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Abstract

It is difficult to imagine modern life without batteries: they are present in our mobile phones, laptop
computers, automotive vehicles, and even more vital devices, such as pacemakers. Most of these gadgets
are powered by lithium (Li) ion batteries, in part due to their high voltage window and relative longevity.
While this technology has had major successes, at the current rate of progress, it is unlikely to meet
the mid-century global demands related to full de-carbonization and interruption of use of fossil fuels
for transportation and energy generation. The replacement of currently used anodes by Li metal is
one of the most promising puzzle pieces involved in the solution to this problem. However, a myriad
of obstacles hinders its commercialization, many of which are related to phenomena happening at the
interface between the anode and the electrolyte.

In this thesis, some of the interfaces present in Li-ion and Li-metal batteries are explored. From
a purely mathematical standpoint, interfaces are simply two-dimensional (2D) constructs. However, in
real materials, their properties are determined by the atomic structure in their vicinity, thus making
them more akin to 2.5D systems. Given the high complexity of such interfacial structures, this thesis is
organized in a bottom-up approach. First, we study the possibility of using twisted bilayer graphene, a
novel material that, similar to interfaces, can be described as being 2.5D, for electrochemical applications,
including Li-ion technologies. Next, some of the interface-related issues that plague Li-ion and Li-metal
batteries are scrutinized. Among them, this work focuses on the formation and growth of dendrites, on
the ionic conductivity of components of the solid electrolyte interphase (SEI), and on the development
of surface voids and pits during the discharge process. Using a well-established electrodeposition model
for solid electrolytes, a carefully engineered polymer composite separator is conceptualized to harness
advantageous properties of its components at the interfaces between these materials. Battery cells with
this composite are tested and revealed to fully prevent dendrite growth. The synergistic interaction be-
tween two of the most common SEI components is also probed, and the interface between them is shown
to significantly enhance the conduction of charge carriers, thus opening pathways for further engineer-
ing of the SEI. By combining first-principles methods with thermodynamic modeling, the importance
of considering explicit interfaces in ab-initio calculations is highlighted in the context of void and pit
formation. Excellent agreement between our modeling techniques and experimental results was achieved
in all-solid-state symmetric cells containing interlayer materials. We also investigate the importance of
current collector selection for ensuring high-power outage from anode free batteries at low values of state-
of-charge. Finally, the impacts that halogen doping can have on surface energy and particle shape of a
promising material for alkaline batteries is inspected, and the effect that dopant choice and concentration

can have on unstable decomposition is elucidated.
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Chapter 1

Introduction

Over the last three decades, batteries have become an essential component of daily life, from powering
portable electronic devices, including mobile phones and laptop computers, to rising as the strongest con-
tenders to replace internal combustion engines. Besides offering critical aid to the electrification of trans-
portation, they provide further means to address climate change by enabling energy storage from intermittent
renewable sources, such as solar or wind. In the last 150 years, the energy density of batteries has increased
6-fold [1], averaging an approximate 1.2% annual growth. More recently, thanks in part to heavy private
and public investments in the field, this growth rate has reached values of 7-8% per year.

Despite such significant progress, at the current pace, energy storage technologies risk not being able
to meet projected global demands at mid-century, a time stipulated by most nations to halt their use of
fossil fuels for transportation and for energy generation. While being wide-spread and presenting several
advantageous characteristics — including versatility and a large voltage window — current lithium (Li) ion
battery technology is insufficient for the electrification of long-haul trucks, [2] vertical take-off and landing
(eVTOL) aircraft, [3] and regional and narrow-body aircraft, [4, 5] all of which require a much higher specific
energy, longer cycle lives, and lower costs. The use of lithium metal anodes is generally regarded as the
most promising alternative to meet these targets, [6, 7, 8] but its commercialization remains impractical due
to several technical hurdles, such as interfacial instability, limited Coulombic efficiency, and uncontrollable
growth of dendrites and pits. Many of these issues stem from the myriad of processes that can take place
at interfaces between different materials, especially at the anode surface and its vicinity. [9, 10, 11, 12]
This Chapter summarizes the fundamentals of Li-ion and Li metal batteries, as well as some of their main

components and limitations.
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Figure 1.1: Schematic of a typical Li-ion battery [13]. The cathode is separated from the anode by an
electrolyte. During discharge, Li ions (LiT) move from the anode to the cathode through the electrolyte,
while electrons move in the same direction via the external circuit. During charging, Li ions move from
the cathode to the anode through the electrolyte, with electrons moving in the same direction through the
external circuit.

1.1 Lithium Ion and Lithium Metal Batteries

Lithium ion (Li-ion) batteries consist of three main components: a positive electrode (cathode), usually
a lithiated transition metal oxide, such as LiCoOs or LiMnOs, a negative electrode (anode), commonly
graphite, and and lithium-conducting electrolyte, which in most commercial applications consists of an
organic liquid solution. A diagram of a typical Li-ion battery is shown in Figure 1.1. [13]

During operation, Li ions (Li+) move from one electrode to the other via the electrolyte, while electrons
go in the same direction, but through an external circuit. This direction of motion is from the anode to the
cathode during discharge, and reversed during charging. Using a graphite anode as an example, the overall

reactions occurring are:

oLit 4+ 2ze” + Li;_,MOy = LiMO, (1.1)

Li,Ce = aLit + ze™ + Cg, (1.2)

where M indicates a transition metal and 0 < x < 1. While discharging, « continuously decreases, and,
while charging, the opposite happens.
Commercially employed Li-ion batteries have a gravimetric energy density of 250 Wh/kg and a volumetric

energy density of 650 Wh/L, [14, 15] with a cycle life of around 1000 cycles. Current targets for electrification
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of transportation established by the United States Department of Energy are of batteries with 500 Wh/kg
and 800 Wh/L for gravimetric and volumetric energy density respectively. While the overall energy density
of Li-ion batteries has been increasing in the last few years, most of this progress is due to the development
of high voltage cathodes, such as layered LiNi; Mn, Co, O (NMC), which tend to present issues associated
with electrolyte degradation, poor ionic and electronic conductivity, and dissolution of Ni and Mn. The
anode of these new batteries, however, remains graphite in most cases.

