement of interested particles is simply the time integral of the
velocity. The relation that expresses the diffusion coefficient directly in terms of the particle
velocities is derived as follows [68].

For convenience, we consider only one Cartesian component of the mean-squared dis-
placement, so that

9,
2D = lim = (2 (1)). (2.18)

If we write z(t) as the time integral of the x component of the tagged-particle velocity, we

obtain
(2 (1)) = <( / t dt'vx<t'>)2>

- /0 t /0 t dt'dt” (vg (t")vg ("))

=2 /0 /0 dt'dt" (v, (¢ v, (¢")), (2.19)

where (v, (t")v,(t")) is called the velocity autocorrelation function (VACF), which measures
the correlation between the velocity of a particle at times ¢ and t”. The VACF is an
equilibrium property of the system because it describes correlations between velocities at
different times along an equilibrium trajectory. As equilibrium properties are invariant under
a change of the time origin, the VACF depends only on the difference of ¢’ and t”. Hence,

(0 (v (t")) = (v (t — t")v,(0)). (2.20)
Combining equation 2.18, 2.19, 2.20, we obtain

t
2D = Tim 2 / At (o, (t — )0, (0),

D= /0 dr (v, (7)0a(0)). (2.21)



CHAPTER 2. THEORY AND SIMULATION METHODS 18

So far, we have shown that the diffusion coefficient D can be also calculated by the integral
of the VACF.

Based on the self-diffusion constants, for an electrolyte system with charged particles,
the cation ionic transference number ¢, can be calculated from ratios of D according to the
following equation if assuming a unit charge on both cations and anions [74]:

D,

Iy = ———. 2.22

The ionic conductivity can be related to the electrical current autocorrelation function
(ECACF) via the following Green—Kubo relation [68]:

o OB OIS (2.23)

where the electrical current j(t) is the electrical current given by

j(t) = Z aivi(t), (2.24)

where kgT is the thermal energy, V' is volume, ¢; is the charge of species 7, and v; is the
velocity of species .

As with the self-diffusivity, the ionic conductivity can also be computed using the follow-
ing formally equivalent Einstein expression [51]:

7= 6k:BlTV A %<Z > qigilri(t) = ri(0)] - [ri(t) — ri(1)]), (2.25)

i=1 j=1

where r;(t) is the coordinates of species i at time t. As is the case with diffusion coeffi-
cient calculations, a mathematically rigorous analysis of the conductivity requires the term
enclosed in the angular brackets of equation 2.25 to be linear in time.
The residence times of ion pairs can be evaluated by computing the lifetime correlation
function [75]:
Pas(t) = (Hap(t) - Has(0)), (2.26)

where H,g(t) is one if particles a and 8 are neighbors at time ¢ and zero otherwise.

Thermostats

The previous sections introduce the MD simulation performed in a microcanonical ensemble
with constant N, V, E, where the simulation only explores r; and p; in the phase space
defined with a fixed total energy. However, a practical electrolyte system is in a phase
space hyperplane defined by a fixed temperature rather than a fixed energy. Therefore, for
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modeling an electrolyte system, a simulation in the canonical ensemble is often desired. The
thermodynamic ensemble probability of the canonical ensemble is defined by [76]

eiﬁH(pNer)

Ny 2.2
where )
Q(T,V,N) = W/QBH(pN,rN)drNde, (2.28)

where h is the Planck constant, § is the thermodynamic beta, defined as kBLT, H(p"Y,rV) is
the Hamiltonian of the system.

In order to achieve that, the algorithm should preserve the correct thermodynamics as
well as preserve the physical properties that align with the equations of motion. Additional
“thermostat” terms are included in the equations of motion to simulate the effect of a heat
bath at temperature T'. Here, two types of thermostats, Langevin [77] and Nosé-Hoover [78,
79], are briefly introduced.

The Langevin thermostat is most commonly used for implicit-solvent simulations. It
includes the solvent viscous effect by modifying equations of motion with the addition of
friction (damping) and random noise terms:

mt; = £+ £ + £, (2.29)
where
£ - _8u(rN)’
8I'i
fzf = %mlrl,

fzr =V 27iijTmiRGaussa

where ff is the conservative force due to a gradient in the potential energy surface, fif
is a frictional force due to the solvent, f/ is a random force due to stochastic collisions
with the solvent which balances the viscous force to recover the proper canonical ensemble,
v; is a friction coefficient, and Rgquss is the probability density function of the Gaussian
distribution. For spherical particles of radius a in a medium of viscosity of 7,

~ 0man. (2.30)

my

Yi

The random force f] introduces a stochastic component to the numerical trajectories.

Nosé and Hoover developed a deterministic approach that does not involve stochastic
changes. The equations of motion are modified with an additional friction force that is
proportional to the velocity. A simplified representation of the modified is as follows:
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where £ is a friction coefficient, @) is an effective “mass” associated with the imaginary heat
reservoir which reflects how fast the system responds. The Nosé-Hoover thermostat allows
one to rigorously generate a canonical ensemble through molecular dynamics with good
repeatability, and hence is adopted for modeling the electrolyte systems.

Force field

For modeling an electrolyte system with molecules that both intermolecular (nonbonded) and
intramolecular (bonded) interactions, a non-polarizable force field model is usually employed,
which is defined by the following potential functions:

Etotal (TN> = Ebonds + Eanglos + Edihcdrals<+Eimpr0pors) + Enonbondcdy (232>
Ebonds = Z K, (T - T[))Q ) (233)
bonds
Eangles = Z K9 (0 - 00)2 5 (234)
angles
FEdinedrals = Z V{]. + COS(n(b - d)], (235)
dihedrals
Eimpropers = Z V[]- + dCOS(n¢>L (236)
impropers
Oij = T ‘ Cqiq;
FEronbonded = Z 461’]‘ — -\ — + Z _—, (237)
i>g Tij Tij i>j €Tij

where combining rules €;; = /€;€;; and oy = H% are used. The bonded interactions
(bonds, angles, dihedrals, and impropers) are modeled as harmonic functions and the non-
bonded includes van der Waals interactions and Coulombic forces. The dihedral term ac-
counts for the dihedral torsion of four consecutive bonded atoms, whereas the improper term
accounts for the dihedral torsion of three atoms centered around a fourth atom.

In this study, unless otherwise indicated, the bonded and non-bonded parameters for
liquid electrolyte solvents are obtained from the OPLS-AA force field (Optimized Potentials
for Liquid Simulations All Atom) [80, 81]. The OPLS-AA force field is parameterized using
input from both quantum chemistry and experimental properties of organic molecules and
peptides. As described in the original OPLS-AA force field paper, the torsional parame-
ters (including bonding and angular interactions) in OPLS-AA were determined by fitting
to rotational energy profiles obtained from ab initio molecular orbital calculations at the
RHF/6-31G*//RHF /6-31G* level for more than 50 organic molecules and ions. The quality
of the fits was high with average errors for conformational energies of less than 0.2 kcal /mol
and was in good agreement with experimental data. The force-field results for molecular
structures are also demonstrated to closely match the ab initio predictions. The nonbonded
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parameters were developed in conjunction with Monte Carlo statistical mechanics simula-
tions by computing thermodynamic and structural properties for 34 pure organic liquids
including alkanes, alkenes, alcohols, ethers, acetals, thiols, sulfides, disulfides, aldehydes, ke-
tones, and amides. Average errors in comparison with experimental data are 2% for heats
of vaporization and densities. Therefore, it is believed that the force field can effectively
reproduce the interested properties of electrolyte systems. Further validations of the force
field are provided in Appendix B.

2.2 Quantum chemical calculations

Reduction potential

The adiabatic reduction potentials for the representative solvation structures were calculated
using the following function [82]:

Ghreduced — Ginitial + AG2,, (reduced) — AG? | (initial)

solv solv

F

Eadiabatic = — — 1.4V, (2.38)
where Grequced and Ginitial are the free energies of the reduced and initial complexes at 298.15
K in gas-phase, respectively; AG?, are the corresponding free energies of solvation with
both implicit and explicit solvents considered, and F is the Faraday constant. The zero-point
energy (ZPE) corrections were considered in the calculation while the basis set superposition
error (BSSE) energy was neglected [83]. A standard-state correction [84] was considered to
account, for the different concentrations of the non-solvated species, which resulted in the
addition of a correction constant RT'In 231 to AGY,,,, where R is the gas constant, 7' is
temperature, 24.47 is the molar volume in liter for ideal gas under 1 atm and 298.15 K, and
M is the effective concentration of the species that are free of Li solvation. Geometries were
allowed to relax after the electron transfer. Subtraction of 1.4V accounts for the conversion
from the absolute electrochemical scale to the commonly used Li/Li+ potential scale in order
to compare predicted values with experimental data using the same reference electrode.
An additional factor of 0.1-0.2 V for graphite intercalation or 0.3-0.4 V for Si anode Li
insertion should be subtracted if the reference electrode is changed to these specific systems.
The experimental reduction potentials are computed from the full cell differential capacity
(dQ/dV) curve [85]. The cells using graphite anodes were reported to be charged to 3.5 V
during the formation cycle. This full cell voltage is set to be 0 V with respect to the graphite
anode. For example, if the reduction peak is at 3.2 V, then the reduction potential of the

reduced species will be 0.3 V (vs graphite) or 0.45 V (vs Li/Li+).

Energy decomposition analysis

The energy decomposition analysis based on absolutely localized molecular orbitals within an
implicit solvent model (ALMO-EDA (solv)) [86-88] partitions the total binding energy (Eg)
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of two clusters into contributions from permanent electrostatics (ELEC), Pauli repulsion
(PAULI), dispersion (DISP), polarization (POL), and charge transfer (CT):

By = ABlpo + AEg{o + AEpsp + Ay, + AEC, (2:39)
where the superscript “(s)” indicates that the energetic terms are calculated with solvent
taken into account. The electrostatic term could be further decomposed into

s 0 e
EérzEc = AEéL)Ec + AES,, (2.40)

where AE(EOL)EC term reflects the strength of the Coulomb interaction in vacuum, while AES,;
is the correction from solute—solvent electrostatic interaction, which is an unfavorable term
as its net effect is to damp the attractive Coulomb interaction between clusters. Again, a
standard-state correction term was added to account for the difference between the standard
state in quantum chemical calculations (1/24.47 mol L™!) to the standard state in solution
(1 mol L™!). Therefore, the electrostatic term is calculated by:

s 0 e
Egl e = ABiee + AESor + RT In

. 241
24.47 ( )
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Chapter 3

The Influence of Electrolyte Additives
in Unary Cyclic Carbonate
Electrolytes

Fluoroethylene carbonate (FEC) has been proposed as an effective electrolyte additive that
enhances the stability and elasticity of the solid electrolyte interphase (SEI) of emerging Si
and Li metal anodes. However, uncertainties still remain on the exact mechanism through
which FEC alters the electrolyte decomposition and SEI formation process. In this chapter,
the influence of FEC on LiPFg/ethylene carbonate (EC) electrolytes for Si anodes is inves-
tigated through classical molecular dynamics, Fourier-transform infrared spectroscopy, and
quantum chemical calculations. Albeit a minority species, FEC is found to significantly mod-
ify the solvation structure and reduction behavior of the electrolyte while being innocuous to
transport properties. Even with limited 10% of FEC, the Li* solvation structure exhibits a
notably higher contact-ion pair ratio (14%) than the parent EC electrolyte (6%). Moreover,
FEC itself, as a new fluorine-containing species, appears in 1/5 of the Li* solvation shells.
The Lit-coordinated FEC is found to reduce prior to EC and uncoordinated FEC which will
passivate the anode surface at an early onset (ca. 0.3 V higher than EC) by forming LiF.
The critical role of FEC in tailoring the Li™ solvation structure and as-formed protective
SEI composition provides mechanistic insight that will aid in the rational design of novel
electrolytes.

3.1 Introduction

To understand the composition and morphology of the Si SEI formed with FEC, extensive
experiments using scanning transmission electron microscopy (STEM) [89], electron energy
loss spectroscopy (EELS) [89], Fourier-transform infrared spectroscopy (FTIR) [36, 90], X-
ray photoelectron spectroscopy (XPS) [5, 91], atomic force microscopy (AFM) [92, 93], hard
X-ray photoelectron spectroscopy (HAXPES) [30, 94], nuclear magnetic resonance (NMR) [5,
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95], differential electrochemical mass spectrometry (DEMS) [96], and time-of-flight secondary
ion mass spectrometry (ToF-SIMS) [97], etc., have been undertaken. Lucht [36] and co-
workers recommended a 10% FEC inclusion based on a combination of low impedance and
high capacity retention due to the formation of an SEI which contains both a flexible polymer
and high lithium salt content (LiF and Li;COj3). Subsequent studies found that, compared
with a standard EC/DMC electrolyte, the use of 10% FEC additive modifies the organic
SEI components derived from LEDC and soluble linear oligomers to soluble and insoluble
crosslinked poly(ethylene oxide)-based polymers (such as lithium poly(vinylene carbonate)),
which could better passivate the anode surface and resist volume expansion [5, 95, 98].
Meanwhile, FEC incurs increased formation of LiF, less formation of Li;CO3 and organic
carbonate species resulting in an overall lower interfacial impedance of the Si anode [99].
The presence of fluoride species further leads to the etching of the native oxide surface layer,
improving the surface region Li conductivity and lowering the interfacial resistance [13, 89].
Moreover, there is evidence that FEC influences the LiPFg decomposition reaction and may
suppress further salt degradation after the initial cycles [30].

Numerous studies have endeavored to understand the reaction pathway and SEI for-
mation mechanism through experiments [100] and multiscale computational simulations
[101]. For example, experimental efforts have utilized Lithium Naphthalide (LiNap) as a
one-electron reduction reagent [102, 103] to analyze the resulting solid precipitates and gas
evolution. Through this technique, FEC was found to decompose into a range of products
including HCO,Li, Li;Cy0y, LisCOg3, and polymerized vinylene carbonate (VC), which sup-
ports a decomposition mechanism where FEC reduces to form VC and LiF, followed by
subsequent VC reduction. Other complementary approaches include theoretical modeling
the electrolyte [104], Si anode [105], and their interphase [106, 107]. Quantum chemical cal-
culations confirm that defluorination reactions significantly increase the reduction potential
of FEC [108]. Leung and Balbuena, et. al. have pioneered the ab-initio molecular dynamics
(AIMD) simulation of EC and FEC on the surface of Si as well as lithiated Si (LiSiy, LiSis,
LiSi, and Li;3Si4) [109-112] including the native oxide layer [105, 113], and proposed a series
of possible decomposition mechanisms leading to LiF formation and polymerization. FEC is
found to exhibit more diverse reaction pathways than the two-electron reduction of unsub-
stituted ethylene carbonate [26, 114, 115]. Both one- and two-electron reactions are feasible
for the FEC reduction and result in a fluoride radical which in both cases contribute to the
formation of LiF [112]. Also, it was found that radical species are responsible for the elec-
tron transfer that allows SEI layer growth once its thickness has evolved beyond the electron
tunneling regime [106, 116, 117]. While several studies have focused on the reduction mech-
anisms of single FEC [118] and simplified solvation/interface models [112, 119], a thorough
examination of the influence of FEC on the solvation structure of the electrolyte [120], and
hence the reduction potentials of the associated majority as well as minority species whose
populations are altered by FEC, has to our knowledge not been undertaken. For example,
it has been widely assumed that FEC, exhibiting a lower donor number than EC, remains
largely uncoordinated as an additive in LIB electrolyte formulations [121, 122]. However,
even as a minority species, FEC may strongly influence the reduction potential and decom-



CHAPTER 3. THE INFLUENCE OF ELECTROLYTE ADDITIVES 25

position mechanism of associated electrolyte components, and hence alter the onset as well
as reaction sequence of the bulk electrolyte. One of the goals of this chapter is to investigate
how FEC influences the solvation structure, which further determines the reduction reactions
and the subsequent SEI formation process.