Due to its advantageous properties, among which are high specific and volumetric capacity (372 mAh/g
and 719 Ah/L respectively), good thermal stability, low irreversible capacity, low cost, high Coulombic
efficiency, and low volume expansion during operation, graphite has become the established anode in Li-ion
batteries. However, as discussed previously, graphite-based battery technology is unlikely to meet the high
demands necessary for full electrification of transportation (particularly aviation), and its substitution by Li
metal anodes seems the most promising option: Li metal anodes have a specific capacity of 3860 mAh/g, the
highest among anode materials, as well as the lowest negative electrochemical potential (-3.04 V vs. standard
hydrogen electrode) [6, 7, 8]. While they can be used in conjunction with current transition metal cathodes,
additional gains in theoretical energy density (>1000 Wh/kg) can be achieved by coupling Li metal with
other cathode materials based on sulfur (Li-S) or oxygen (Li-Og).

Among the major factors that prevent widespread adoption and commercialization of Li metal batteries
with current state-of-the-art liquid electrolytes is the inherent instability of the Li metal surface during
charging leading to growth of dendrites [16, 17]. During charging, Li ions from the cathode migrate towards
the anode and get electrodeposited (as opposed to intercalated in the case of graphite). This electrodeposition
on Li metal is generally unstable against perturbations in the metallic surface, exacerbating any unevenness
on it: surface peaks evolve into large fractal-like structures called dendrites, which can grow, penetrate,
or infiltrate through the electrolyte and reach the cathode, causing an internal short circuit. Additionally,
growth of dendrites increases the overall surface area of metallic Li exposed to electrolyte, which leads to
further electrolyte decomposition and consumption of Li inventory, thus drastically impacting the battery’s
Coulombic efficiency. The dendrites can also break off from the anode and stop participating in cycling, a
problem known as dead Li. Another issue involves the theoretically infinite volume expansion that Li metal
anodes can present, which can cause particles on the anode surface to crack and further capacity loss. These
issues are represented in Figure 1.2. [17]

Some of the alternatives currently being pursued to mitigate the dendritic growth on Li metal batter-
ies involve the design of novel additives in liquid electrolytes [18, 19, 20, 21, 22, 23, 24], surface nanos-
tructuring [25, 26], modified charging protocols [27, 28], artificial solid electrolyte interphase or protective
coatings [29, 30, 31], polymers [32, 33, 34, 8] or inorganic solid electrolytes. [8, 35, 36, 37, 38]
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Figure 1.2: Diagram of issues associated with the use of Li metal anode with liquid electrolytes. [17]

1.2 Electrolytes in Lithium Ion Batteries

The electrolyte separates the anode from the cathode. The two main functions of an electrolyte material
are transporting Li ions during battery operation, and preventing electron migration through the inside
of the battery, forcing electrons to move through an external circuit. Thus, an electrolyte needs to have
high ionic conductivity, while also being an electronic insulator. Besides these fundamental requirements,
an electrolyte also needs to perform over a wide range of temperatures, and form a stable interface with
the electrodes. Generally, electrolytes are classified into different categories, the most common ones being

organic liquid electrolytes, inorganic solid electrolytes and organic solid electrolytes (polymers).

1.2.1 Electrolyte Classification
Organic Liquid Electrolytes

Usually a mixture of a carbonate, like ethylene carbonate, and a Li-based salt, such as LiPFg, organic
electrolytes have a high ionic conductivity and stability [13], making them the most commonly used type of
electrolyte in Li-ion batteries. However, when paired with a Li metal anode, they are particular vulnerable
to suffer from dendrite growth. While not the focus of this thesis, some of their decomposition products at

the anode side will be discussed in Chapters 3 and 4.

Inorganic Solid Electrolytes

Unlike organic liquid electrolytes, solid electrolytes are not flammable, thus being less of a safety hazard.
They also tend to have better electrochemical, mechanical, and thermal stability, allowing for longer cycle

lives. [37] Their main drawback has been a subpar ionic conductivity, but, more recently, several classes of
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solid state superionic conductors like thiophosphates [39, 40], antiperovskites [41, 42] and garnets [43, 44]
have been discovered. Solid electrolytes, due to their high mechanical strength, also present a possibility of

preventing dendrite growth under certain conditions. [8, 45]

Organic Solid Electrolytes (Polymers)

Some of the most commonly studied polymers include PEO, PEG, PS, PAN, which, due to their high shear
modulus, have dendrite suppressing capabilities. [46] However, similar to inorganic solid electrolytes, but to

a higher extent, organic solid electrolytes suffer from poor ionic conductivity.

1.2.2 Electrolyte Decomposition

Generally, liquid and solid electrolytes tend to be unstable against the reducing potential of Li battery
anodes, regardless of whether the anode material is graphite or metallic lithium. [12, 47] Therefore, upon
contact with the negative electrode, electrolytes undergo redox reactions. The products of these reactions
compose the solid electrolyte interphase (SEI), a non-homogenours, multicomponent, passivating thin film
that prevents further electrolyte decomposition. [12, 48] The SEI is generally regarded as a “mosaic” of
materials, [49] as shown in Figure 1.3. Because of its Li-ion conducting and electronically insulating nature,
the SEI does not hinder normal battery operation, instead behaving akin to a solid electrolyte. Despite the
irreversible capacity loss associated with its formation and the impacts it can have on critical aspects like
safety, efficiency, and cycle life of battery cells, [48] the SEI remains, in the words of Dr. Martin Winter,

“one of the most important, yet least understood,” battery components. [50]

C= Li,CO;3
D= Polyolefins
E= Semicarbonotes

Figure 1.3: Mosaid model of the SEI proposed by Peled et al. [49] The most common inorganic products of
the electrolyte decomposition reactions are Li»O, LiF, and LioCOg
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1.3 The Role of Interfaces

As discussed in the previous sections, the use of Li metal anodes is paramount for achieving the demands
of several critical sectors, including ground and aerial transportation. With current liquid electrolytes, the
main issue plaguing the use of metallic Li as anode is the formation and growth of dendrites. Inorganic solid
state electrolytes are the most promising alternative to solving this problem, but they also have shortcomings
that need to be addressed, some of which are summarized in Figure 1.4 [51] and will be elaborated further

in Chapters 3 and 4.
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Figure 1.4: Summary of the various failure mechanisms that can occur in an inorganic-based all-solid-state
Li metal battery (ASSLMB). [51]

While some of these failure mechanisms are not exclusive to all-solid-state Li metal batteries (ASSLMB),
they all happen at the anode-electrolyte interface, or in its vicinity. These solid-solid interfaces are the
focus of this work. Note that interfaces between three-dimensional (3D) materials are neither fully 3D nor
just two-dimensional (2D), but rather something in between, colloquially referred to as 2.5D. Therefore,
in order to properly understand them, this thesis examines a first-principles informed analysis of twisted
bilayer graphene, a 2.5D material (Chapter 2), and then covers different interfaces in Li-ion and Li metal
batteries (Chapters 3, 4, and 5). At the end, the focus is shifted to ways in which the knowledge gained
in these past studies can be applied in future research projects involving solid-solid interfaces for battery

technologies (Chapter 6).



Chapter 2

Lithium Intercalation in Bilayer Graphene

When atomically-thin two-dimensional (2D) layers of materials, similar to the ones covered in Appendix B,
are stacked on top of one another and held together by weak van der Waals interactions, they can give rise
to a slew of new properties [52, 53, 54, 55, 56, 57]. These aptly named van der Waals structures can form
bulk three-dimensional (3D) structures, such as graphite, but, if the number of stacked layers is relatively
small, they can be considered as 2.5D, a hybrid between 3D and 2D. Ion intercalation between the stacks of
atomic-layers in van der Waals structures was one of the pioneering discoveries by M. Stanley Whittingham
that enabled the rechargeable Li-ion battery revolution, [58] and granted him, John B. Goodenough, and
Akira Yoshino the 2019 Nobel Prize in Chemistry.

The layers in van der Waals structures can be rotated with regards to one another and form Moiré
superlattices, [59, 60, 61, 62] whose periodicity scales in an inversely proportional manner to the rotation,
or twist, angle. Additional alluring properties can develop from the variation of local atomic environments
present in such Moiré lattices, such as the emergence of flat bands and superconductivity in magic-angle
graphene. [63, 64]

Small atoms and molecules can be employed to investigate the energy landscape of these structures. [65,
66, 67] Of particular relevance is lithium intercalation in graphene layers, given its importance in current
state-of-the-art battery anodes. [68, 69] Larson et al. [70] have already probed the energetics of lithium
intercalation in high-angle (2 2.5°) twisted bilayer graphene. However, the large size of the Moiré unit cells
at smaller angles makes the computational cost of similar first-principles investigations in these structures
prohibitive, and alternative approaches are needed. In this Chapter, a thermodynamic model is developed
to study intercalation in low-angle twisted bilayers, based on values obtained with first-principles predictions
from DFT. It is used to evaluate the maximum lithium loading in such materials, as well as the ‘equilibrium’

voltage profile during cycling. The dependence between twist angle, total lithium concentration, and the
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distribution of lithium over different stacking regimes is also examined.

2.1 Thermodynamic Modeling

When two AA stacked graphene layers are twisted, they naturally undergo local strain to form low energy
regions of AA and AB stacking [71]. Assuming that the twist angle is held fixed such that lithium insertion
between the two layers is unlikely to induce further structural deformations, it is expected that intercalation
will yield an non-uniform lithium distribution across the bilayer.

First, note that, while in lithiated graphite Li, Cg, maximum lithium loading happens when x = 1, a fully
loaded bilayer system will have composition LiCys, or, equivalently, Lip 5Cg. However, given the symmetry
of the bilayer system, only one of the layers needs to be considered. In this case, the maximum loading
composition would once again be LiCg.

It is then necessary to predict what the relative lithium fractions in the AA and AB regions, x4 and
x g, respectively, would be for a given a total intercalation content of z (Li;Cg) in a monolayer. For that
purpose, suppose that each layer has a total of N carbon atoms, of which N4 are in regions of AA stacking,
and Np are regions of AB stacking. Since it is assumed that no lithium intercalation takes place in the
high energy AA-to-AB and AB-to-BA transition regions, we have N = N4 + Np. For simplicity, denote
a = N4 /N the fraction of the carbon atoms that are in AA regions of the bilayer.

Let Ahy and Ahp be the per lithium atom intercalation energy in AA and AB regions, respectively. The
reference states for this calculation are metallic lithium and a pristine twisted bilayer structure. Therefore,
under the dilute limit assumption, in which the lithium atoms do not interact with each other, the values of

Ahy4 and Ahp can be calculated, for each of AA and AB regions, by the following simple relation [68]:
szhz, intercalation = hLimiCG - th - xihLi (21)

Owing to the negligible contributions of pressure and volume to these enthalpy values [72], they can
be equated to the corresponding internal energy values, which are be obtained from DFT. The projector
augmented wave (PAW) method as implemented in the GPAW [73] Python package, coupled with the
Bayesian error estimation functional (BEEF-vdW) [74], which accounts for van der Waals interactions, was
used to obtain the values of Ahy = —0.217 eV and Ahp = —0.017 eV. As expected, AA intercalation is
more favorable than AB [75, 76] by approximately 0.2 eV per atom. An important consideration is that the
intercalation energies in AA and AB regions were calculated under the assumption that the local environment
in the neighborhood of the intercalation site is exactly equivalent to that of a un-twisted bilayer system with

the corresponding stacking regime.
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As stated above, these enthalpy change values are valid in the dilute case, where interaction between
lithium atoms is negligible. However, as more intercalation happens, sites with lithium start to interact in
an electrostatic manner. [68] Using a mean-field, regular solution based approach to account for that, the

enthalpy change for an occupied site becomes
z
Ahz = Ahi, intercalation 1 §miAhi, interaction (22)

where z = 6 is total number of neighboring sites, x; is the filling fraction of the region, and Ah;, interaction 1S
the interaction energy. The factor of 2 in the denominator comes from the assumption that the interaction
energy is equally shared between occupied sites. Values of Ahy interaction = ARB interaction = 0.05 €V are
within an acceptable range. [68]

From this, we can calculate the total enthalpy change for a specific configuration as

N N,
AH(za,zB) = ?AwAAhA + ?BzBAhB
z

N
AH(xA, QEB) = g [OATA (AhA,intercalation + 2

xAAhA,interaction) + (23)
z
+(1 - Q)IB (AhB,intercalation + ixBAhB,interaction>:|

Normalizing this enthalpy by the total number of carbon atoms in a layer N gives

1 z
Ah(xA» xB) = 6 [Oé.’EA (AhA,intercalation + ixAAhA,interaction) + (24)
z
+(1 - a)IB (AhB,intercalation + izBAhB,interaction)}

Besides enthalpy, entropic contributions are also needed in order to fully account for the change in
Gibbs free energy related to intercalation. Since it is assumed that no major structural change takes place
upon lithiation, it is valid consider only configurational entropy, given by S = kplog(f2), where kp is the

Boltzmann constant and €2 is the number of microstates. For a given pair of intercalation loadings x4 and

Q(za,75) = (NN> x <NN> (2.5)

6 6
Using Stirling’s approximation [In(N!) ~ N In(N) — N], the entropy change can be rewritten as:

B,

Ny Np
X X = O, 6 O, 6
AS(za,xB) k3<1g[(w> + log <N3618>1>
- —k;B%{oz [walog(za) + (1—2.4)log(1 — 2.4)] + (2.6)

(1 —a)[zplog(zp) + (1 —zp)log(l — )]}

After a simple normalization by the total number of carbon atoms in a layer s(za,zp) = S(za,zp5)/N,

the change in specific Gibbs free energy is simply

Ag(xa,zp) = Ah(xa,z5) — TAs(xa,xB) (2.7)
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In this manner, it becomes trivial to find, for a given value of total lithium content z, what pair of values
x4 and xp minimizes Ag, under the constraint that Nox = Naxa + Ngxpg.