In this chapter, classical molecular dynamics (MD) simulations coupled with quantum
chemical calculations are performed to describe the detailed solvation structure and reactiv-
ity of LiPFg in EC/FEC, as a function of FEC as well as salt concentration. The solvation
structure, self-diffusion coefficient and other macroscopic properties of the EC/LiPF¢ elec-
trolyte with or without FEC additive are obtained, and the reduction potentials of the
majority as well as minority species are calculated. Spin density analysis was used to further
elucidate the reduction behavior of the solvate complexes obtained from the MD simulation,
and hence the role of FEC in the SEI formation reaction. Corresponding experimental FTIR
measurements are used for validation and as a direct determination of the coordination num-
ber in comparison with the calculated solvation structure. This chapter aims to provide a
deeper understanding of the subtle influence of the FEC additive on the bulk electrolyte and
its constituents to aid in the future rational design of functional electrolytes for Si anodes.

3.2 Computational and experimental details

Classical molecular dynamics (MD)

MD simulations were performed using the Large Scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) [123] code for electrolytes of 1.0/1.2 M LiPFg in EC or EC with
5/10 mol% FEC. Only EC (and FEC) molecules are considered here to simplify the model.
1,500 solvent molecules were used as bulk electrolytes. The number of salt molecules was
adjusted via several test runs for 1 atm and 298 K equilibrium conditions to achieve the
1.0 M and 1.2 M concentrations. Specifically, the final number of salt molecules were 104
and 126 with equilibrated box volumes of 177.5 nm? and 180.2 nm?, respectively. The
molecules were initially packed randomly in a cubic box of size 54x54x54 A3 periodic in the
XY7Z direction using PACKMOL [124] (Appendix Figure A.1). The initial configuration was
minimized by a conjugated-gradient energy minimization scheme employing a convergence
criterion of 1.0x107*. While the thermodynamic melting point for EC with 1M LiPFg is
approximately 298 K [125], the kinetic liquid range limit may be lower [126], which allows
a room temperature liquid state simulation. The systems were equilibrated for 2 ns in
the isothermal-isobaric ensemble (constant NPT) using the Parrinello-Rahman barostat to
maintain a pressure of 1 bar and a temperature of 298 K with a time constant of 1 ps. An
annealing process was conducted to further guarantee that all systems are melted and to
avoid local configuration confinement. All systems were heated from 298 K to 400 K for 1
ns, and maintained at 400 K for 1 ns, and subsequently annealed from 400 to 298 K in 1 ns.
Finally, the production runs of 5 ns were conducted in the canonical ensemble (NVT) under
Nosé-Hoover thermostats with a time constant of 1 ps at 298 K. The simulation time was
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long enough to sample adequately the Fickian (diffusive) regime of all systems, which was
justified by a 55 ns long run (Appendix Figure A.2).

The bonded and non-bonded parameters for EC and FEC were obtained from the Opti-
mized Potentials for Liquid Simulations All Atom (OPLS-AA) force fields [80, 81], the PFg~
anion from Lopes et al. [127], and the lithium cations from Jensen et al. [128] The partial
atomic charges for all molecules were derived by first optimizing the geometry using Becke’s
three-parameter exchange function combined with the Lee—Yang—Parr correlation functional
(B3LYP) [129] at the aug-cc-pvdz theory level using the Gaussian 16 [130] package and then
fitting the electrostatic potential surface using the RESP method [131, 132]. Long-range
electrostatic interactions were handled by the particle-particle particle-mesh (PPPM) solver
with a grid spacing of 0.1 nm. A cutoff distance of 1.5 nm was used for electrostatic and 126
Lennard-Jones interactions. Moreover, each Li ion in the system is surrounded by at least
one PFg™ in the first solvation shell or second solvation shell according to the trajectories
(Appendix Figure A.3). Hence, if we ignore the negligible amount of aggregates (AGG), all
Li ions can be categorized into the contact ion pair (CIP) and solvation separated ion pair
(SSIP). A Boltzmann factor was used to estimate the CIP formation free energy from the
population difference of the CIP and SSIP structures.

p(CIP)

AG = —kpTIn ————~7-
rbcip B np(SSIP)

(3.1)
where p is the population for each species, AyGerp is their relative free energy, kg is the
Boltzmann constant and 7' is the temperature. For NVT run under equilibrated pressure,
the Helmholtz free energy (A) is approximately equal to the Gibbs free energy (G).

Quantum chemical calculations

Geometries of solvate complex were optimized from the initial structures observed in MD
simulations to obtain their theoretical IR vibrations using Gaussian 16 at the B3LYP/6-
31++G(d) level of theory [133]. The calculated IR data was then accumulated according to
the composition ratio from the MD simulations to obtain the total spectra of each electrolyte.
The adiabatic reduction potentials for the representative solvation structures were calculated
with the method described in Chapter 2. A dielectric constant of 90 was adopted for the EC
solvent as well as the EC/FEC mixture [134]. The spin density calculation of the reduced
state structures was conducted using natural bond orbital (NBO) theory. The dipole moment
calculation was conducted at the B3LYP/6-311++G(d,p) level of theory.

Fourier-transform infrared spectroscopy (FTIR)

The FTIR spectra for 1.0 M LiPFg in EC and 1.0 M LiPFg in EC with 10 wt% FEC were
collected with a FTIR spectrometer (Bruker, ALPHA) using a diamond attenuated total
reflection (ATR) accessory. Two pure solutions (EC and EC w/ 10 wt% FEC) were also
tested as a comparison. Spectra were collected in the region from 4000 to 650 cm™! with
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128 scans and 2 cm ™! resolution in an argon-filled glovebox with O2 and H,O < 0.1 ppm.
Ethylene carbonate (EC, anhydrous, > 99%), lithium hexafluorophosphate (LiPFg, battery
grade) and fluoroethylene carbonate (FEC, 99%) were purchased from BASF. All spectra
were normalized via the stretching band of ~CH, at 3000 ecm ™. This analysis is based upon
the assumption that the infrared intensities of the uncoordinated and coordinated structures
are equivalent after normalization (no scaling of the bands).

3.3 Solvation Structure

A sequential simulation for 1.0/1.2 M LiPFg in EC with 0/5/10% FEC was conducted to
investigate the influence of FEC on the solvation structure of the LiPFg/EC electrolyte.
The population proportion of solvent molecule and anion in the first solvation shell of Li*
is clearly altered after adding FEC, which is confirmed by the radial distribution function,
g(r), and the corresponding integrals, N(r), of Li-X (X = O(EC), F(PFs™), Li, P(PFs™)
for EC and X = O(EC), F(PFs~), O(FEC), P(PFs~), F(FEC) for EC w/ FEC) pairs as
shown in Figure 3.1, Appendix Figure A.4, and Appendix Table A.1. The dominant peak
of the Li-F pair at ca. 8 A shown in Figure 3.1a suggests that for 1.0 M LiPFg in EC,
most of the LiPF¢ salt forms solvent separated ion pairs (SSIP), while the contact ion pairs
(CIP) present as minority species (Figure 3.2b). In addition, a trace amount (less than 1%)
of aggregate solvates (AGG) were also observed during the simulation. By integrating the
g(r) to 3.0 A, the total coordination number (CN) for Li ion is obtained as shown in Figure
3.2a. Interestingly, while most of the first solvation shell is occupied by EC solvent molecules
(5.84 out of 5.90) with a most probable distance of 2.08 A to Li*, the Lit solvation sheaths
also present an average of 0.06 PFg~ anions, most of which form monodentate structures
coordinated through a fluorine. The simulation produced a longer distance of 2.11 A for
the Li-F pair, illustrating that EC molecules take closer positions in solute complexes. The
AGG species are rare, indicating an almost negligible number of Li ions that coordinate with
more than one PFg™ anion. Hence, the corresponding CIP ratio is estimated as 6%, with a
SSIP ratio of 94%, which agrees qualitatively with previous MD simulations [135], and is in
agreement with common assumptions that LiPFg is a weakly coordinating salt compared to
LiBF, and well dissociated in EC solutions [136].

Upon addition of 10% FEC into the LiPFg/EC electrolyte, the solvation structure is
evidently altered in several ways, primarily due to the weakened donor ability of FEC. Besides
the similar solvation structures as shown in Figure 3.2b, other solute complex structures
containing FEC were also observed in the snapshots of the MD simulation (Figure 3.2c).
Intriguingly, it is the carbonyl O in FEC that binds with the Li ion rather than F, which
means that the composition difference of the solvent molecule does not radically alter the
binding behavior as compared with the parent EC molecule [122]. However, the average
CN for Li-O(EC) pair decreases from 5.84 to 5.51, allowing for an average Li-O(FEC) pair
contribution of 0.19 to the first solvation shell. A maximum in g(r) of 2.12 A was observed
for the Li-O(FEC) pair, suggesting a weaker interaction between Li-FEC as compared to
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Figure 3.1 Calculated radial distribution functions, g(r), and the corresponding integrals,
N(r), of Li-O(EC), Li-F(PF¢~), Li-Li, Li-P(PF¢™) pairs of (a) (b) 1.0 M LiPFg in EC, and
Li-O(EC), Li-F(PF¢™), Li-P(PF¢ ™), Li-O(FEC), Li-F(FEC) pairs of (¢) (d) 1.0 M LiPFg in
EC with 10%mol FEC additive.

Li-EC. Notably, the CIP ratio doubles from 6% to 14%, which significantly changes the
statistics of the SEI formation reaction precursors, indicating a prominent role of FEC, even
as a minority species. Similar to the EC electrolyte, the simulation with FEC additive
results in a same Li-EC distance. Yet, the Li-FEC distance is slightly farther away (2.12 A)
as compared to the Li-EC counterparts, which results in a ‘looser’ structuring of the first
solvation shell. The EC electrolyte are known to promote salt dissociation due to its high
dipole moment (5.64 Debye, calculated), as well as a high donor number. In contrast, FEC
exhibits a lower dipole moment (4.97 Debye, calculated) which results in less dissociation
of LiPFs and weakened donor ability (i.e. smaller CN of LitT-solvent). This was further
illustrated by inspecting the different charge population on the carbonyl oxygen of each
molecule. Natural bond orbital analysis results in a charge on O(EC) of —0.66, while the
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Table 3.1 The calculated coordination number of Li-X pairs, total coordination number,
CIP ratio and corresponding contact ion pair (CIP) formation free energy A;Gerp of 1.0 M
LiPFs in EC with 0/5/10% FEC and 1.2 M LiPFg in EC with 0/5/10% FEC.

Electrolyte Coordination number CIP  A;Gerp
O(EC) O(FEC) P(PF¢") F(PFg~) Total ratio (kcal/mol)
1.0M 5.84 - 0.06 0.07 590 6% 1.63
1.OM w/ 5%FEC  5.69 0.12 0.09 0.09 590 9% 1.37
1.OM w/ 10%FEC 5.51 0.19 0.14 0.17 5.89 14% 1.07
1.2M 5.71 - 0.12 0.20 5.84 12% 1.18
1.2M w/ 5%FEC  5.58 0.12 0.18 0.20 587  18% 0.90
1.2M w/ 10%FEC 5.41 0.23 0.18 0.23 5.82 18%  0.90

charge on O(FEC) is —0.62, indicating the weaker donor ability of FEC as compared to EC.
If we compare all six simulated compositions listed in Figure 3.2a, it is obvious that a higher
LiPF¢ concentration exhibits a higher CIP ratio. More importantly, when FEC is added to
the system, a non-negligible percentage of the solute complexes are modified with fluorine-
containing FEC that occupies the first solvation shell. The tendency for CIP formation can
be represented by the free energy A;Gerp which is obtained through the CIP population,
assuming a Boltzmann distribution of electrolyte species. Table 3.1 summarizes the results
which show that higher salt concentration as well as the inclusion of FEC reduces the energy
cost of contact ion pairing. Previous first-principles calculations reported a AyGerp of 2.6
kcal mol™! for the Lit-(PC)4 to Li-PFg~ (PC)3 conversion [137], which is approximately 1
kcal mol™! higher than that of 1.0 M LiPFg/EC obtained here from the CIP population.
We speculate that the inclusion of explicit solvation effects beyond the first solvation shell
as well as polarization effects not included in the current simulations may contribute to the
difference between the two methodologies. In particular, the inclusion of 10% of FEC further
reduces the solvating strength of the composite electrolyte, and allows for more CIPs, i.e.
for PFg~ to directly contact/interact with Lit. The coordination number for the Li-FEC
pair increases to 0.2, which means that about 20% of the solvate structures on average
now contain at least one FEC. We argue that this content change of the solute complex
significantly changes the reduction potentials of the electrolyte constituents, which will be
addressed further in the following sections. We also note that, with a higher temperature, the
total coordination number of Lit is lower [138]. Therefore, tests of the electrolyte system
under a sequential temperature of 330 K, 350 K, 400 K were performed to validate the
results (Appendix Table A.2). It was found that, with higher temperature, the CN for
Lit-EC decreases from 5.84 (298 K) to 5.23 (400 K), and the population of Lit-PF¢~ CIPs
increases from 6% (298 K) to 25% (400 K). This may be explained by the increase in random
thermal motion of solvent molecules resulting in a decrease of the dielectric constant and
weakened EC-Li (dipole-charge) interactions. Thus, the Li-PF¢~ (charge-charge) interaction
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Figure 3.2 (a) The calculated total coordination number for Li* in 1.0 M LiPFg in EC with
0/5/10% FEC and 1.2 M LiPFg in EC with 0/5/10% FEC with specifying the contributions
from EC, FEC, and PFg~. The representative solvation structures taken from MD simulation
snapshots of (b) 1.0 M LiPFg in EC and (c) 1.0 M LiPFg in EC with 10% FEC. The carbon,
hydrogen, oxygen, fluorine, phosphorus, and lithium elements are represented by grey, white,
red, green, blue, and purple, respectively.

would be gradually favored with elevated T.