Applying the hyperbolic tangent based fit show in Figure 2.1 to the data from Figure 4b in Zhang and
Tadmor [71] and Table 1 in Larson et al. [70], it is possible to estimate the diameter of the AA zones as a

function of the initial twist angle of the structures. The distance between the centers of said regions is given

by [59, 71, 77]:

L) = 251;/?5/2) ~ \/9§a7 (2.8)

where a = 1.42 A is the graphene bond length and 6 is the twist angle. Denoting the diameter of the AA
regions by da4(0), and recalling that the Moiré lattice of the twisted bilayer is hexagonal, we can obtain the

fraction of the bilayer made up of AA stacking regions, shown in Figure 2.2, using

m dAA(e)}Q
)= ——- 2.9
alt) = 57 |4 (29)
30F
<
w
= 20}
©
©
c
2
o !
é’ 10 == This work
B Zhang et al.
OL . : .
0 1 2 3

Initial twist 6o [°]

Figure 2.1: Fit used for determining radius of AA regions as a function of bilayer twist angle.
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Figure 2.2: AA prevalence as a function of twist angle.
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After calculating the Gibbs free energy as a function of twist angle and lithium concentration, it is

possible to compute the variation in the potential profile during intercalation and deintercalation from [68]:

AG(Liz, C12) — AG(Liz, C12) 0
V=- =—6—
T — X ox

(AG)min (2.10)

Note that, here, a factor of 6 needs to be introduced because Ag calculated as in Equation 2.7 is normalized
by the total number of carbon atoms N, while z is normalized by N/6. Additionally, the derivative on

Equation 2.10 needs to be taken along the path that minimizes (Ag)min.

2.2 Intercalation Behavior

For a twist angle of # = 1.1° and temperature of 300 K, the contour plot of Ag is shown in Figure 2.3(a)
as a function of the total lithium loading fraction, x, and the loading in the AA regions, z4. The blue
line indicates the optimal loading distribution, which minimizes the value of Ag for a given total loading .
The red dot corresponds to the global minimum of Ag: the maximum value of x which makes intercalation
favorable; any attempts at further lithium intercalation without any applied overpotential will result in
lithium plating rather than intercalation. Figures 2.3(b) and (c¢) show the optimal intercalation in AA and
AB regions as a function of total lithium loading z for different values of twist angle. Note that, for a twist
angle of 6§ = 0°, the structure becomes fully AA stacked, and, thus, no intercalation can take place in AB.
Additionally, since AA and AB regions are treated independently, it is clear that the values of x4 and xp
that yield a global minimum in Ag are fixed at ~ 0.65 and ~ 0.20, respectively. However, the rate at which
this minimum is attained as a function of the total loading is related to the fraction of carbon atoms in AA
regions, «(f), and, thus, dependent on the twist angle.

As intercalation begins, and regardless of twist angle, the AA regions of the bilayer system will always be
more loaded than the AB regions, a similar prediction to that by Larson et al. [70]. This is to be expected,
since Ahy intercalation < AhBiintercalation and Aha interaction = AR interaction- The maximum loading value
Tmax at which lithium plating becomes favorable, however, is strongly dependent on the twist angle, and, to
a lower extent, operational temperature, as shown in Figure 2.4. This quantity is positively correlated with
the ratio between the area of the AA zones and the total area of the bilayer. The temperature dependence
is only significant for lower twist angles, for which most of the Moiré lattice is AB stacked. This happens
because, for this stacking regime, competition between intercalation and interaction is in the same order of
magnitude as entropic contributions to the Gibbs free energy.

Note, however, that the Gibbs free energy landscape around the maximum loading point is relatively flat,
meaning that small overpotentials (< 0.05 eV per lithium atom) could effectively double the lithium content

inside the double layer without inducing lithium plating, as shown in Figure 2.5. For twist angles where AA
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Figure 2.3: (a) Contour plot of Ag with respect to total lithium loading = and lithium concentration in AA
regions = 4 at 300K for a twist angle of 1.1°. Notably, for total lithium concentrations greater than = ~ 0.23,
no further intercalation can take place, and lithium plating starts happening. The optimal loadings in the
AA and AB regions as a function of total loading x are shown in panels (b) and (c), respectively. The red
dots indicate the load distribution that corresponds to the global minimum of Ag. At a 0° twist angle, the
structure is fully AA, and, thus, no intercalation can take place in AB. Since intercalation in AA is more
favorable than in AB, this regime reaches the theoretical maximum total load of ~ 0.65. At different twist
angles, the global minimum in Ag is achieved by keeping x4 ~ 0.65 and zg ~ 0.20.
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Figure 2.4: Maximum value of total lithium loading as a function of twist angle for temperatures ranging
between 200 and 500 K. Note that, at twist angle of 0°, the twisted bilayer structure becomes fully AA,
in which case the large enthalpic contributions enable a full loading of xp.x ~ 0.65. The temperature
dependence of zp,,y is only appreciable for lower twist angles, for which the bilayer stacking is mostly AB, a
regime where entropic and enthalpic contributions to Gibbs free energy are of the same order of magnitude.
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prevalence is appreciable («(6) 2 0.3), such overpotentials could even lead to a fully loaded bilayer but for

~

twist angles smaller than 2.5°, total loading is unstable against lithium plating.

0.25
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-0.05

-0.10
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Figure 2.5: Minimum value of Ag(z) for different twist angles. While for all angles smaller than 2.5°, full
intercalation is unstable against lithium plating, overpotentials smaller than 0.05 eV per lithium atom can
nearly double the amount of intercalated lithium from the global minimum in Ag.

The voltage profile during the intercalation process for different twist angles was also investigated, as
shown in Figure 2.6. In the general vicinities of T,ax, Where the voltage crosses the x-axis, the values of
the derivative of the Gibbs free energy remain within 0.1 V of 0, an additional indication of the somewhat
flat Ag landscape at its minimum. This voltage profile during intercalation in twisted bilayer structures
varies slightly less than the one shown in first-principles based computational studies of standard graphite
anodes, [68, 78, 79, 80] where changes of up to 1 V have been reported [68], due in part to lithium staging
at different loading levels [68, 78, 79, 80]. Ignoring the spiking behavior at # = 0 and z = 1, which can be
attributed to the divergence in the entropic terms in the Gibbs free energy expression, a voltage drop of no

more than ~ 0.7 V is observed in twisted bilayer structures over the entire intercalation window.

0.6

Voltage [V]

-0.6

0.0 0.2 0.4 0.6 0.8 1.0
x in LiyC12 (bilayer)

Figure 2.6: Voltage profile during lithium intercalation at a temperature of 300 K of twisted bilayer structures
for several different initial twist angles. In all cases, a voltage difference of less than 0.7 V is observed through
the intercalation process.
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Charge transfer between lithium atoms and twisted bilayer graphene can have a significant impact on
the band structure. [70] These effects can differ between AA and AB intercalation; thus, it is of paramount
importance to predict the lithium distribution on these regions. Figure 2.7 shows a contour plot of the
logarithm of the loadings in the AA and AB regions, log;, (*4/z5), as a function of total lithium concentration
and twist angle. Generally, the larger the twist angle, the larger the a/xzp ratio. This happens because, at
such angles, AA zones are more prevalent, and, therefore, AA intercalation contributes more to Ag, up to
x4 ~ 0.65 at 300 K. At the top-left green zone in Figure 2.7, where the #4/zp ratio attains a maximum, there
is virtually no lithium loading in AB regions. As further lithium loading happens, the lithium repulsion in
the AA regions starts to be relevant, such that entropic contributions from intercalation in AB become on
par with enthalpic gains from intercalating in AA, and thus AB loading commences. This in turn lowers
the value of #a/zp as the total lithium loading becomes larger, but not significantly. Finally, while for the
majority of lithium loading values and low twist angles, the ratio between lithium concentration remains
between 1 and 2.5, Figure 2.7 demonstrates that a wide range of ratios are attainable. Thus, the pairing

between total intercalation and rotation angle can provide a tuning knob for spatial control of twisted bilayer

structures.
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Figure 2.7: Contour plot of log;, (*4/=z5) as a function of twist angle and total lithium concentration. Due
to the absence of AB regions at a 0° angle, values for un-twisted structures were omitted. While most of
the phase space is dominated by ratio values in the range between 1 and 2.5, a wide array of possible values
is attainable by careful control of both the twist angle and lithium concentration.
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2.3 Summary and Conclusions

A first-principles informed, mean-field based thermodynamic model was developed and employed to estimate
the behavior of lithium intercalation in low-angle twisted bilayer graphene. The results show that, for small-
twist angles and due to strong lithium-lithium repulsion, lithium plating can begin at a relatively low
theoretical maximum limit of . &~ 0.3. However, it is also demonstrated that overpotentials of less than
0.05 eV per intercalant atom can revert this situation, and effectively double this limit. The voltage profile
during intercalation/de-intercalation reveals that twisted bilayer anodes may present voltage windows slightly
stabler than their standard graphite counterparts. For very low total loading x in Li, Cy2, lithium atoms will
mostly cluster in the AA regions of the Moiré pattern. Nevertheless, repulsion between lithium atoms in this
region soon becomes non-negligible, and opens a path for the onset of AB intercalation. Finally, it is shown
that the twist angle and intercalation can be used as tuning knobs for control of intercalant distribution in

twisted structures.



Chapter 3

Impact of Interfaces on Ionic Mobility

Not unlike what happens with graphene when two monolayers are twisted with respect to one another
and form regions with distinct stacking regimes, many materials exhibit exciting new properties due to the
presence of local crystalline imperfections, or defects. To name a few commonplace applications only made
possible by such imperfections, transistors present in electronic gadgets and light emitting diodes (LED) in
our modern television sets all rely on doping, a process that introduces point defects in a material; steel used
in civil and naval engineering industries is made stronger due to the large density of (pinned) dislocations
— a type of line defect — caused by martensitic phase transformations; through a similar mechanism, grain
boundaries, a type of surface defect, can improve the yield stress of many metals by imposing barriers to
dislocation slip.

Solid materials used in electrochemical applications are no different. Crystal imperfections can signif-
icantly aid the use of solid electrolytes in batteries, such as in the case of inorganic solid ion conductors
(SIC), where vacancies and interstitial sites are the major Li-ion carriers. However, these defects, especially
interfaces, can also have major drawbacks, as exemplified in Figure 1.4. Due to the relative infancy of the
field, solutions that allow using these defects exclusively to our advantage are still under active investigation.
For comparison, steel was first created in 1800 B.C. [81], but steel production only began to be perfected in
the middle ages, [81] after nearly three millennia of trial and error; one of the first batteries in history was
invented by Alessandro Volta in 1799, just over two centuries ago, and batteries are already a highly-efficient,
critical component of our society. The following three Chapters cover examples of how modern advanced
approaches, such as thermodynamic modeling and first-principles density functional theory (DFT), are used

to continue facilitating such rapid progress.

16
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3.1 Enabling Li-metal Anodes Via Electrolyte Engineering

As discussed in Chapter 1, the use of Li-metal anodes is a promising solution to increase the energy den-
sity of batteries. However, morphological instabilities at the anode-eletrolyte interface generated by elec-
trodeposition, the main process that occurs during charging, constitute a major safety concern. Recent

studies [82, 83, 45] show that solid electrolytes can offer a potential avenue for solving this issue.