3.4 Transport Properties

Based on the mean square displacement (MSD) of each component during the simulation
(Appendix Figure A.5), the self-diffusion coefficients and transference numbers were calcu-
lated and plotted along with the reference experimental results [139] in Figure 3.3. Both
1.0 M and 1.2 M simulation results indicate that the diffusion coefficients of all components
within the EC electrolyte and EC/FEC mixture exhibit similar values (Figure 3.3a). The
trends for the three components EC, PFg~, and Lit are in good agreement with the simula-
tion results [138] obtained by a generalized AMBER force field (GAFF) [140] as well as the
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Figure 3.3 (a) Self-diffusion coefficients computed from MD simulations at 298 K as com-
pared with NMR experiments (1.0 M LiPF4 in EC) from Hayamizu et al. [139] (b) Transfer-
ence numbers for Li™ and PFg~ from MD simulations and NMR experiments from Hayamizu
et al. [139] The error bars represent the standard deviation of the data collected every 1 ns
during the 5 ns production runs.

trend from NMR results by Hayamizu et al. [139] such that solvent diffusivities are 2-5x
larger than ion diffusivities. While all the simulations predict slower computed dynamics
than the experimental results, the difference is within one order of magnitude (10~10-10-1!
m? s71.), illustrating that the classical MD simulation is adequately accurate to reproduce
or predict the dynamical property trends of this system. It is noteworthy that, when FEC
is added into the system, there is no significant variation of transport properties. EC and
FEC exhibit almost the same diffusion coefficients within the numerical uncertainties and
we surmise that the intermolecular interaction behaviors of EC and FEC are similar due
to the common cyclic carbonyl structures with only one substituent. Hence, adding FEC
does not directly affect the transport property of the electrolyte. On the other hand, FEC
inclusion implicitly promotes the formation of CIPs while still remaining a minority species
in the electrolyte. According to the Nernst—Einstein relation [141], an 8% CIP ratio increase
from EC electrolyte to EC with 10% FEC will lead to approximately the same percentage
(8%) decrease in LiT ionic conductivity. In contrast, the salt concentration clearly affects
the ionic diffusivity, decreasing by an average of ca. 30% from 1.0 to 1.2 M, in agreement
with previous studies [135]. As for the transference number, all the six electrolyte systems
exhibit similar results and coincide well with the NMR experimental value of 0.35 [139].
Hence, both the self-diffusion coefficient and the transference number results demonstrate a
weak dependence of transport properties on the FEC additive up to 10%, elucidating that
FEC modifies the solvation structure without greatly affecting the ion transport ability.
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3.5 FTIR Measurements

In order to verify the theoretical simulation results, we conducted FTIR measurements for a
range of EC and EC/FEC electrolytes [142]. The peaks from the FTIR spectrum are delib-
erately deconvoluted to quantitatively estimate the population proportion of each electrolyte
species. In parallel, we performed quantum chemical calculations to obtain the theoretical
IR vibrational information for each solvation structure observed in the MD simulations. The
calculated spectral profiles are further linearly combined using the population ratios obtained
from MD simulations which result in predicted theoretical IR spectra. In general, there are
four major characteristic peaks [143] that are shifted after the inclusion of FEC (Appendix
Figure A.6): (1) the C=0 stretching band at 1760-1800 cm ™!, (2) the C=0 breathing band
at 710-730 cm™!, (3) the P-F stretching band at 840-880 cm™!, as well as (4) the ring
breathing band at 890-910 cm~!. The C=O0O breathing vibrational band at 710-730 cm™!
can be used to distinguish the responses from different C=0 binding states. Experimental
peaks (Figure 3.4a and 3.4b) were designated as coordinated and uncoordinated based on
the calculations as well as reference data [143], which provide detailed information of the
solvation structure. First, we note that the experimental results are in good agreement with
the calculated spectra (Figure 3.4c, 3.4d, and Appendix Figure A.7), and identical peaks are
found in the spectra from both methods, despite small deviations in the absolute frequency
values. For the EC electrolyte (Figure 3.4a), two peaks at 728 cm™' and 715 cm™! were
identified as coordinated EC and uncoordinated EC, both accompanied by a small C—H de-
formation peak at 706 cm™! [144]. By analyzing the measured peak area integrals, it was
found that 38.1% of EC molecules are coordinated with Li*, which corresponds to a CN of
5.13 for Li-EC. While the calculated CN (5.84) from MD simulations is slightly higher than
the experimental result, notably, both approaches indicate a CN over 5 for the EC electrolyte
system. When 10% of FEC is included, an additional peak arises at 738 cm™?, corresponding
to the coordinated FEC. Meanwhile, a free FEC breathing band at 729 cm™! overlaps with
the coordinated EC vibration band (Figure 3.4b), which makes it challenging to deconvolute
the peaks and obtain the exact percentage of the coordinated EC and uncoordinated FEC.
By comparing the peaks of the uncoordinated EC, we estimate an increase in uncoordinated
EC area by 6.6% as compared to the 1 M LiPFg in the EC system, further supporting the
decrease in CN of LiT-EC with respect to the EC electrolyte. Additionally, the CN of FEC
to LiT is directly calculated as 0.21 from the green area, which corresponds well with our
previous calculation results (0.19) from the MD simulations.

In addition to the CN of solvents, the tendency for contact ion pairing was probed by
analyzing the P-F bond stretching band. As shown in Figure 3.5, the peak at 838-840 cm ™!
is identified as the response from uncoordinated PFg~, while the two peaks at 878 cm™!
and 834 cm™! arise through Lit-coordinated PFg~. In the EC electrolyte (Figure 3.5a),
coordinated PF¢~ contributes 6.4%, showing an excellent agreement with our simulated
6% CIP ratio. With the inclusion of FEC in the EC electrolyte (Figure 3.5b), an FEC
ring deformation vibration band appears at 862 cm™!, which complicates the integral area
calculation. By comparing the area change of the uncoordinated peak (Appendix Figure
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Figure 3.4 Measured FTIR spectra of the C=0O breathing band of (a) pure EC and 1.0 M
LiPFg in EC, and (b) EC with 10% FEC and 1.0 M LiPFg in EC with 10% FEC. (¢—d) The
corresponding calculated IR spectra in comparison with the experimental results. Red, cyan,
purple, green, grey, and dark grey lines correspond to uncoordinated EC, EC coordinated
with Li*, uncoordinated FEC, FEC coordinated with Lit, C-H deformation, and total
spectrum, respectively. Scatter points denote the original FTIR data points.
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Figure 3.5 Measured FTIR spectra of the P-F bond stretching band of (a) 1.0 M LiPFg
in EC, and (b) 1.0 M LiPFg in EC with 10% FEC. (¢) The corresponding calculated IR
spectra for 1.0 M LiPFg in EC in comparison with the experimental results. Yellow, green,
blue, and dark grey lines correspond to uncoordinated PFg~, coordinated PF¢~, FEC ring
deformation, and total spectrum, respectively. Scatter points denote the original FTIR data
points.
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A.R), we estimate that approximately 15% of the total PFg~ ions coordinate with LiT after
adding FEC. In summary, both experimental and simulation results suggest that the CIP
ratio, ca. 15%, and 14%, respectively, is increased under the influence of FEC additive.

The C=0 bond stretching at 1790-1810 cm™! is considered characteristic of the binding
state of the carbonyl group [143]. However, an overtone peak of the ring breathing band ap-
pears at the same position in the same area (Appendix Figure A.9) [144-146]. While the C=0
stretching vibration is here calculated to be a single band at 1808 cm™! by first-principles,
experimentally, it overlaps with the Fermi resonance of an overtone of the ring in-plane
breathing band (893 cm™!). When solvent molecules coordinate to LiT, both these peaks
are shifted, preventing further meaningful interpretation. As for the ring breathing band at
893 cm™!, a sharp, blue-shifted signal at 904 cm~! appears upon coordination (Appendix
Figure A.10). The intensity of the shifted ring breathing band is significantly increased as
compared to the original peak and hence prevents qualitative analysis. Consequently, due to
these complexities, the C=0 bond stretching and the ring breathing bands are disqualified
for quantitative analysis of the solvation structure. In summary, the FTIR experiments and
the MD simulations provide consistent solvation structure information. Both approaches
demonstrate that the LiPFg/EC electrolyte with or without FEC results in a Lit CN of 5-6.
We note that while carbonate-based electrolytes are traditionally believed to exhibit major-
ity species corresponding to tetrahedrally coordinated carbonyl oxygen atoms around Li*
[138, 147, 148], the coordination number and solvation structure in these solvents systems
are still under debate [148]. Recent results have reported a CN of 5-6 from two-dimensional
infrared spectroscopy [149], ¥*C NMR [137, 150], 17O NMR [151], and MD simulation [135],
in agreement with the results in this chapter. In contrast, several previous AIMD simula-
tions [152-154] suggest tetrahedral Lit-solvent coordination in the first coordination shell.
However, we note that the typical simulation time in AIMD simulation (< 1 ns) is less than
the residence time of a typical lithium-anion/solvent pair [66, 67] and hence it may not
capture the equilibrium state. In addition, Borodin et al. [66] also reported a coordination
number of 4 for 1 M LiPF¢/EC using a polarizable force fields model. However, a very high
contact ion pair ratio of 80% was also observed in the simulation, contrasting the perception
of LiPFg as a weakly coordinating salt [136].

Furthermore, our results conclusively suggest that adding FEC increases the CIP ratio
while also adding another fluorine-containing species into the first solvation shell, without
significantly impacting the transport properties of either Li* and PFg~ ions. This minority
FEC coordination with Li*™ is important, as the Li™ solvate complex serves as a key pre-
cursor for electrode surface reduction reactions. The inclusion of FEC in the first solvation
shell, even as a minority species, increases the reduction potential of FEC, due to its close
proximity of Li™, as compared to a freely solvated FEC. Hence, to further investigate the
critical influence of FEC on the SEI formation process, through the solvation structure of the
electrolyte, we performed first-principles calculations of the reduction potential of the sol-
vate structures obtained from the MD simulations and analyzed their preliminary reduction
products.
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Table 3.2 The reduction potential vs Li* /Li(s) (i.e. subtract 1.4 V) of individual solvent
molecules and solvate complexes, in Volt, where corr. denotes values after the aforementioned
standard-state correction.

Structures Reduction potential
EC + e — EC™ 0.21V
FEC + e~ — FEC™ 0.59 V
Lit-EC + ¢~ — Li*-(EC)~ 0.54 V
Li*-FEC + e~ — Li*-(FEC)~ 0.90 V
Lit-(EC)s + e~ — Li*-(EC)3(EC)~ 0.49 V
Li*-(EC)3(FEC) + e~ — Li*-(EC),(FEC)(EC)" 0.55 V
Li*-(EC)3(FEC) + e~ — Li*-(EC)3(FEC)~ 0.91V
Lit-(EC); + e~ — Lit-(EC)3(EC)~ 4+ EC 0.50 V (corr.)
Lit-(EC)s + e~ — Li*-(EC)3(EC)~ + 2EC 0.59 V (corr.)
Li*-(EC)s(FEC) + e~ — Li*-(EC)3(FEC)~ + 2EC 0.81 V (corr.)
Lit-PF¢~ + ¢~ — Li"-F~ + PF5~ spontaneous bond breaking
Lit-PFs~(EC) + e~ — Li*-PFy—(EC)~ 0.59 V
Lit-PFs  (FEC) + e — Lit-PF¢ (FEC)~ 0.90 V
Li*-PF¢~(EC)s + e~ — Li*-(ECQ)3(EC)~ + PFg~ + EC 0.44 V (corr.)

3.6 Reduction Potentials

The reduction potentials of free EC and FEC, their corresponding Li* (solvent) complexes,
and Lit-PFg~ (solvent) complexes were investigated at the B3LYP /6-31+g(d) level of theory
(Table 3.2). To effectively compare with experimental results, the calculated potential values
were convoluted with an arbitrary 0.1 V width concave triangular wave, and plotted together
with the experimental differential capacity (dQ/dV) versus potential (V) profile (Figure 3.6)
[155]. The reduction products after geometry optimization were further scrutinized through
spin density analysis to elucidate the reduction reaction process (Figure 3.7). The free EC
molecule exhibits a calculated reduction potential of 0.21 V, with most of the extra electron
residing on the O=CO(O) moiety which consequently deforms out of plane. According to
Natural Bond Orbital (NBO) analysis, the C atom hybridization state changes from sp°
to sp*® to accommodate the extra e~. The coordinated EC exhibits an increased reduction
potential of 0.44 V-0.59 V (within 0.15 V), as compared with the uncoordinated molecule,
which contributes to a broadening of the reduction peaks in the differential capacity plot.
The obtained reduction potential is in good agreement with the previously obtained value
of 0.53 V by G4AMP2 [118]. Furthermore, the electron density of the reduced coordinated
EC resides in the same region (e.g., on the O=CO(O)) as compared to the uncoordinated
reduced EC. (Figure 3.7c, h, i, k, and 1). We find weak to little dependence of the reduction
potential on the number of explicitly coordinating solvents [118, 156], e.g., the calculated
corresponding reduction potentials are 0.50 V and 0.59 V for 5- and 6- fold structures (Fig-
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Figure 3.6 The calculated anticipated (solid line) and experimental (dash dotted line) dif-
ferential capacity plots (dQ/dV vs. V) during the formation step of EC and FEC electrolyte.
The computed profile is obtained by convoluting the calculated reduction potentials with a
0.1 V width concave triangular wave, the experimental one is reproduced from Xia, et al.
[155] by removing the background.

ure 3.7k, and 1), respectively. However, when Li* is in direct coordination with FEC, the
predicted FEC reduction potential is obtained as 0.81-0.91 V, which is about 0.3 V higher
than uncoordinated FEC. The calculated reduction potentials are in good agreement with
the previous G4MP2 calculations (0.90 V) and measured values (1.0 V) [157]. If we com-
pare the reduction behavior of EC-containing species and FEC-containing species, even the
uncoordinated FEC exhibits an equal or higher reduction potential than all investigated
EC species, indicating a preferential reduction for FEC vs EC—for both minority as well
as majority species. While the optimized FEC reduction products (Figure 3.7b, d, j, and
m) exhibit the same electron distributions as their EC counterparts, the stronger exother-
mic nature of the FEC reduction indicates that these FEC-derivative species are sufficiently
metastable to decay through reactions other than the C-O bond ring-opening of EC [44].
This major mechanistic difference between the non-fluorinated and fluorinated carbonates
allows for the recombination of fragments and intramolecular electron migration, facilitat-
ing the subsequent polymerization and LiF formation [44]. Previous DFT calculations have
shown that the additional F fragments from FEC decomposition exhibit a “glue effect” by
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strongly binding to Li atoms of multiple organic species and connecting them [122], leading
to a more compact and stable SEI. The formation of LiT-coordinated FEC species is espe-
cially important because, in their absence, there is no early onset FEC reduction. Indeed,
uncoordinated FEC is predicted to reduce at a similar potential as Li™ coordinated EC,
which, as the majority solvent, will then dominate the SEI formation process. We also note
that, as LiT-coordinated FEC minority species are decomposing at higher potentials, the
bulk equilibrium will shift to maintain the population, hence supplying the reaction.

The reduction of the Lit-PFg~ contact ion pair results in direct LiF formation. Upon
geometry optimization, the PFg~ structure is dynamically unstable, and the P-F bond
spontaneously breaks to form PF5;~ and LiF (Figure 3.7¢). However, the LiT-PFg~ ion pair
decomposition is expected to yield a high reaction barrier at a potential larger than 0.5 V
[158]. When explicit solvent molecules are considered in the contact ion pair model, the
reduction of the complex results in the solvent reduction, elucidating that the decomposition
of solvent molecules is preferred over that of the ion-paired PF¢~ (Figure 3.7f, g, and n),
with similar reduction potential as SSIP structures. Thus, FEC will be reduced before other
species considered here. The reduction of PFg™ is not expected to occur except at very high
overpotentials, possibly at the final stage of SEI formation [158]. Therefore, we suggest that
FEC is the major contributor to the formation of the SEI LiF as compared to PFg™. It is
also speculated that the decomposition of PFg™ is related to HoO contamination rather than
electrochemical reactions [112]. The degradation mechanism for LiPFg was suggested to be
[159]:

LiPF¢ < LiF + PFj

On one hand, a higher CIP ratio in the presence of FEC would facilitate the formation of LiF.
The increased amount of LiT-PFg~ ion pairs would promote PF5 formation and pronounced
hydrolysis, and the as-formed HF would subsequently react with the SEI carbonate species,
which are initial reduction products, to form LiF [160]. Even if the trace amount of water is
ignored, FEC is prone to defluorination in the presence of a Lewis acid like PF5, and subse-
quently generates F species [161]. Consequently, a greater amount of inorganic components
in SEI, introduced by the sacrificial anion decomposition [43, 162] or FEC defluorination,
is believed to result in improved Li*™ cation transport. However, excessive HF formation
under elevated temperatures may also cause SEI destruction [161], such that the operating
temperature of the FEC-containing electrolyte should be controlled to avoid detrimental ef-
fect. On the other hand, an early onset of FEC reduction allows for rapid passivation at a
higher potential than EC which may limit PF¢~ reduction/decomposition. Therefore, the
influence of FEC on PF¢~ decomposition is non-trivial to deconvolute. Future experimental
and computational research, e.g. isotopic labeling, is recommended.