3.1.1 Electrodeposition Modeling and Separator Design

The work by Monroe and Newman [82, 83] indicates that solid ion conductors with high enough shear
modulus can block dendrite growth. Yet, this prediction has had limited success, as dendrite formation and
growth remains an open problem in Li-metal batteries: ceramic materials with sufficient shear modulus,
single-crystal glass electrolytes, and even soft separators fail to stop dendrite penetration. A recent study
by Ahmad and Viswanathan [45] offers an explanation. The morphological evolution of the metallic surface
is directly related to the charge density at the anode-electrolyte interfaces. This current density can be
described with the Butler-Volmer model: [83]

ideformed (1 - a)AMe_ )
deformed ) (12T V)BHe ) 3.1
Zundeformed P < RT ( )

where ¢ is the current density at either a deformed on undeformed surface, a is the anodic charge transfer
coefficient, R is the universal gas constant, T is the temperature, and Apy,- is the change in electrochemical
potential of the electron due to the surface deformation, which is governed by interfacial tension () and

deviatoric (7) and hydrostatic (p) stresses: [45]

1 . 1 .
Ape- = ~5; (Vi + Vare+) (=6 + en - (157 — Tf"c)en]) + % (Vi — Vare+) (Ap™ + ApSIC) (3.2)

Here, z is the number of electrons involved in the electrodeposition process, Vip-+ is the molar volume of
M7 in the solid electrolyte, and r is the mean curvature at the interface. Stable electrodeposition occurs if
Tdeformed 1S lower than iypdeformed @t the dendritic tips and higher at the valleys. In order for this to happen,
Ap,- needs to be negative. [82, 83, 45] Since ~ is negligible and the deviatoric term is always de-stabilizing,
the hydrostatic stresses dictate the plating behavior, and a stability diagram can be constructed (Figure
3.1). [45, 8, 51]

The sign of the hydrostatic term is dependent on the molar volume ratio, v = Vii+/v;: when v > 1,
Ap,- only becomes negative if the shear modulus of the electrolyte is more than twice as large as that of
the metal anode, G°7¢ > 2.2G*?, a prediction in agreement with that from Monroe and Newman [82, 83];

for v < 1, however, a “soft” SIC (G571 < 0.7G*?) is required for stable plating.
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Figure 3.1: Chemomechanical model underlying the successes and failures of SICs in preventing instabilities
at the anode surface during electrodeposition. SICs can access either dendrite-blocking character or dendrite-
suppressing character, but not both. Prototypical SICs that serve as the battery’s electrolyte are labelled in
each region. [8]

These results explain why high-shear-modulus SICs with minimally reconfigurable ion-conducting do-
mains (v < 1), such as ceramics, fall outside the stable deposition regime. Similarly, known “soft” elec-
trolytes, particularly polymers, which typically undergo large volume changes as Li" exits transiently formed
solvation “cages” (v > 1), also fail in preventing dendrite growth. [8] The only option for achieving stability
requires employing a material with either (1) highly reconfigurable ion-conduction channels (v > 1) em-
bedded in rigid host matrix (G°1¢ >> GL?), as is the case with block-copolymers, [84] or (2) ceremic-like
ion-conducting channels (v < 1) in a low-shear modulus matrix (GS7¢ < 0.7G*?). [8] Block-copolymers have
shortcomings [84] outside the scope of this work, which focuses on the design of a potential solution that fits
the second case.

The best candidates for the ion-conducting inorganic phase are lithium halides (LiX, where X" =F,C1” Br ",
or 1), since they present good ionic conductivity [85, 86] and are reductively stable on Li metal. Among
these options, LiF' was chosen as the inorganic phase due to it being oxidatively stable against high-voltage
NMC-622 cathodes. Experimental constraints for in situ preparation of the composite required the use
of a polymer of intrinsic microporosity (PIM), which allowed for homogeneous cation metathesis and LiF
formation. The simplicity of the in situ process for composite creation inspired its name: a lithium electrode

sub-assembly (LESA). [§]

3.1.2 Computational Chemomechanical Characterization of LIF@QPIM Composite
Shear Modulus Calculation

Computational characterization of the PIM matrix was performed with molecular dynamics (MD) sim-

ulations, conducted on the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [87]
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software. A Dreiding [88] force field was used to simulate atomic interactions due to its capability of cor-
rectly predicting pore size and diffusion coefficient in the same class of polymers. The simulations included
nearly 46,000 atoms, originally arranged in an amorphous collection of randomly ordered PIM tetramer
chains. After 500 steps of conjugate gradient minimization, a NVT ensemble was performed at 350 K for
0.1 ns, followed by a total of 10 NVT annealing cycles between 350 and 700 K, at intervals of 35 K each,
and for 2.5 ps at each temperature value. Post annealing, the overall density of the simulation box was too
low compared to the bulk PIM density, so additional 4ns of NPT simulations at 300 K were run to recover
the correct PIM density of ~ 1g/ cm®. After these equilibration steps, a set of mechanical characterization
simulations is performed. In order to retrieve the elastic moduli of PIM, the system was kept at a constant
pressure of 1 atm in two directions (x and y), while the pressure along the z-axis was changed in steps
from 1 to 9 atm. At each pressure value, the dimensions and associated strains of the simulation box were
measured, allowing for calculation of all mechanical properties. Results from these MD simulations are in
great agreement with experimental measures, as show in Table 3.1. While the presence and content of LiF
can alter the mechanical response of the composite material, the maximum attained value of shear modulus

is of G = 376 MPa, [8] keeping the ratio G°'“/ci at 0.023, significantly below the 0.7 limit for stability.

Property MD Experimental
Young’s modulus (MPa) 469.6 438.9
Poisson’s ratio 0.37+0.08 0.33
Shear modulus (MPa) 171.4 165.0

Table 3.1: Mechanical properties of bulk PIM calculated with computational and experimental methods.
Uncertainty in Poisson’s ratio originates from the different measures in both x and y directions.

Hopping Energy Barrier and Molar Volume Calculations

The ratio between molar volume of Li and Li" determines the overall sign of the hydrostaic terms in the
Api,— expression. The molar volume of Lit in the electrolyte is hard to determine by direct measure-
ment, thus requiring other, theoretical and computational based techniques. While the Newman-Chapman
relationship establishes an inverse relation between ion molar volume and transference number in binary elec-
trolytes, [89] it cannot be applied for organic-inorganic composite systems. Therefore, V,;+ was determined
with computational first-principles DFT calculations.

Since the PIM polymer matrix does not have particularly good ion-conducting capabilities, the network
of interconnected LiF particles provides the channels for Li* conduction. Given the small size of LiF

particles, [8] LiF surface diffusion pathways are as numerous as the ones present in bulk. The main mechanism
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for ion conduction in LiF is through vacancy hopping. Using the nudged elastic band (NEB) method (further
detailed in Appendix G), [90] it is possible to compare the energy barrier for vacancy hopping on bulk LiF
with that on a (100) surface facet. The vacancy hopping pathway was computed in the projector augmented
wave (PAW) code GPAW [73] with the Bayesian error estimation exchange correlation functional (BEEF-
vdW), [74] which includes non-local van der Waals correlation and has been shown to perform better in
accuracy than other functionals for the calculation of barrier heights. [91] The results of this analysis, shown
in Figure 3.2a, [8] indicate that surface diffusion is significantly more favorable than ion motion in bulk:
the surface activation energy is of E, = 0.34 + 0.13 eV, while, for bulk, it is of E, = 0.62 £+ 0.17 e¢V. The
uncertainty estimate for F, was carried out by utilizing the built-in error estimation capabilities within the
BEEF-vdW exchange correlation functional, which bounds the barriers obtained using other generalized
gradient approximation (GGA)-level exchange correlation functionals, [74] as demonstrated in Figure H.2.
For comparison, the value of F, calculated experimentally through the Arrhenius relation was of 0.42 eV, in