In summary, despite limited FEC concentration, we find that its presence significantly in-
fluences the properties of the electrolyte via three main mechanisms: (i) the LiT-coordinated
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b

Figure 3.7 Geometries and spin density analysis of reduced solvent molecules (a) EC, (b)
FEC, and solvate complexes (¢) Lit-EC, (d) Li"-FEC, (e) Li*-PF¢™, (f) Li*-PF¢ (E ) (2)
Lit-PF¢~ (FEC), (h) Lit-(EC)4, (i) Lit-(EC)3(FEC) (EC reduction), (j) Lit-(EC)3(FEC)
(FEC reduction), (k) Lit-(EC)s, (1) Lit-(EC)g, (m) Li*-(EC)5(FEC) (FEC reduction), and
(Il) Li+—PF6_(EC)5.
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FEC exhibits higher reduction potential than corresponding coordinated EC species and
uncoordinated FEC, and hence contributes to an early onset of anode SEI formation and
passivation, and (ii) the preferred reduction of FEC introduces a higher ratio of LiF to the
SEI as compared to the EC equivalent electrolyte, and lastly (iii) a higher CIP ratio may
possibly lead to increased LiF formation. The exothermic nature of the FEC reduction also
supports the reported reaction pathway of defluorination and subsequent polymerization.
Therefore, the origin of the excellent performance of FEC containing electrolyte may be
attributed to the higher reduction potential to enable early passivation [163], substituents
that promote inorganic product formation [164], and metastable intermediates to facilitate
alternative reaction pathways (such as polymerization) [44, 95].

3.7 Conclusions

The influence of FEC on LiPFg/EC electrolytes is investigated through classical MD simula-
tions, FTIR experiments and first-principles calculations. The calculated solvation structure
corroborates well with the liquid structure information inferred by experiments. While se-
lect previous work advocates Lit coordination numbers closer to 4, both theoretical and
experimental results presented here support a Li™ solvent coordination number of 5-6 for
1.0/1.2 M LiPFg/EC electrolytes, with or without FEC. However, reduction potentials are
found to exhibit only weak dependence on the explicit number of coordinating solvents,
such that 4-fold as well as 6-fold structures show similar values. Furthermore, while it is
widely assumed that electrolyte additives remain largely uncoordinated in LIB electrolytes,
we find that FEC, as a minority species, significantly modifies the solvation structure and
reduction behavior of the electrolyte while being innocuous to the transport properties of
the electrolyte. Even limited 5-10% addition of FEC results in a notably higher CIP ratio
(14%, 1.0 M EC w/ 10% FEC) as compared to the parent EC electrolyte (6%, 1.0 M EC).
FEC itself, as a fluorine-containing species, appears in the solvate complex, in 19% of the
Li* first solvation shells (1.0 M EC w/ 10%FEC). We find that the Li*-coordinated FEC is
preferentially reduced at higher reduction potentials (about 0.3 V higher than corresponding
EC clusters and uncoordinated FEC), which provides early onset SEI formation and passi-
vation of the anode surface. Meanwhile, the as-formed reduction products of FEC include
a higher ratio of LiF as compared to the EC equivalent electrolyte, and a higher CIP ratio
due to FEC addition may further benefit LiF' formation, leading to enhanced electrochemical
performance. By elucidating the solvation structure of the FEC additive in LiPFg/EC, and
its effect on the reduction potentials of the composite electrolyte, we hope to improve our
understanding of the SEI-formation and its subtle dependence on the detailed intermolecular
interactions and resulting solvation structure of the electrolyte.
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Chapter 4

The Modeling of Binary/Ternary
Mixed-Carbonate Electrolytes

Despite the extensive employment of binary/ternary mixed-carbonate electrolytes (MCEs)
for Li-ion batteries, the role of each ingredient with regards to the solvation structure, trans-
port, properties, and reduction behavior is not fully understood. In this chapter, the Gen2
(1.2 M LiPFg in ethylene carbonate (EC) and ethyl methyl carbonate (EMC)) and EC-base
(1.2 M LiPF4 in EC) electrolytes, as well as their mixtures with 10 mol% fluoroethylene
carbonate (FEC), are investigated by atomistic modeling and transport property measure-
ments. Due to the mixing of cyclic and linear carbonates, the Gen2 electrolyte is found to
have a 60% lower ion dissociation rate and a 44% faster Li* self-diffusion rate than the EC-
base electrolyte, while the total ionic conductivities are similar. Moreover, we propose for
the first time the anion—solvent exchange mechanism in MCEs with identified energetic and
electrostatic origins. For electrolytes with additive, up to 25% FEC coordinates with Li™,
which exhibits a preferential reduction that helps passivate the anode and facilitates an im-
proved solid electrolyte interphase. The work provides a coherent computational framework
for evaluating mixed electrolyte systems.

4.1 Introduction

As discussed in the first chapter, the key descriptors for electrolyte performance lie in three
major categories: the solvation behavior, the transport properties, and the electrochemical
reduction/oxidation behavior. Extensive efforts have been devoted to understanding the
solvation and transport property of non-aqueous electrolytes. Instrumental measurements
including infrared spectroscopy (IR) [149, 150, 165], and Raman [144, 166] have been utilized
to determine the ion—solvent coordinating states. However, conventional spectroscopic meth-
ods are not without limitations for binary or ternary mixed-carbonate electrolytes (MCEs),
since it is difficult to quantitatively deconvolute the overlapping peaks of different carbonate
species, the overtone peaks, and the accompanied Fermi resonance effects, especially when
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solvents share the same functional groups [8, 167]. In addition, because of the possible differ-
ence in spectroscopic sensitivity between the coordinated and uncoordinated states of solvent
moieties, the scaling of peak area integrals is required to obtain the actual molar ratio of
species [137], which could introduce additional error and hinders straightforward quantitative
interpretation. Most recently, an internally referenced diffusion-ordered spectroscopy (IR~
DOSY) technique has been introduced to determine the solvation state of individual solvents
in binary electrolyte systems, which may help overcome the limitation of conventional vibra-
tional spectroscopy [8, 168]. As an alternative approach, computational methods including
ab-initio molecular dynamics (AIMD) [133, 169, 170] and classical molecular dynamics (MD)
(148, 171-173] simulations have shown satisfying results in modeling the solvation and trans-
port behaviors. In chapter 3 we have shown the MD simulations of 1.0 and 1.2 M LiPFg
in EC, revealing detailed solvation structures of the single-solvent electrolyte where cations
and anions are mostly dissociated and uncorrelated. As a result, the ionic conductivity can
be directly estimated by the Nernst-Einstein (NE) equation with the assumption that ions
are fully dissociated without any interactions [174]. However, in MCEs, the NE equation is
not applicable because of significantly correlated ion motions [138, 175]. Despite the approx-
imate treatment of the correlated term of conductivity proposed by Borodin et al. [66, 176,
177], the ionic conduction mechanism, including the contribution from multimeric species,
of MCEs is not completely understood. Most recently, Fong et al. [51, 72] demonstrated
a rigorous methodology for analyzing transport properties in electrolytes, including Green—
Kubo (GK) relations for the total conductivity and transference number. This approach will
be used herein to enable a comprehensive study of transport in MCEs.

The electrochemical reactivity of electrolytes determines the voltage window of batteries.
More importantly, constructing a stable and efficient SEI intrinsically formed by electrolytes
is among the most effective strategies to achieve superior cycling performance [178]. While
EC has been long recognized as the major component that regulates the anode SEI [179-
181], recent findings indicate that linear carbonates with a theoretically lower reduction
potential could also facilitate the SEI formation [90]. Furthermore, with the intensive studies
on emerging Li metal and Si anode materials, electrolyte additives as minor species (e.g.
fluoroethylene carbonate (FEC)) are recruited in novel electrolyte design to enhance the
strength and stability of the SEI film [5, 42]. Consequently, in order to understand the
macroscopic electrochemical performance, a comprehensive molecular-level investigation of
MCEs is of great significance to deconvolute the influence of individual species and identify
possible synergetic effects.

In this chapter, a binary MCE, Gen2 electrolyte (1.2 M LiPFg in EC:EMC (w/w 3:7)),
along with EC-base electrolyte (1.2 M LiPFg in EC), GenF electrolyte (Gen2 + 10 mol%
FEC), and ECF electrolyte (EC + 10 mol% FEC), is investigated by the atomic-scale mod-
eling and transport property measurements to decipher the different roles of anion, cyclic
carbonate, linear carbonate, and additive. Detailed static and dynamic solvation structure
information is obtained from MD simulations. Self-diffusion coefficients, ionic conductivity,
and residence times are computed to characterize the transport properties. Using MD-
obtained solvation structures as input, the electrostatic potential, solvent exchange energy,
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and reduction potential calculations are conducted using quantum chemistry to fully de-
pict the solvation structure and its influence on the reduction behavior of electrolytes. The
quantitative atomistic modeling of MCEs provides new insights into conventional carbonate
electrolytes and novel electrolyte design.

4.2 Computational and experimental details

Classical molecular dynamics (MD)

MD simulations were performed using LAMMPS (Large Scale Atomic/Molecular Massively
Parallel Simulator) [123]. The bonded and non-bonded parameters for EC, EMC, and FEC
were obtained from the OPLS-AA force fields (Optimized Potentials for Liquid Simulations
All Atom) [80, 81], while those for PFg~! are taken from Lopes et al. [127] and Li* from
Jensen et al. [128] The partial atomic charges were fitted using the RESP method [131,
132]. Long-range electrostatic interactions were handled by the particle-particle particle-
mesh (PPPM) solver with a grid spacing of 0.1 nm. A cutoff distance of 1.5 nm was used
for electrostatic and 12—-6 Lennard-Jones interactions. The molecules were initially packed
randomly in a cubic box using PACKMOL [124] (Appendix Figure B.1). The force field is
further benchmarked against experimental properties and quantum chemistry (see Appendix
B).

All simulation box consists of 1500 solvent molecules in EC-base (1500 EC), ECF (1350
EC, 150 FEC), Gen2 (504 EC, 996 EMC), and GenF (454 EC, 896 EMC, 150 FEC). A salt
concentration of 1.2 M was made by adding 126 LiPFg into EC-base/ECF and 166 LiPFg into
Gen2/GenF, respectively. The initial configuration was minimized by a conjugated-gradient
energy minimization scheme employing a convergence criterion of 1.0x10~%. The electrolytes
were then equilibrated for 5 ns in the isothermal-isobaric ensemble (constant NPT) using
the Parrinello-Rahman barostat to maintain a pressure of 1 bar and a temperature of 298
K with a time constant of 1 ps. An annealing process was conducted to further guarantee
that all systems are melted and to avoid local configuration confinement. All systems were
heated from 298 K to 400 K for 1 ns, and maintained at 400 K for 2 ns, and subsequently
annealed from 400 to 298 K in 2 ns. Finally, production runs of 60 ns were conducted in the
canonical ensemble (NVT) under Nosé-Hoover thermostats with a time constant of 1 ps at
298 K. The simulation time was long enough to sample adequately the Fickian (diffusive)
regime of all systems as demonstrated in Chapter 3. At least four independent duplicate
runs were performed for each electrolyte in order to estimate the statistical uncertainties.

The solvation structure and transport properties analysis of the MD trajectories utilizes
the MDAnalysis [182] python package. The detailed population of species, and solvent-
specific solvation numbers are listed in Appendix Table B.1, B.2. The simulations performed
here all reached the linear regime as with the diffusion coefficient analysis above. Results from
four representative simulations of the EC-base electrolyte are shown in Appendix Figure B.3
to demonstrate this linear behavior for both self-diffusion coefficients and ionic conductivities
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calculation.

The neighbor distance cutoffs in the residence time calculation are 3 A between Lit and
the carbonyl O for Lit-EC, Lit-EMC, and Li*-FEC pairs, and 5 A between Li™ and P for the
LiT- PFg¢~ pair according to the first minimum of radial distribution functions in Chapter 3.
The reported values and uncertainties of the total ionic conductivity, self-diffusion coefficient,
residence time, population of solvation species, and solvent-specific coordination number are
estimated by calculating the mean and standard deviation of the quantities obtained from
the four independent 60 ns duplicates.

Quantum chemical calculations

The anion solvent exchange energy and electrostatic potential were calculated using B3LYP-
D3(BJ)/6-311+g(d,p) [129, 183, 184]//B2PLYPD3/def2TZVP [185, 186] level of theory with
implicit solvent model IEF-PCM(UFF,Acetone) [187, 188] in Gaussian 16 [130]. Quasi-
harmonic entropy and enthalpy correction with a cutoff frequency of 100 cm~! were applied
as suggested by Grimme et al. [189] using the GoodVibes [190] program. For the electronic
contributions, it is assumed that the first and higher excited states are entirely inaccessible.
For the entropy contributions, it is assumed that the implicit solvent model together with
explicit solvent molecules is sufficiently accurate for modeling the free energy change of a
molecule from an ideal gas to a solution phase. The calculated free energy includes the
entropy contributions resulting from the translational, electronic, rotational, and vibrational
motion. A dielectric constant (€) of 20.493 (Acetone) was adopted, which is similar to the
reported value of 19.

The energy decomposition analysis based on absolutely localized molecular orbitals within
an implicit solvent model (ALMO-EDA(solv)) [86-88] were performed using Q-Chem 5.2.0
[191], B3LYP-D3(BJ)/6-3114g(d,p) [129, 183, 184] level of theory, and an implicit solvent
model TEF-PCM(UFF,e=19.0) [187, 188].

Ionic conductivity measurement

Ionic conductivities of the four electrolytes were measured by Mettler Toledo SevenCompact
Cond meter S230, which is equipped with a 4-electrode Pt conductivity probe (Mettler
Toledo, InLab 710). The probe was calibrated with a standardized 12.88 mS cm™! potassium
chloride (KCl) solution (Mettler Toledo). After the successful calibration of the instrument,
the ionic conductivities of the four electrolytes were measured in an Ar-filled glove box (O,
H,O < 0.1 ppm) at a temperature range of 29-35 °C, and corrected to 25 °C by a linear
correction regime. The error of the conductivity meter and the linear correction is estimated
as no more than 0.2 mS ecm™~!. The amount of the salt and solvents used for the electrolyte
preparation and the measured conductivities are shown in Appendix Table B.3, B.4.
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Figure 4.1 The solvation structure analysis of the EC-base and Gen2 electrolytes. (a)
Three representative solvation structures of solvation separated ion pairs (SSIP), contact
ion pairs (CIP), and aggregate (AGG) species in the Gen2 electrolyte. The light blue, dark
blue, light yellow line representations denote the EMC, EC, and PF¢~ clusters, respectively.
The purple and red ball representations denote Li ions and coordinating carbonyl O atoms,
respectively. (b-d) The population, solvent-specific coordination number, and representative
solvation structures of SSIP, CIP, and AGG species in the EC-base electrolyte. (e-g) The
population, solvent-specific coordination number, and representative solvation structures of
SSIP, CIP, and AGG species in the Gen2 electrolyte.

4.3 Solvation structure of the Gen2 and EC-base
electrolytes

The solvation structures obtained from the MD simulations are categorized into three species,
i.e., solvent-separated ion pairs (SSIP), contact ion pairs (CIP), and aggregates (AGG).
Figure 4.1a shows examples of the three species in the Gen2 electrolyte that are extracted
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from MD trajectories. For all the three species, both EC and EMC are observed in the first
solvation shell and coordinate with Li* ions via the carbonyl oxygen. Figure 4.1b and e
quantitatively compare the ratios of the three species in the EC-base and Gen2 electrolytes.
In the EC-base electrolyte, the majority (90.1%) of Li* are dissociated (SSIP), while in the
Gen2 electrolyte, a much smaller proportion (35.6%) of SSIP species was observed, with CIP
and AGG species contributing 33.3% and 31.3%, respectively. The low ion dissociation rate
of the Gen2 electrolyte agrees well with previous experimental results using conductivity
measurement [139] and FTIR spectroscopy [165], as well as simulation results using non-
polarizable [173] and polarizable force field [66]. This can be attributed to the reduced
permittivity of the Gen2 electrolyte as a result of mixing EC (¢ = 90) and EMC (e = 2.96)
[7]. Using nodes and vertices expression, we plotted the 2D topology graphs of the majority
solvation structures observed in the EC-base and Gen2 electrolyte, as presented in Figure
4.1d, g, and Appendix Figure B.2. It should be noted that, while the EC-base electrolyte
has a much higher SSIP ratio than the Gen2 electrolyte, more than half of AGG in the
Gen2 electrolyte are charged species (19% out of 31%), which narrows the population gap
of ionically conductive species between the EC-base and Gen2 electrolyte. However, the
bulky and sluggish AGG species are expected to diffuse slower and cannot transport Lit as
efficiently as SSIP species [§].

The coordination numbers in the two electrolytes are systematically analyzed. In average,
the total solvent coordination number in the Gen2 electrolyte is 4.7, with 1.8 EC and 2.9
EMC, corresponding to an EC:EMC relative solvating power (X) of 1.59, which is the ratio
between the coordination percentage of EC and the coordination percentage of EMC [168].
The result is in excellent agreement with the IR-DOSY experiments reporting a solvent
coordination number of 4.64 and an EC:EMC relative solvating power of 1.42 in 1:4:4 (molar
ratio) LiPFg:EC:EMC electrolyte [8]. Furthermore, we have computed the detailed solvent-
specific coordination numbers for the three species (Figure 4.1c, f). For both the EC-base
and Gen2 electrolyte, the total number of coordinating solvent molecules decreases from
about 6 to 4 when Li" ions are engaged in higher degrees of ion association (SSIP to AGG).
Notably, in the Gen2 electrolyte, only the coordination number of EC decreases (from 2.6 to
1.2 with an increased degree of ion association) when PFg~ enters the solvation sheath while
that of EMC is preserved (about 3). This trend is confirmed by anion-solvent exchange
free energy calculations (Table 4.1; Appendix Figure B.5). Three exchange reactions from a
SSIP species (3 EC and 3 EMC) to CIP species with varying number of EC and EMC were
calculated using MD obtained structures. The reaction replacing a Li*-coordinated EC with
a PFg~ exhibits the largest free energy gain, while the reaction replacing a Lit-coordinated
EMC with a PFg™ is energetically unfavored, which is in good agreement with the MD
statistics. Therefore, the EC molecules are preferentially desolvated when Lit coordinates
with PFg™. To fully understand the different exchange mechanisms of EC and EMC, we
rationalize the phenomena in terms of electrostatic repulsion in the following sections.
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Table 4.1 Anion-solvent exchange free energy from SSIP to CIP.

Anion-solvent exchange reaction AG (kJ mol™)
L1+—(EMC)3(EC)3 + PFﬁi — L1+—(EMC)3(EC>2PF67 + EC —95
Lit-(EMC)3(EC)3 + PFg~ + EMC — Lit-(EMC)4(EC),PF¢~ + 2EC —6.7
Lit-(EMC)3(EC)3 + PFg~ — Lit-(EMC),(EC)sPFs~ + EMC 1.7

4.4 Anion—solvent exchange mechanism

Analogous to the nucleophilic substitution reactions, the “exit-entry” type and “entry-exit”
type are considered two hypothetic mechanisms when the PFg~ exchanges with solvent
molecule (Figure 4.2a). The anion and solvent molecule exchange with the “exit-entry”
type mechanism following two steps: (1) the leaving solvent/anion separates with the Li*
(exit), (2) the incoming anion/solvent coordinates with the LiT (entry); and vice versa for
the “entry-exit” type. In order to reveal the exchange mechanism, the coordination numbers
of EC and EMC before and after each CIP-SSIP transition event (set as 0 ps) are extracted
from the trajectories and averaged over all such events (Figure 4.2b). When PFg~ exits the
first solvation shell (upper panel), the solvation structure changes from CIP to SSIP. The
average EC coordination number with Li* is above 2.1 before the transition, which is higher
than the bulk average of all CIP species (1.5). This indicates that PF¢~ is more probable
to leave the solvation shell when more EC molecules are coordinated. After PFg™ separates
with Li* ions at 0 ps, the coordination numbers of both EC and EMC gradually increase to
the bulk average of SSIP in about 100-200 ps, suggesting that the exchange is predominantly
an “exit-entry” type. Likewise, when PFg~ enters the solvation sheath (lower panel), the
solvation structure changes from SSIP to CIP. The coordination number of EC as well as
the total coordination number before the event is about 0.6 lower than the bulk average
of SSIP. The coordination number of EC drops even further from —100 ps to 0 ps. This
indicates that PFg~ preferentially associates with Li™ ions that have less EC coordinated
and a “vacant” coordination site. Subsequently, the coordination numbers of both EC and
EMC remain almost unchanged after the PFg™ coordination. Therefore, the “exit-entry”
type mechanism is expected to dictate the anion—solvent exchange in both directions. To
the best of our knowledge, this has not been previously reported.

To further visualize the anion—solvent exchange process, a 400 ps long trajectory in the
Gen2 electrolyte with an EC-PFg~ exchange event is exhibited as an example in Figure
4.2¢-f. At time 150 ps, the central Li™ coordinates with the highlighted EC solvent. Next,
the EC molecule starts to leave the Li* solvation shell, and an undercoordinated Li*™ solva-
tion structure is captured at 180 ps. Subsequently, the PFg~ enters the solvation shell to
coordinate with Li*, and a CIP structure is formed at 210 ps. The duration of the sampled
exchange event is less than 100 ps, which agrees with the observation in the lower panel of
Figure 4.2b.

The electrostatic repulsion, arising from the high dipole moment of EC and the negative
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Figure 4.2 The anion—solvent exchange mechanism. (a) Node graph representations of two
types of anion—solvent exchange mechanism, the “entry-exit” type and “exit-entry” type.
(b) The coordination numbers of EC and EMC as a function of time before and after each
“PFs~ exit” or “PFg~ entry” event. The time of each event happens is set as 0 ps, and the
coordination numbers are averaged over all such events. The light-colored area denotes the
extent of standard deviation. (c-f) Sample trajectory of EC-PF¢~ exchange in the Gen2
electrolyte. (c¢) Lit—X (X = carbonyl O in EC or F in PFs™) distance as a function of time.
The snapshots of the sampled Li™ solvation shell at (d) 150 ps, (e) 180 ps, and (f) 210 ps of
the time slice. The color scheme is the same as Figure 4.1a. The non-exchanging coordinated
molecules are set as transparent for clarity.
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Figure 4.3 The electrostatic potential contour maps of (a) EC, (b) EMC, (c) Lit coordi-
nated EC ([LiTEC]), and (d) Li* coordinated EMC ([Li*EMC]) calculated using quantum
chemistry. The slice is across the carbonyl plane. Red, blue and white colors represent
the least positive (or most negative), most positive, and intermediate electrostatic potential,
respectively. The color bar shows the values of the electrostatic potential in volts. The
directions and magnitudes of the net molecular dipole moments are shown for EC and EMC.
The connections between atoms represent chemical bonding or Li™ coordination. (e) An
illustration of the octahedral coordination of Li* with equatorial (eq.) and axial (ax.) coor-
dination sites with respect to PFg~ (yellow ball). The light blue and dark blue balls indicate
the preferential sites for EMC and EC, respectively. (f) The calculated and fitted angle
distribution of P-Li-O (P = P in PFg~, O = carbonyl O in EC and EMC) of CIP species.



CHAPTER 4. BINARY/TERNARY MIXED-CARBONATE ELECTROLYTES 50

charge of PF¢~ is identified as the origin of the exclusive relationship between EC and PFg~.
As a measure of the interaction between charge and dipole, electrostatic potential analysis
was conducted with contour maps across the carbonyl plane. As illustrated in Figure 4.3a, b,
uncoordinated EC exhibits a large molecular polarization (7.27 Debye, calculated) while the
dipole of EMC is mostly canceled out (0.78 Debye, calculated). When EC coordinates with
Lit ([LitEC], Figure 4.3c), a gradient of electrostatic potential is yielded along the circum-
ference direction around Li™ (hollow arrow). In contrast, the electrostatic potential around
EMC-coordinated Lit ([LitEMC]) is almost evenly distributed and more positive at the same
radial distance (Figure 4.3d). A more negative electrostatic potential near [Lit EC] indicates
greater relative electrostatic repulsion between EC and PFg~, compared to [LitEMC]. To
quantify this electrostatic interaction, we performed energy decomposition analysis based on
absolutely localized molecular orbitals within an implicit solvent model (ALMO-EDA (solv))
[87] on the binding energy of [LiTEC]...PFs~ (Ep) and [LiTEMC]. .. [PFs7] (Ep2), respec-
tively (Appendix Figure B.7; ellipsis denotes the binding of two clusters). The difference in
the attractive terms between Ey; and Eyy is found to be 63% contributed by the electro-
static interaction. (Appendix Figure B.8). This dominancy of the electrostatic term verifies
the arguments that the exclusive relationship between EC and PFg~ mainly originates from
electrostatic repulsion. Interestingly, the repulsive interaction even regulates the angular
distribution of coordinating species as manifested in MD trajectories (Figure 4.3e, f). Con-
sidering a model octahedral CIP solvation structure with four equatorial coordination sites
and one axial coordination site with respect to PFg™, in an unbiased situation, the likelihood
ratio of solvent molecules occupying the two types of sites is 4:1. By fitting the distribution
of angle P-Li-O (P = P in PFg~, O = carbonyl O in EC and EMC) of CIP species with a
binormal distribution, we observe a clear trend that the axial site is favored by EC, whereas
EMC exhibits a higher probability for occupying the equatorial sites. The trend is consis-
tent with the repulsive electrostatic interaction between EC and PFg~ as elucidated by the
quantum chemistry calculations. Note that PFg~ can be either monodentate or bidentate,
which leads to a deviation from 180° for the axial binding site.

The impact of the anion—solvent exchange mechanism on the electrochemical performance
of electrolytes is two-fold. First, the exchange mechanism is likely to impact the SEI for-
mation. When the electrolyte reacts with the anode surface to form the SEI, the reaction
products depend on the starting reactants as well as their immediate solvation environment.
The preferential substitution between EC and PFg~ anion indicates a lower fraction of EC
in solvation structures where Li* coordinates with PFg~. Meanwhile, for this small fraction
of EC in CIPs and AGGs, it is likely that EC and PF4~ are separated by a larger angle. In
contrast, positively charged SSIPs contain more EC than the bulk average, which preferen-
tially move to the anode surface due to electrostatic and concentration gradients. Therefore,
the EC-PF¢~ exchange influences both the neighbor distance between EC and PFg~ within
a solvation structure as well as the distribution of solvation species near the anode surface,
which in turn impacts the composition of starting reactants, the environment of intermediate
fragments, and ultimately the final products of SEI formation reactions.

Secondly, the exchange mechanism enhances our understanding of salt dissociation and
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Figure 4.4 The population and species-specific coordination number of SSIP, CIP, and
AGG in (a-b) the ECF electrolyte and (c-d) the GenF electrolyte.

ionic conduction phenomena. With the “exit-entry” mechanism, a free PF¢~ does not coor-
dinate with Li*t until an EC molecule exits the SSIP. Thus, the rate of ion pair formation
is governed by the relatively long residence time of EC molecules in the Li™ solvation shell
(6.4 ns as calculated in section 4.6). In contrast, in the “entry-exit” mechanism PFg~ may
directly attack the solvation shell of an SSIP and associate with Li™, similar to a nucleophilic
Sn2 reaction. This identified mechanism may thus be significant in promoting the long-lived
presence of SSIPs, which screen the electrostatic interaction between LiT and PFg~ and
enable uncorrelated cation and anion flux.

4.5 Solvation structure of the GenF and ECF
electrolytes

The influence of the electrolyte additive on the solvation structure of electrolytes was stud-
ied. Two model electrolytes (ECF and GenF electrolyte) are created by adding 10 mol% of
FEC to the EC-base and Gen2 electrolyte. As shown in Figure 4.4a, ¢, comparing with the
EC-base and Gen2 electrolytes, the ECF and GenF electrolytes exhibit similar population
distributions, despite that the SSIP ratio in the GenF electrolyte is slightly higher than
that of Gen2. Likewise, in terms of the anion-solvent exchange behavior, electrolytes with
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Figure 4.5 Transport properties of the EC-base, ECF, Gen2, and GenF electrolytes. The
residence times (7;;) of EC-Lit, EMC-Li*, FEC-Li;, and PF¢™-Li" pairs in the EC-base,
ECF, Gen2, and GenF electrolytes. (b) The calculated self-diffusion coefficients of electrolyte
species (EC, EMC, FEC, PF4~, and Li") in the EC-base, ECF, Gen2, and GenF electrolytes.
Experimental values for EC (1 M LiPFg in EC), and MCE (1 M LiPF4 in EC:DEC 1:2 (mol.))
at 298 K are taken from the literature [139]. (c¢) The experimental (Exp) and calculated (Cal)
ionic conductivity at 298 K.

FEC exhibit a similar trend as their base electrolytes (Figure 4.4b, d). The average Lit
coordination number with EMC remains about 3 for all the species, while the FEC coordi-
nation number to Lit decreases along with EC when forming CIP and AGG in the GenF
electrolyte. We hypothesize that the large dipole moment of FEC (6.44 Debye, calculated),
which is comparable with that of the structurally analogous EC, is responsible for a similar
repulsive interaction with PFg~ as compared to EC. Moreover, fluorination is reported to
cause large decreases in the solvating ability of fluorinated carbonate [8]. On average, FEC
exhibits a coordination number of 0.23 in both ECF and GenF' electrolytes, corresponding
to an EC:FEC molar ratio and an EC:EMC:FEC molar ratio of 24:1 and 7:12:1 in the sol-
vation shell. This less than 10% of FEC in the Li* first solvation shell signifies its weaker
solvating ability, compared to EC and EMC, consistent with experimental observations [8,
192]. However, the fact that still a considerable portion (23%, if assuming single FEC coor-
dination) of Li™ are coordinated with at least one FEC, is crucial for the reduction behavior
of electrolytes with the FEC additive, as discussed below.