great agreement with the computational predictions.
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Figure 3.2: (a) Energy landscape of Li* surface diffusion on LiF and bulk transport within LiF. Insets:
different stages encountered during hopping from a Li site (encircled in solid grey) to a nearby vacant site.
The experimentally determined activation barrier for Li™ hopping further takes into account the influence of
PIM-1, which results in an 80 meV increase above the calculated result for the LiF surface. (b) Summary of
vacancy diffusion barriers and ion molar volume ratios in the presence of PIM-like adsorbates in LiF. Grey
circles indicate the initial (pre-hop) vacancy site. The corresponding values without such molecules are 0.34
eV for the barrier and 0.21 for the molar volume ratio. [§]

In order to determine the volume of the mobile ion, Bader charge analysis [92] was employed on all
the different stages of hopping, yielding an average value of v = Vii+/v; = 0.21, further indicating LESA’s
capability of accessing in the dendrite-suppressing stability regime.

The presence of the polymer in the vicinity of the inorganic phase may influence the Bader volume, but
this effect is expected to be small due to the absence of highly electronegative species that can bind to the

LiF surface, so that v should remain less than 1. To validate this hypothesis, additional simulations were
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conducted, in which the polymer was modeled as selection of adsorbed molecular fragments representing
the backbone or chain ends: namely, anisole, catechol, benzonitrile and terephthalonitrile. These adsorbates
were placed parallel to the LiF (100) slab and at a distance of 2 A. Given the polymer’s three-dimensional
(3D) contorted structure, it is unlikely that PIM chains would be completely flush with the LiF surfaces.
Therefore, the imposed configurations correspond to worst-case scenarios for the impact these molecules
would have on the energetics. As predicted, the influence of these molecules on both the energy barrier and
the computed molar volume ratio is either favourable for electrodeposition stability, negligible or undetectable
given the natural uncertainty of these properties, as shown in Figure 3.2b and Figure H.3. Differentiated
energy landscapes for ion transport for either anion-rich or cation-rich LiF—polymer interfaces were also
investigated (Figures H.4 and H.5), and the molar volume ratio for the cation-rich surface was calculated to be
0.18 (Figure H.6). Therefore, the dominant transport mechanism is expected to happen along LiF-polymer
interfaces, where the presence of the PIM does not significantly affect E,. Molar volume ratios for such

composites may vary by surface structure or specific hopping trajectories, but over a decidedly narrow range

(0.16 < v < 0.21).

3.1.3 LESA Performance

Performance testing of this innovative solid composite separator was done with high-voltage Li-NMC-622
cells, containing the optimized LESA formulation, a 30-pm-thick Li anodes and 1.44mAh - cm™2 NMC-622
cathodes (Figure 3.3). During galvanostatic cycling at 1TmA - ecm~2 at 20°C, the capacity faded at a rate
of 0.07% per cycle, while the Coulombic efficiency was >99%. After having reached an initial capacity of
~ 135mAh - g~!, 80% was retained after ~ 300 cycles. These data compare quite favourably against those
for Celgard-only (negative control) and PIM-1-coated Celgard (positive control) (Figure 3.3), where cells
reached 70% of their initial capacity after 130 and 100 cycles, respectively. This results in rates of capacity
fade of 0.23% per cycle for Celgard-based cells and 0.3% per cycle for PIM-1-on-Celgard-based cells.
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Figure 3.3: Rate tolerance of Li-NMC-622 cells (30-um-thick Li anode; cathode areal capacity of 1.44mAh -
em~?) cycled at 20°C, configured with either LIFQPIM-1 SICs (LESA 3), Celgard (negative control) or
PIM-1-coated Celgard (positive control).



CHAPTER 3. IMPACT OF INTERFACES ON IONIC MOBILITY 22

Surface Facets Surface Energy (J/m?)

LiF (001) 0.30
LiF (110) 0.74
LiF (111) 3.76
Li,CO3 (100) 0.62
Li,CO3 (001) 0.17
Li,CO3 (110) 0.51
Li,COs (101) 0.76

Table 3.2: Surface energies of LiF and Li;COg. The slabs were generated using the pymatgen surface
module [95, 96, 97] and the atomic simulation environment. [98]

3.2 Exploring the Role of Interfaces in Diffusion Dynamics

Understanding Li-ion transport through the solid electrolyte interphase (SEI) is crucial for improving the
power capability of batteries. In the case of organic liquid electrolytes, two of the most common materials
in the inner SEI layers are lithium fluoride (LiF) and lithium carbonate (LioCOs). The presence of these
two phases has been argued to promote the formation of Frenkel pairs, with an interstitial Li* in LipCOs,
and a negatively charged vacancy in LiF, which enhance Li" conduction though the SEI. [93] These results
were based on calculations of defect formation energies on the bulk phases of LiF and LioCOg, but the effect

of the interface between these materials in ion transport is still under investigation.

3.2.1 Defect Formation Mechanism

DFT calculations performed with the Perdew, Burke, and Ernzerhof (PBE) exchange correlation func-
tional [94] indicated that the most stable interface between LiF and Li;COjs is composed of the facets LiF
(001) and LioCOg (001), as seen in Table 3.2. Interfaces were constructed by placing slabs of both these
surface facets parallel to one another. Considerations of coherency strain minimization and computational
tractability led to the following multiplicities of the conventional unit cell lattice vectors: (1, 4, 2) for LioCO3
and (2,5,1) for LiF. These supercells resulted in a coherency strain of 1.4 % (x axis) and 3% (y axis) on
LiF, and -1.4 % (x axis) and -1.7% (y axis) on Li;COg. A schematic of this system is shown in Figure 3.4.
Single point calculations performed at discrete values of material separation yielded an optimal interfacial
distance of ~ 3.44A.

The interface between LiF and Li;COg in the SEI consists of undercoordinated atoms and hence, may
be expected to host more defects than the bulk. It is proposed that Li-ion conductivity can be enhanced
thanks to the following defect exchange reaction at the interface of the two materials: [93]

Lipi(LiF) == Li;* (LiCO3) + V1 (LiF),

where, Lip;(LiF) refers to a Li atom in a Li site in LiF, Li;* (LioCO3) refers to a Li interstitial defect in
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Figure 3.4: Geometry of the coherent interface between (001) LiF surface and (001) Li;COg surface used
in DFT calculations. (a) Front and (b) side views along with the axes orientation. The black line is the
boundary of the interfacial unit cell used in the simulations with the z axis is perpendicular to the interface.