4.6 'Transport properties

To evaluate the properties of the four model electrolytes, we consider not only the coordi-
nation environments but also the transport properties governing the Li™ diffusion and ionic
conduction. In order to quantify the average time length of ion association, the residence
times (7;;) of LiT-EC, Li*-EMC, Li*-FEC, and Li*-PF¢~ in the four model electrolytes were
computed by fitting the pair lifetime correlation function (Figure 4.5a). The residence times
of LiT-solvent pairs decrease in the order of EMC, EC, and FEC. A similar trend was found
in previous theoretical calculations that DMC exhibits a longer residence time over EC with
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respect to Li™ [171]. Notably, the fitted RESP partial charges on the carbonyl oxygen of
each solvent molecule decrease in the same order. We surmise that the partial charge of the
coordinating atom rather than the donor number of the coordinating solvent is the decisive
factor of the kinetic barrier of desolvation, which further determines the residence times. The
residence times of LiT-PFg~ in the Gen2 and GenF electrolytes are about 6 ns while those
in EC and ECF electrolytes are less than 4 ns. The trend indicates that the Lit-PFg~ pair
coordinates with each other for a longer period of time in the presence of linear carbonates.
Therefore, our solvation structure and residence time analysis have demonstrated that, with
linear carbonates, the coordinated species (CIP and AGG) are more favored both spatially
and temporally.

Furthermore, the self-diffusion coefficients were calculated using the slope of the mean
square displacement (MSD) and compared to experiments (Figure 4.5b; Appendix Figure
B.3a). In contrast to the EC-base and ECF electrolytes, MCEs (the Gen2 and GenF elec-
trolytes) exhibit a greater self-diffusion coefficient for all species, as linear carbonates are
less viscous. While it is well-known that the non-polarizable force field employed here under-
estimates the diffusivity, the calculated self-diffusion coefficients are in fair agreement with
the experimental trends [139]. It should be noted that scaling the point charges in non-
polarizable force fields is an effective approach to account for the electronic polarizations
that screen solvent—ion and ion—ion interactions [175, 193, 194]. For a mixed carbonate elec-
trolyte (e.g., Gen2), MD simulations using a non-polarizable force field can obtain a similar
diffusivity and ionic conductivity as experiments by scaling the default ionic charges (41)
of Lit and PFg~ with a factor of 0.8, as demonstrated in a recent work [195]. A less used
approach is to scale the point charge of solvent molecules to modulate the solvent polarity
[153, 196].

Thus far, we have shown that MCEs exhibit a higher diffusivity, while the EC-base and
ECF electrolytes exhibit a higher ion dissociation rate and a higher ratio of ionic conducting
species.

Based on the above understanding of the ion solvation and diffusion, the ionic conduc-
tivities were rigorously computed using GK relations and experimentally measured using a
conductivity meter, as shown in Figure 4.5¢, Appendix Figure B.3b. All four electrolytes
exhibit similar calculated ionic conductivity values, within an order of magnitude. Inter-
estingly, the significantly higher salt association of the Gen2 electrolyte does not lead to
significantly lower ionic conductivity, which is attributed to the improved viscosity and self-
diffusion properties. This trend is consistent with our experimentally obtained values (9.8
mS cm~! for Gen2, 8.9 mS ecm™! for EC-base). In contrast, conventional ionic conductivity
calculations using the Nernst—Einstein equation overestimate the ionic conductivity of the
Gen2 and GenF electrolyte by more than 40% (Appendix Figure B.9). Hence, for highly
associated mixed carbonate electrolytes, a rigorous calculation using Green-Kubo relations
is important for obtaining a correct trend of the ionic conductivity. Notably, the inclusion
of linear carbonates is essential for the practical operation of batteries at low temperature
[7]. Furthermore, as shown in Figure 4.5b, the addition of 10% FEC slightly decreases the
self-diffusion coefficients of other species, due to the high viscosity of FEC (4.1 cP, 298 K),
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Table 4.2 The calculated (Cal) and experimentally (Exp) measured reduction potentials vs
Li*/Li(s) of Li* coordinated solvents, in Volt. The parentheses with a minor sign denote
the reduced molecule.

M o+ .
Reduction reaction Potential (V vs Li* /Li)

Cal Exp
Lit-EMC + e~ — Lit-(EMC)~ 0.45 0.45 [157]
Li*-EC + e~ — Lit-(EC)~ 062 7e sy
Li*-(EC)3(EMC); + e~ — Lit-(EC)~(EC)o(EMC); 0.64 ‘
Li*-FEC + e~ — Li*-(FEC)~ 0.97 111199
Li*-(EC)y(EMC)3(FEC) + e~ — Li*-(EC)s(EMC)3(FEC)~ 0.99 ‘

as compared with EC (1.9 cP, 313 K) and EMC (0.65 cP, 298 K) [134, 197]. As a result, the
ionic conductivity of the ECF is slightly lower than that of the EC-base electrolyte for both
experimental and calculated results. In contrast, the ionic conductivities of the Gen2 and
GenF electrolytes are almost equal, on account of the slightly higher SSIP ratio in the GenF
electrolyte that helps compensate for the decrease in diffusivity. The observation agrees
with previous experimental results that the ionic conductivity of 1 M LiPFg 1:1:3 (vol.%)
EC/PC/EMC remains similar when adding 2 vol% FEC at room temperature [198].

4.7 Reduction behavior of each solvent ingredient

Given that the reduction reactions of electrolytes regulate the anode SEI formation and
further influence the cycling performance of batteries, the reduction behavior of electrolytes
was investigated by quantum chemical calculations. The initial step of reduction reactions
and the corresponding reduction potentials of single EC, EMC, and FEC coordinated Li*
structures, as well as two full solvation structures obtained from the MD trajectory, were
computed and compared to experiments (Table 4.2; Appendix Figure B.6). The reduction
potential decreases with the order of FEC, EC, and EMC, in agreement with the reported
experimental results [155, 157, 199] and previous theoretical calculations [118]. Even as
an additive (10%), FEC coordinates with LiT (Figure 4.4) and exhibits a high reduction
potential (0.3 V higher than EC). Thus, FEC will be preferentially reduced in the early
SEI formation using ECF and GenF in full cells, setting the stage for further SEI formation
reactions, aging, and anode passivation [163]. Moreover, FEC is expected to improve the
SEI composition, through increased production of LiF and oligomeric components derived
by FEC reduction [44, 100]. Even though the additive may slightly affect the conductivity as
discussed above, the overall effect of FEC additive is beneficial for the cycling performance
and capacity retention, especially for Li metal anode [42] and Si anode applications [5].
Furthermore, as noted by Horowitz et al. [200] and Shi et al. [90], for reduction reactions
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specifically at the electrolyte—electrode interface, the interaction of the solvated species with
the electrodes is another important factor governing the reduction behavior of electrolytes.

The interaction between solvated species with Li metal and silicon anodes is especially
sensitive to the surface conditions of the specific materials. The electrochemical and me-
chanical evolution of the Li metal surface is a highly complex, out-of-equilibrium reaction
cascade, where the resulting composite surface film can reduce electronic charge transfer to
the electrolyte [201], and its inorganic components including Li, O, Li,CO3, LiOH, LiyS, and
LiF, along with organic components depending on manufacturing and storage conditions are
all believed to influence the SEI layer composition and functionality [201, 202]. Similarly,
almost all silicon surfaces exhibit a native oxide or sub-oxide layer that reacts irreversibly
during the initial electrochemical cycles [203]. While the reduction of linear carbonate is
believed to be fully suppressed by EC on graphite anode [26, 204], in situ spectroscopic
experiments have shown evidence of preferential reduction of linear carbonates (e.g., DMC)
on the native silicon oxide film of non-lithiated silicon anode [90]. Balbuena et al. [110, 112]
have found that the reduction mechanism of EC and FEC is highly dependent on the surface
termination of the Si surface, as well as the degree of lithiation of the surface. Moreover, it is
reported that FEC exhibits a higher affinity towards the silicon surface than EC, and forms
an ordered, up-right orientation, which may promote SEI formation and Li diffusion [145,
146]. Most recently, artificial surface coating with the appropriate binder [205], oxide layer
[206], and Mg metal [207] have been used to alter the interfacial interactions and reactions
between the Si anode and electrolytes for achieving a stable SEI that minimizes side reac-
tions and sustains efficient cycling. Finally, water contamination has been reported to cause
detrimental parasitic reactions that affect the formation, evolution, and properties of the
SEI [208]. In addition, the hydrolysis of LiPF¢ creates hydrofluoric acid, leading to a pitted
and inhomogeneous SEI structure [209]. Therefore, we note the importance of considering
specific surface conditions as well as possible impurities when investigating the interfacial
reactions between anodes and electrolytes.

4.8 Conclusions

In summary, the solvation structure, transport properties, and reduction behavior of four
prototype electrolytes (EC-base, ECF, Gen2, and GenF') was investigated using classical MD
simulations, quantum chemistry, and transport property measurements. While the LiPFg
salt in the EC-base electrolyte is mostly dissociated, the Gen2 electrolytes exhibit a much
higher degree of ion association (>30% CIP, >30% AGG). Interestingly, and non-intuitively,
in the Gen2 electrolyte, the coordination number of EC with Lit decreases when PFg~
enters the first solvation shell. We here identify electrostatic repulsion between the highly
polarizable EC and the negative charged anion PFg™, as responsible for the phenomenon.
We also reveal an anion—solvent exchange mechanism as an “entry-exit” type, providing a
dynamic perspective of ion transport in electrolytes. Furthermore, in contrast to the EC-base
electrolyte, the Gen2 electrolyte exhibits greater self-diffusion coefficients, due to the lower
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viscosity of the linear carbonates. Therefore, although the Gen2 electrolyte exhibits more
aggregates and bulky conductive species, the overall ionic conductivities of the Gen2 and EC-
base electrolyte are very similar, as verified by experimental measurements. A considerable
portion of the FEC additive in the ECF and GenF electrolyte is found to coordinate with
Li™ in the first solvation shell, with minor impact on the transport properties. Finally,
the reduction potentials of Lit coordinated solvent molecules are found to decrease in the
order of FEC, EC, and EMC. The preferential reduction of the FEC additive is deemed
beneficial for the early onset passivation of the anode surface and facilitates an improved
composition of SEI. We believe our modeling of mixed carbonate electrolytes elucidates the
atomistic origin of energy-storage relevant properties of this class of commercially relevant
battery electrolytes, and provides a paradigm of computational property evaluation in novel
electrolyte design.



57

Chapter 5

The Modeling of Novel Solid-State
Electrolytes Based on Metal-Organic
Frameworks

5.1 Introduction

The novel intrinsically anionic Metal-Organic Frameworks (MOFs) with a superior ionic
conduction performance has opened up a new possibility for the development of Solid-State
Electrolytes (SSEs). As introduced in Chapter 1, similar to the concept of polyelectrolytes,
solvent-infused MOFs was demonstrated to exhibit superior ionic conductivity, high Li™
transference number, and low interfacial resistance, but with three dimensional pore system
and highly connected crystalline structure compared to polymers. Given the vast materials
space that results from linking inorganic nodes and organic ligands [210], it is important to
develop theoretical methods that can predict the transport properties of MOF's to support the
experimental synthesis, characterization, and testing efforts. Classical molecular dynamics
simulations have shown excellent results in modeling the solvation and transport properties
of traditional liquid electrolytes [195, 211] as well as diffusion and adsorption properties
of MOFs [212, 213]. The universal force field (UFF) [214] is frequently used to describe
the interaction of guest molecules within the MOFs, where the non-bonded interactions are
described by a Lennard-Jones potential and Coulombic interactions. However, because the
chemical environment of MOFs is very different from those considered in the development
of UFF, the generic atomic partial charges in UFF cannot fully reflect the local Coulombic
electrostatics of MOFs, especially for the intrinsically anionic MOFs, such as MOF-688,
where the local charge distribution plays a crucial role for ionic conduction. In this chapter,
we substitute the default atomic partial charges of UFF using RESP charges [131, 132] fitted
by accurate quantum chemistry calculations, which is reported to effectively reproduce the
local electrostatics [211].

This chapter aims to develop a very first theoretical model for evaluating the ionic con-
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duction mechanism of MOF-based SSEs and suggest guidance for possible improvements.
MOFs with two types of center metal ions, MOF-688(Mn) and MOF-688(Al) are consid-
ered. Classical molecular dynamics in conjunction with the grand canonical Monte Carlo
method [215] are utilized to model the corresponding diffusion and ionic conduction phe-
nomena in the two materials. The ionic conductivity is calculated using equations based on
different levels of approximation of the ion diffusion behavior and compared with experimen-
tal results, from which the main ionic conduction mechanism is identified. Detailed static
and dynamic solvation structure information is obtained to help interpret the Lit motion
with a high spatial and temporal resolution. Moreover, the relationship between the charge
distribution on the charged polyoxometalates (POMs, building blocks of the MOF-688) and
the Li™ distribution in the SSE is visualized to fully elucidate the Li™ conduction behavior.
Finally, a rationally designed MOF-688(one-fold) material is proposed that is expected to
achieve nearly 10 times better performance than the MOF-688.

5.2 The conduction mechanism of MOF-688

Molecular dynamics (MD) and grand canonical Monte Carlo (GCMC) simulations were
carried out with the LAMMPS (Large Scale Atomic/Molecular Massively Parallel Simula-
tor) software package [123]. The topology of MOF-688, obtained from single crystal X-ray
diffraction (SXRD), was used as the initial structure to build a supercell containing 12 POM
clusters, denoted as MOF-688(Mn). In parallel, a MOF-688(Al) structure where Mn? is
substituted by AI*T was built to investigate the influence of the POM center metal ion
on the ionic conduction. The nonpolarizable UFF [214] was utilized to parameterize the
bonded and van der Waals interactions. Partial charges of the intrinsically anionic frame-
works were fitted from first principles with B3LYP/6-31+G(d,p)//B3LYP /aug-cc-pvdz [129,
216, 217] level of theory for the organic linker and oxygen, manganese in the POM cluster,
and B3LYP/LANL2TZ(f)//B3LYP/LANL2TZ(f) [218, 219] level of theory for molybdenum
in the POM cluster, respectively. The fitted partial charges and the unit charge of Lit (+1)
were then scaled by a factor of € = 0.6 to account for the fact that solvent—ion and ion—ion
interactions are typically overestimated in nonpolarizable force fields [175, 193, 194]. Hybrid
GCMC and MD simulations were performed to insert the propylene carbonate (PC) solvent
into the pores of the MOF by exchanging molecules with an imaginary reservoir of PC.
After at least 200 ns equilibration, the POM:PC ratio converged to 16:170. The obtained
PC-infused structure was then equilibrated for 2 ns in the isothermal-isobaric ensemble (T
= 298 K, P = 1 bar) using the Parrinello-Rahman barostat followed with an annealing
process. Finally, 50 ns production runs within the canonical ensemble (NVT) under a Nosé-
Hoover thermostat were performed to obtain the Lit transport properties. Independent
duplicate production runs were undertaken for both the MOF-688(Mn) and MOF-688(Al),
and statistics of the three duplicates were collected.

By analyzing the MD trajectories over a few tens of nanoseconds, we observe three
different types of Li™ motion as schematically visualized in Figure 5.1: (1) Li™ hopping on
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@ Hopping on the same POM
@ Hopping between POMs
(3 Free diffusion

Li* conduction mechanisms
Figure 5.1 Three possible mechanisms of Li™ motion in the MOF-688 based SSE.

the same POM cluster, which corresponds to the hopping event when Lit jumps from one
binding site (outmost O atoms on the POM cluster) to another; (2) Li™ hopping between
POM clusters when Li leaves the binding site of a POM cluster and binds to another POM
cluster; and (3) freely solvated Li* diffusion, where the Li* is only coordinated by the PC
solvent and forms solvent-separated Lit that can freely diffuse in the bulk solvent.

To identify the ionic conduction mechanism of the two model materials, MOF-688(Al) and
MOF-688(Mn), we calculate the ionic conductivity using different levels of approximation.
First, we rigorously compute the conductivity using the Green—Kubo (GK) relations:

oeK = 6k;BlTV A %E: Y ag () — ()] - rit) — n(t), (5.1)

_>
i=1 j=1

where F' is the Faraday constant, kg is the Boltzmann constant, 7" is temperature, V is
the cell volume, ¢; is the charge of species i, r;(t) is the coordinates of species i at time t.
The calculated conductivity of MOF-688(Mn) at 298 K (Figure 5.2¢) and as a function of
temperature (Appendix Figure C.1) show excellent agreement with the experimental value
[61], validating that the molecular model is reasonable for quantitatively studying transport
phenomena of MOF-based SSEs. Moreover, MOF-688(Al) exhibits a slightly lower ionic
conductivity than MOF-688(Mn), however, the difference is within the error range. This
observation indicates that changing the type of center metal ions is unlikely to efficiently
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Figure 5.2 The conduction mechanism of MOF-688. The coordination number of (a) Lit-
O(POM), and (b) Li*-O(PC) in MOF-688(Al) and MOF-688(Mn). (c) The ionic conduc-
tivities of MOF-688(Al) and MOF-688(Mn) from experimental measurements [61], and the-
oretical calculation using Green—Kubo relations (GK), Nearst-Einstein relations (NE), and
simple hopping model (hopping). (d) An illustration of the solvent-assisted hopping between
POM clusters. The evolution of the coordination number of Lit-O(POM) and Li*-O(PC)
before and after hopping events in (e) MOF-688(Al) and (f) MOF-688(Mn). The time of
each hopping event happens is set as 0 ps. The coordination number profile is averaged over
all hopping events in each simulation. The light-colored area denotes the extent of standard

deviation.
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tune the ion conduction performance. Further analysis of MD trajectories suggests that the
minor difference between the two model materials may be attributed to a slightly weaker
interaction between Lit and the POM cluster in the MOF-688(Mn) (Figure 5.2a and 5.2b).
With a slightly smaller fitted atomic charge on the outmost O atom of the POM cluster
(O(POM)) in MOF-688(Mn), a higher percentage of Li* ions in MOF-688(Mn) are found
to coordinate to one O(POM) than that in MOF-688(Al). Meanwhile, more Li* ions in
MOF-688(Mn) are coordinated by 4 PC solvent molecules than in MOF-688(Al). This trend
suggests that the Lit in MOF-688(Mn) has a slightly weaker interaction with O(POM),
and is better solvated by PC. We note that in both MOF-688(Mn) and MOF-688(Al), only
7% LiT ions are freely solvated, demonstrating that, at any given time, most Li* ions are
tethered to the framework. It is further found that the self-diffusion coefficients of tethered
and freely solvated Li™ are similar. Hence, the diffusion of freely solvated Lit is excluded
from the major conduction mechanism.

Next, we calculate the ionic conductivity by assuming that the ionic conduction is mostly
contributed to the uncorrelated (self) diffusion of Li*, and the intrinsically anionic frame-
works are treated as fixed. With the assumption, ionic conduction can be related to the
diffusion coefficient using the Nernst—Einstein equation (NE) from the diffusivity of Li*:

2 2

F F
ONE = ﬁ(C+Q+2D+ + qu72D7> = ﬁC+D+7 (52>

where oyg is the ionic conductivity, ¢, and c_ are the bulk molar concentrations of the
cation and anion, ¢, and ¢g_ are the charge of the cation and anion, and D, and D_ are the
self-diffusion coefficients of the cation and anion. D_ is assumed to be 0. D, for Li* can be
obtained by calculating the slope of the mean square displacement (MSD, r?(t)) over time
using the Stokes—Einstein relation [73]:

1 d

D, = g lim 5670, 53)
where r(t) is the position vector of Li* at time ¢. The computed NE conductivity is in
fair agreement with the GK conductivity. Hence, we argue that the underlying assumption
arguably holds that the conductivity is mostly contributed by the self-diffusion of Li*, in

agreement with the reported high transference number of MOF-688 (t1,+ = 0.87).
Finally, we calculate the ionic conductivity with a simple hopping model. The uncor-
related individual ion hops can be described by a random-walk model [220]. The hopping
diffusion coefficient D under the theoretical framework of random walk can be expressed as

T 2
D= Ta (5.4)

where I' is the hopping frequency of successful jumps, a is the hopping distance between
two neighboring binding sites of Li*, and b is a geometry factor of 2, 4, or 6 for one-
, two-, or three-dimensional diffusion, respectively. Li* within a given cutoff distance of
the anionic framework is considered tethered. The cutoff distance is chosen as half of the
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averaged distance between the centers neighboring POM clusters. Using the cutoff distance
as a criterion, a successful hop is defined as one Li™ moves beyond the cutoff distance of a
previously tethered POM cluster and binds to another POM cluster. The hopping distance
was obtained by averaging the distance between neighboring binding sites in hopping events.
Thus, the diffusion coefficient can be estimated based on the hopping frequency and hopping
distance. Incorporating the hopping diffusion coefficient into equation 5.2, we obtain the
hopping conductivity. While the calculation utilizes a very simple model, it yields fair
agreement with the other two models, suggesting that Li™ hopping between POM clusters
dominates the Li* diffusion.

The evolution of the Li* solvation sheath during Li*t hopping further reveals the solvent
effect on the process. By inspecting the averaged coordination numbers of O(PC) and
O(POM) before and after each hopping event (set as 0 ps), we observe discrete changes
of the coordination numbers of both O(PC) and O(POM) (Figure 5.2e and 5.2f). During
hopping, the Li*™ exhibits a decrease in the O(POM) coordination number where the Lit no
longer binds to the previous binding sites and has not reestablished binding with another
POM cluster. Simultaneously, the average coordination number of PC increases from 3 to
3.5 for both MOF-688(Mn) and MOF-688(Al) overlaid with a standard deviation of +0.8.
The direct involvement of the excess PC suggests that the main mechanism of the Lit ionic
conduction is the solvent-assisted hopping between POM clusters (Figure 5.2d). In the
following 500-1000 ps after hopping, as Li™ ions are gradually tethered to the framework
and the excess PC leaves the LiT solvation sheath, the coordination numbers of O(PC) and
O(POM) are restored to the bulk average. The short residence time of the excess PC indicates
that the PC molecule plays an assisting role rather than facilitating solvent-separated Li*
solvation structures that freely diffuse in the bulk solvent.

5.3 The relation between the charge distribution and
LiT density

As aforementioned, we note that tuning the local charge distribution on the POM cluster
can tailor the interaction between Lit and the framework, which may help modify the Li*
motion behavior. However, changing the center metal ion from Mn3* to AI** was found
not effective in altering the total ionic conductivity of the material. Therefore, there is
a need to further examine the influence of changing the center metal ion on the charge
distribution at the POM surface. Here, we calculated the electrostatic potential surface
of the MOF-688(Mn) (Figure 5.3a and 5.3b) and MOF-688(Al) (Appendix Figure C.2 and
C.3) POM clusters using quantum chemistry as a measure of the strength of the Coulombic
interaction between the POM cluster and Li*. The electrostatic potential distribution of
MOF-688(Mn) is almost identical to that of MOF-688(Al), indicating that the influence of
changing the center metal ion with the same charge to the POM surface charge distribution
is minor. The surface area with the lowest electrostatic potential is of particular interest.



CHAPTER 5. NOVEL SOLID-STATE ELECTROLYTES BASED ON MOFS 63

-0.25

o

Figure 5.3 The charge and Li* distribution on the MOF-688(Mn) POM surface. (a) Front
and (b) top view of the electrostatic potential (ESP) surface of the MOF-688(Mn) POM
cluster. The color bar shows the values of the electrostatic potential in volts. (c¢) Front and
(d) top view of the Li* density plot on the MOF-688(Mn) POM surface. White balls denote
the O atoms of the POM cluster. The color bar shows the transparency and Lit number
count from 100,000 randomly sampled coordinates during the MD simulation. The density
plot uses a 8 A x 8 A x 5 A mesh with each mesh division 0.2 A equally spaced.

The sites between the neighboring regions of two MoO, moieties exhibit the most negative
electrostatic potential. To validate if a lower electrostatic potential leads to a stronger
interaction with Lit, the Li* density distribution around the MOF-688(Mn) POM cluster
was computed and plotted. Figure 5.3¢ and 5.3d show that the spatial distribution of Li™
coincides well with the electrostatic potential distribution. Remarkably, the site with the
lowest electrostatic potential exhibits the highest Lit density, suggesting that Li* is more
likely to bind to sites with a lower electrostatic potential. The trend also indicates that the
electrostatic term is dominant in the interaction between Li and the POM cluster, which
further determines the most probable binding sites of Li. In addition, Lit can occasionally
be monodentately-coordinated by one O as observed in the density plot.

The revealed correlation between the charge distribution and LiT™ distribution has im-
portant implications for the rational design of MOF-based SSEs. With a larger amount of
charge immobilized on the intrinsically anionic frameworks, more Lit can be incorporated
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Figure 5.4 One-fold MOF-688 design. (a) An illustration of the realized MOF-688 solid-
state electrolyte material with a three-fold interpenetrated structure. (b) An illustration
of the proposed MOF-688(one-fold) solid-state electrolyte material with a one-fold inter-
penetrated structure. (c) The coordination number of Li"T-O(POM), and Lit-O(PC) in
MOF-688(one-fold). (d) A comparison of the ionic conductivities of MOF-688(Mn), MOF-
688(one-fold), and liquid carbonate electrolytes. The yellow area shows the lower and upper
bound of the ionic conductivity of conventional liquid carbonate electrolytes.

into the SSE, providing more ionic conductive species. However, as charge density increases,
the total ionic strength significantly increases. As a result, the limited amount of PC in
pores cannot fully screen the electrostatic interaction between Li and POM, which may lead
to severe aggregation between Li and the framework, decreasing the LiT mobility and ionic
conductivity. In addition, we surmise that more distributed local charges on the POM cluster
are expected to facilitate a weak binding with Li* and to enhance Li* motion. If the excess
charge on the POM cluster is too localized, the framework may exhibit stronger confinement
of LiT, thereby impeding the Li* transport.

5.4 Novel one-fold MOF-688 design

While the framework electrostatics is crucial to the Li* distribution, we note that the solvent
is another important factor regulating the Coulombic interaction. In the MOF-based SSE,
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the solvent participates in the Li™ solvation, dissociating Li* from the intrinsically anionic
frameworks, and making Li* motion less correlated to the frameworks due to electrostatic
screening [221]. To further understand the influence of the solvent content and pore volume
on the ionic conduction, it is necessary to quantitatively measure the amount of PC and its
ratio to the amount of Li*. The apparent Lit concentration in MOF-688(Mn) is computed
to be 2.03 mol L™'. By considering the Li:PC ratio (1:3.54), the effective concentration
that measures the Li concentration in the pore volume is estimated to be > 2.6 mol L™!
[222]. The high Li:PC ratio and the high effective concentration suggest a very high ionic
strength in the material bulk phase. This low content of PC is mainly due to the limited pore
volume resulted from the highly interpenetrated frameworks (Figure 5.4a). Interpenetration
is a fundamental entanglement of MOFs, where two or more independent networks coexist
in the same lattice [223]. The presence of such interpenetrating networks greatly reduces
the pore size and thus the available space for solvents within the MOFs [224]. Therefore,
we propose that decreasing the degree of interpenetration may be an effective approach
to increase the pore volume and hence the amount of available PC solvent in the pores,
thereby decrease the viscosity and ionic strength. To corroborate the hypothetical design,
we modeled a MOF-688(one-fold) structure (Figure 5.4b) which is a non-interpenetrated
derivative of MOF-688(Mn) with a one-fold structure. After the same GCMC equilibration
process, a Li:PC ratio of 1:14.8 is obtained. The apparent and effective Li*T concentrations
are both 0.7 mol L', similar to the common 1.0 mol L~! concentration of conventional
liquid electrolytes. Further analysis of the solvation structure reveals that more than 60%
Li" ions are fully solvated by PC. The boost in solvent-separated Li* is especially favorable
for the uncorrelated Lit diffusion in electrolytes [211]. Using the same methods, the GK
and NE conductivities of MOF-688(one-fold) are calculated to be 1.58 mS cm™! and 1.74
mS cm~ !, respectively. The theoretical prediction is nearly one order of magnitude higher
than the conductivity of the state-of-art MOF-688(Mn) and approaches the lower bound
of the conductivity range of conventional liquid electrolytes. Furthermore, the introduction
of more PC leads to a different conduction mechanism of the hypothetical MOF-688(one-
fold) from that of MOF-688(Mn). The specific contributions from the tethered and freely
solvated LiT to the total ionic conductivity were calculated using the NE equation and the
self-diffusion coefficients of the Li* in the two states. The obtained values are 0.71 and 1.24
mS cm~! for tethered and freely solvated LiT, respectively. Therefore, despite the minor
discrepancy of their sum to the total NE conductivity due to different statistical treatment,
the ionic conduction in MOF-688(one-fold) can be mainly attributed to the freely solvated
Li* diffusion, facilitating a different ionic conduction mechanism with significantly improved
performance. To actually synthesize MOF-688(one-fold) which has a much larger pore size
than MOF-688(Mn), a very large (at least larger than TBA™) and appropriately matching
template cation is needed to aid the self-assembly of the organic and inorganic building
blocks. We envision that screening methods based on first-principles calculations [225] and
machine learning [226] may help identify suitable template candidates.
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5.5 Conclusions

To summarize, we have investigated the ionic conduction mechanism of MOF-688 and its
derivatives using classical molecular dynamics, grand canonical Monte Carlo, and quantum
chemistry. The main ionic conduction mechanism is identified as solvent-assisted Li hopping
by measuring the ionic conductivity using theories based on different levels of transport
theory approximations. The Li* distribution in the SSE is found to be highly correlated
to the charge distribution on the POM cluster. A hypothetical non-interpenetrated MOF-
688 derivative with an increased pore volume exhibits a significant improvement in ionic
conductivity than the original MOF-688, providing insights into the design rules of the novel
type of SSEs based on intrinsically anionic MOFs.
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Figure A.1 The MD simulation box of (a) 1.0 M LiPFg in EC and (b) 1.0 M LiPFg in EC
with 10% FEC
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Figure A.2 (a) Self-diffusion coeflicients of 1.0 M LiPFg in EC computed from 5 ns and 55
ns MD simulations as compared with NMR experiments (1.0 M LiPFg in EC) from Hayamizu
et al. [137] The error bars of the 5 ns production run represent the standard deviation of
the data collected every 1 ns. (b) Log-log scale plots of mean squared displacement (MSD)
of EC, PF¢~, and Li" in 1.0 M LiPFg in EC show the slope of 1 indicating diffusive regime
within 5 ns.

We obtained 55 ns trajectories for 1.0 M LiPFg in EC solution. Figure A.2a shows
the comparison of diffusion coefficient obtained from 5 ns and 55 ns trajectory with the
diffusion coefficients obtained from NMR experiments. The difference between simulation
and experiment is within one order of magnitude, which is within acceptable agreement
considering the non-polarizable force field used in this work.! The Nernst-Einstein relation
was used to measure the diffusion coefficient from the mean squared displacement of atoms.
The resulting coefficient is fitted from a least squares minimization for a straight line for a
time period in the diffusion regime and then averaged over two independent realizations of
the same system. Single particle dynamics obtained from mean square displacement (MSD)
can be divided into three regimes (1) ballistic at short timescales when the ions have not
interacted much with their neighbors (MSD o< #?) (2) subdiffusive at intermediate times
where ions rattle inside a cage formed by their neighbors (MSD o t*, 0 < a < 1), and when
the ions escape from these cages, they reach the diffusive or Fickian regime at increased
timescales (MSD oc t). In this work we only captured the behavior in the diffusive regime.?
Figure S2b shows the log-log plot of MSD obtained from 5 ns production run. It can be seen
that the MSD is proportional to ¢ with slope = 1, suggesting that the diffusion coefficients
reported in Figure 3.3 in the main text is obtained from the diffusive regime.

'Rajput N.N., Murugesan V., Shin Y., Han K.S., Lau K.C., Chen J., Liu J., Curtiss L.A., Mueller K.T.
& Persson K.A. Elucidating the Solvation Structure and Dynamics of Lithium Polysulfides Resulting from
Competitive Salt and Solvent Interactions. Chemistry of Materials 29, 3375-3379 (2017).

2Del Pépolo M.G. & Voth G.A. On the Structure and Dynamics of Ionic Liquids. The Journal of Physical
Chemistry B 108, 1744-1752 (2004).
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Figure A.3 The snapshot of the simulation box of 1.0 M LiPFg in EC at 10 ns.
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Figure A.4 Radial distribution function g(r) and the corresponding integrals (a, b) 1.0 M
LiPFg in EC with 5% FEC, (¢, d) 1.2 M LiPFg in EC, (e, f) 1.2 M LiPFg in EC with 5%
FEC, and (g, h) 1.2 M LiPFg in EC with 10% FEC.
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Table A.1 The most probable distance (D) and peak height for Li-X pairs (X = O(EC),
F(PF¢™), O(FEC)) in their corresponding RDFs.

Li-O(EC) Li-F(PFs~)  Li-O(FEQ)

Peak Peak Peak
D (4) height b (A) height D(A) height

1.0M EC 2.08 4248  2.11 0.96
1.0M EC w/ 5%FEC  2.09 4397  2.11 1.07 2.12 13.90
1.0M EC w/ 10%FEC 2.08 45.68  2.08 2.24 2.12 12.90
1.2M EC 2.08 4277 2.09 1.62
1.2M EC w/ 5%FEC  2.08 43.89 2.14 2.11 2.12 14.03
1.2M EC w/ 10%FEC 2.08 45.66  2.09 2.44 2.11 14.57

Electrolyte

Table A.2 The coordination number of Li-X pairs (X = O(EC), F(PF¢™), Li, P(PFs7)),
and total coordination number

Coordination number

O(EC) P(PFs~) F(PFg~) Total

Temperature (K)

298 5.84 0.06 0.07 9.90
330 5.74 0.09 0.15 5.83
350 2.57 0.17 0.33 5.74

400 5.23 0.25 0.45 5.48
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Figure A.5 The mean squared displacement (MSD) of the electrolyte components in (a)
1.0 M LiPFg in pure EC, (b) 1.0 M LiPFg in EC with 5% FEC, (c) 1.0 M LiPFg in EC with
10% FEC, (d) 1.2 M LiPFg in pure EC, (e) 1.2 M LiPFg in EC with 5% FEC, and (f) 1.2
M LiPFg in EC with 10% FEC.
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Figure A.6 The full IR spectra obtained from experiments for (a) EC electrolyte and (b)
EC electrolyte with 10% FEC, with and without LiPFg salt.
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Figure A.7 Calculated FTIR spectra of the C=0 breathing band of EC electrolyte with
10% FEC.
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Figure A.8 Measured FTIR spectra of P-F stretching band of 1.0 M LiPFg in EC, and 1.0
M LiPFg in EC with 10% FEC.
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Figure A.9 Measured FTIR spectra of the C=0 bond stretching band of (a) EC electrolyte,
and (b) EC electrolyte with 10% FEC.
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Figure A.10 Figure S10. Measured FTIR spectra of ring breathing band of (a) EC elec-
trolyte, and (b) EC electrolyte with 10% FEC.
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The MD simulation box

Figure B.1 The MD simulation box of the Gen2 electrolyte.
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Detailed solvation structure population

Table B.1 The detailed population of species in the four electrolytes.

Table B.2 The detailed solvent-specific solvation numbers of the four electrolytes.

Electrolyte SSIP CIP AGG
EC-base  90.1%+ 1.0% 9.2%=+ 0.9% 0.7% £ 0.4%
ECF 87.5%+ 0.9% 11.2%+ 1.0% 1.3% + 0.4%
Gen2 35.6%+ 0.9% 33.3%+ 1.3% 31.1%+£ 0.8%
GenF 38.4%+ 2.1% 32.9%=£ 0.8% 28.7%=+ 1.9%

Electrolyte Solvent /salt SSIP CIP AGG
EC LiPFg 0 (by definition) 1 (by definition) 1.487+0.068
EC 5.897£0.003 4.715£0.013 4.216£0.099
LiPFg 0 (by definition) 1 (by definition) 1.46140.063
ECF EC 5.6531+0.018 4.535+0.038 4.002+0.100
FEC 0.2344+0.016 0.177+0.025 0.152+0.061
LiPFg 0 (by definition) 1 (by definition) 1.416+0.019
Gen2 EC 2.642+0.027 1.49240.020 1.19940.017
EMC 3.028+0.030 2.970+£0.028 2.838+0.022
LiPFg 0 (by definition) 1 (by definition) 1.4434+0.020
GonF EC 2.381+0.056 1.407£0.018 1.115+£0.023
¢ EMC 2.96610.034 2.8844+0.016  2.75140.016
FEC 0.331£0.022 0.201£0.032 0.140£0.015
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Figure B.2 AGG species in the Gen2 electrolyte. Among the 31.4% of the AGG species,
9% are AGG1 (positive triple ions) with two Li* and one PFg~. Meanwhile, the AGG2
structure with neutral charge and the AGG3 (negative triple ions) structure account for
8% and 7%, respectively. The remaining 7% consists of AGG4, AGG5, and other larger
structures. Subsequently, while the EC electrolyte has a much higher SSIP ratio than the
Gen2 electrolyte, more than half of the AGG species in the Gen2 electrolyte narrow the gap
of the proportion of ionically conductive solvation species.
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The linear diffusion behavior
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Figure B.3 The linear diffusion behavior of four duplicate runs of the EC-base electrolyte
required to calculate (a) self-diffusion coefficients, and (b) ionic conductivity. A slope of
one (corresponding to linear data on a log-log plot) is indicated on each plot. The effective
“mean square displacement” on the y-axis of panel (b) is the quantity in angular brackets
in equation 2.25.
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Sample trajectories
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Figure B.4 Sample trajectory of Li-PFg coordination distance as a function of time in (a)
EC-base electrolyte, and (b) Gen2 electrolyte. A cutoff distance of 5 A is used to differentiate

CIP and SSIP.

Figure B.4 presents the Li-PFg coordination distance as a function of time in the EC-
base and Gen2 electrolyte. The two sets of trajectories are sampled from one LiT over a long
period (25 ns) of MD simulations. The Li*-PFg~ pair in the Gen2 electrolyte coordinates

with each other for a longer period of time.
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Optimized solvation structures

Li*-(EMC),(EC), PF¢" Li*-(EMC),(EC); PF¢

Figure B.5 The optimized structures for calculating the anion—solvent exchange free en-
ergy. The red, grey, white, cyan, orange, and purple balls denote oxygen, carbon, hydrogen,
fluorine, phosphorus, and lithium, respectively.
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Figure B.6 Optimized geometries before and after reduction of (a-b) LiT—EMC, (c-d)
Lit-EC, (e-f) Lit—(EC)3(EMC)3, (g-h) Li*-FEC, and (i-j) Li*—(EC)o(EMC)3(FEC). The
red, cream, white, green, and purple colors denote oxygen, carbon, hydrogen, fluorine, and
lithium, respectively.
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Binding energy decomposition

PF,~ LI"fEMC PF,~ LI*EC

Figure B.7 Two groups of clusters (a) [Li"EC]...PFs~ (Ep1), and (b) [LiTEMC]. .. [PFs7]
(Epz), for the binding energy decomposition using ALMO-EDA (solv). The red, cream, white,
green, orange, and purple colors denote oxygen, carbon, hydrogen, fluorine, phosphorus, and
lithium, respectively.

The ALMO-EDA((solv) was performed on the binding energy of [LiTEC]...PFg~ (Ep;)
and [LiTEMC]...[PFs7] (Epg), respectively (ellipsis denotes the binding of two clusters),
as shown in Figure B.7, B.8. The electrostatic energy dominates the attractive terms in
both Ey; and Eyy, which is consistent with the fact that ion coordination is governed by
the electrostatic interaction. The difference between Ey and Ey (AE, = Eyp — Ey) is
computed to be —10.7 kJ mol™!, which agrees well with the difference in the anion-solvent
exchange free energy as shown in the main text, Table 4.1. We note that the electrostatic
energy contributes 63% of the attractive terms in AFEj, providing a direct measurement of
the energy difference of the electrostatic characterizations of EC and EMC.
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Figure B.8 The binding energy decomposition analysis (EDA) of [LiTEC]...PFs~ (Eu),
[LiITEMC]... [PFs~] (Ep2) and their difference into contributions from permanent electro-
statics (ELEC), Pauli repulsion (PAULI), dispersion (DISP), polarization (POL), and charge
transfer (CT).
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Experimental measurements raw data

Table B.3 The amount of the salt and solvents used for preparing the four electrolytes for
ionic conductivity measurement.

Electrolyte LiPFg mass EC mass EMC volume FEC volume

EC-base 2g 13.80 g - -
ECF 2¢g 1242 ¢ - 1.14 ml
Gen2 2g 3.52¢g 8.17 ml -
GenF 2g 317 ¢g 7.40 ml 0.87 ml

Table B.4 Measured ionic conductivities at room temperature and corresponding corrected
values at 25 °C.

Measurement 1 Measurement 2 Corrected value at 25 °C
(mS cm™1) (mS ecm™1) (mS cm™1)

EC-base  9.964 (34.7 °C) 9.539 (30.8 °C) 8.91
ECF 8847 (31.7°C) 8.703 (29.8 °C) 8.33

( ) ( )

( ) ( )

Electrolyte

Gen2 10.62 (33.3 °C) 10.38 (30.9 °C 9.79
GenF 10.75 (32.3 °C) 10.55 (29.9 °C 10.14
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Ionic conductivity calculation using the conventional method
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Figure B.9 The calculated ionic conductivities of the EC-base, ECF, Gen2, and GenF
electrolytes using Green—Kubo relations (GK) and Nernst—Einstein equation (NE), and the
corresponding ratios of solvent separated ion pair (SSIP).

The conventional approach is to assume that the anions and cations are mostly dissociated
in the electrolyte, and therefore, the conductivity can be calculated using the Nernst—Einstein
equation (NE) from the diffusivity of Lit:

2
ONE — ﬁ(0+2+2D+ + C_Z_QD_), (Bl)

where oyg is the ionic conductivity, F' is the Faraday constant, R is the gas constant,
T is temperature, ¢, and c_ are the bulk molar concentrations of the cation and anion,
z, and z_ are the charge of the cation and anion, and D, and D_ are the self-diffusivities
of the cation and anion. Here, we compare the conductivity calculated using Green—Kubo
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relations (o, used in this work) and Nernst—Einstein equation (oyg, conventional) of the
four electrolyte systems. The electrolytes are in the descending order of the corresponding
percentage of solvent separated ion pair (SSIP), which reflects the degree of salt dissociation
in the electrolytes. As the SSIP percentage decreases, the deviation between oyg and ogx
becomes larger. For the EC-base electrolyte, where most cations are dissociated with anions
to form SSIP, o is only 9% higher than ogg. In contrast, in the Gen2 electrolyte, where
only 35.6% of Li™ ions are fully dissociated, oy g overestimates the conductivity by more than
40%. This observation indicates that for highly associated mixed carbonate electrolytes, a
rigorous calculation using Green—Kubo relations is important for obtaining a correct trend
of the ionic conductivity.
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Validation of the force field

To further validate the OPLS-AA force field for the specific systems that we investigated
in our MD simulations. Here, using the EC solvent as an example, we benchmarked the
force field parameters against two key properties, the enthalpy of vaporization and the zero-
frequency permittivity, which are both experimentally available. The enthalpy of vaporiza-
tion can be calculated by

AHyup = AHyy = MHigguia = Bl — B2 + RT (B2)
where, Eéi%d is the total potential energy or internal energy of the liquid. It was obtained
from NPT simulation of the bulk liquid. An average pressure of 1 bar was applied. EY°,
is the internal energy of the gas phase. EI " was obtained by doing NVT simulation of
single molecule in vacuum. PV-work term was calculated using the RT term by assuming
noninteracting ideal state for the gas phase. A value of 62.39 kJ mol~! (313 K) for enthalpy
of vaporization was obtained using simulations, which is close to the experimental value of
60.3 kJ mol~! (383 K). The zero-frequency permittivity can be calculated via the fluctuation
dissipation theorem (FDT) according to the following relationship

(M?) — (M)

r=1
o S Tk

(B.3)
where M is the dipole moment of the system and ¢q is the permittivity of free space. A value
of €y 88.1 (313 K) was obtained for EC, which agrees well with the experimental value of
89.8 (298 K).

Therefore, we have shown that the OPLS-AA force field utilized in this work can effec-
tively reproduce the key experimental properties of the bulk solvents.

The validity of the force field is further assessed by comparing the electrostatic poten-
tial contour maps of EC and EMC obtained from quantum chemistry and the fitted RESP
charges. Using the fitted RESP charges, the electrostatic potential at point i can be calcu-

lated by:
kq;
V; = —=J B.4
> B

where Vi is the electrostatic potential at point i, qj is the partial charge of each atom in the
molecule, k is the Coulomb constant, rij is the distance between point i and atom j, € is the
dielectric constant of the electrolyte where a value of 20.493 is used to match the quantum
chemical calculation.

Comparing Figure B.10 with main text Figure 4.3a, b, the electrostatic potential cal-
culated from the quantum chemistry and partial charges of the MD force field are almost
identical. This observation illustrates that our fitted RESP partial charges can effectively re-
produce the actual electrostatic potential as obtained from quantum chemistry. In addition,
the result further validates the OPLS-AA force field utilized in our MD simulation.
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o |

Figure B.10 The electrostatic potential contour maps of (a) EC, (b) EMC calculated from
the fitted RESP charges in the chosen molecular dynamics force field. The electrostatic
potential is truncated with a cutoff distance of 1.5 A to avoid infinite potential values at
point charge centers. The slice is across the carbonyl plane. Red, blue, and white colors
represent the least positive (or most negative), most positive and intermediate electrostatic
potential, respectively. The color bar shows the values of the electrostatic potential in volts.
The connections between atoms represent chemical bonding or Li* coordination.
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Figure C.1 Experimental and calculated ionic conductivity as a function of temperature
from —40 to 60 °C at 10 °C intervals.
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Figure C.2 Front view of the electrostatic potential (ESP) surface of the MOF-688(Al)
POM cluster. The color bar is the same as the main text Figure 5.3.
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Figure C.3 Top view of the electrostatic potential (ESP) surface of the MOF-688(Al) POM
cluster. The color bar is the same as the main text Figure 5.3.