Li;CO3 and VLi,(LiF) refers to a Li vacancy in LiF. Studies based on bulk defect formation energies report
an enthalpy change of 0.86 eV associated with this reaction, [99] but the explicit interface model predicts a
value of 1.05 eV for the formation of this Frenkel pair. [100] However, this defect exchange reaction is still
favorable with a free energy change of -0.76 ¢V when including the configurational entropy terms associated

with the defects. [99]

3.2.2 Dynamics of Interstitial Li-ion Motion

Various mechanisms of Li hopping in SEI components have been proposed. An exhaustive study of the
possible point defects and transport mechanisms in LioCOgs found that Li interstitials have the lowest
formation energy and are responsible for transport, especially at the anode side [101]. The most favorable
pathway for ionic motion in this system is by the knock-off or “interstitialcy” mechanism, a form of indirect
motion in which an interstitial atom displaces an atom in a lattice site into a neighboring interstitial site, and
occupies the now vacant lattice site. By maintaining a high cation-anion coordination number through all
stages of motion, the knock-off mechanism lowers the barrier associated with ion transport when compared
to a direct interstitial-interstitial pathway. [101] Using the NEB method, [90] the minimum energy pathway
shown in Figure 3.5 was obtained. Note that the first and the final hopping stages are not equivalent:
given that the intended Li motion happens along the [011] direction, the initial interstitial atom has to be
placed further from the interface than in the final configuration, as shown in the insets of Figure 3.5. This

phenomenon can be partially explained by the space-charge effect, discussed in detail in Appendix I. The
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activation energy required to move an atom from one of these interstitial sites to another is thus dependent
on the original site, and can be either 0.10 or 0.22 €V (a diagram of the net interstitial motion is represented
in Figure J.1 in Appendix J). Therefore, the average hopping barrier associated with a net motion pathway
parallel to the LiF-LioCO3 interface is of ~ 0.16 eV. The same knock-off mechanism in bulk Li;CO3 has
an activation energy of 0.3 eV [101], further reinforcing the hypothesis that Li transport is enhanced at the
interface of LiF and LisCOgs. The activation energy is also lower than that for Li hopping at the surface of

LiF (0.34 V). [§]
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Figure 3.5: Energetics of minimum energy pathway of interstitial Li motion in LioCO3 layer. Interstitial Li
atoms are circled by a continuous blue line, while lattice Li atoms that partake in the motion are circled by
a dashed blue line. The activation energy of Li hopping is reduced from 0.3 €V in bulk LisCO3 to 0.10 or
0.22 eV in the interfacial structure considered, showing that the interface assists in Li diffusion.

Ab-initio MD simulations of this explicit interface further corroborate the hypothesis that the LiF-LiosCO3
facilitations Li-ion transport. The diffusion coefficient D can be calculated using a linear fit of the mean
squared displacement (MSD) of Li ions as a function of time t:

1

D=
2dt

(AR(t)?) (3-3)

where d is the dimension (d = 3 for a three-dimensional simulation) and AR is the ionic displacement. It is
clear from the results that the Li atoms in layers closer to the interface have the highest diffusion coefficients,

as shown in Figure 3.6
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Figure 3.6: MSD for Li ions in LisCOg3 vs time calculated layerwise at 800 K. Layer 1 is closest to the
interface while layer 4 is the farthest. The layers closer to the interface have the highest MSD. The higher
value for layer 4 compared to layer 3 may be due to its exposure to vacuum.

The overall activation energy for Li diffusion in LioCOg is 0.51 eV. Since the MD simulations are run at
high temperatures (600-900 K), the pathways with higher activation barriers become accessible, resulting
in a high overall activation energy. An overall activation energy is obtained by averaging over the different
pathways for Li hopping and hence is not solely determined by the pathway of least activation energy. Since
the magnitude of mean squared displacement at 800 K is significant along the [100] direction, the one with
highest activation energy, the overall activation energy includes contributions along that pathway and is
thus much higher than that obtained by considering only the knockoff mechanism. The activation energy for
diffusion along the [010] direction is 0.36 €V and is the lowest due to low activation energy pathways along
this direction. Note that this value of self-diffusion is on par with the activation barrier of 0.31 eV [102] for
the optimal ionic motion pathway in bulk Li;COg3 and close to 0.28 eV obtained by Iddir and Curtiss [103]
considering motion along [010] open channels, further indicating that, on average, interfacial Li diffusion
(whether mediated by interstitial atoms or otherwise) is faster than in the bulk. This analysis shows that
it is beneficial to have the plane of the lattice matched interface between LiF and Li;COj3 perpendicular to

the electrode-electrolyte interface to benefit from fast ion conduction along [010] direction.

3.3 Summary and Conclusions

This Chapter displays a few of the most interesting impacts that interfaces can have on battery materials,
as well as ways to effectively use them while avoiding their drawbacks. Clever design of a solid polymer-
inorganic composite separator shows how to harness the advantageous characteristics of both constituent

materials to do something neither one of them can do on its own: suppress dendrite growth in Li metal
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batteries. The interface between LiF and Li;COs, one of the most common in SEI structures, is shown to
significantly enhance Li-ion mobility, especially along the LioCO3 [010] direction, thus providing a design rule
for further electrolyte engineering: electrolytes which, when in contact with the anode, decompose primarily
into lithium fluorite and lithium carbonate are more suited for use in high-power battery cells. The contents
of this Chapter highlight the undeniably integral role that interface engineering will continue to play in the

development of next-generation all-solid-state Li-metal batteries.



Chapter 4

Thermodynamics of Void Formation

The topics covered in Chapter 3, while extremely relevant, are but a small sample of the abundant interface
phenomena pertinent to Li-ion battery technology. It is also important to note that most of the work done
in this area is somewhat new, with the majority of findings having been reached over the last decade. As
illustrated by Figure 1.4, much remains to be discovered about solid-solid interfaces, keeping the field of all-
solid-state lithium metal batteries (ASSLMB) far from mature. For example, electric aircraft applications,
in particular, eVTOL, require high discharge power, and this can cause new failure mechanisms during the
lithium stripping process: the formation of voids and pits on the surface of the anode. [104, 105, 106, 107, 108]
Since the morphology of the surface of the lithium anode post-discharge can heavily impact the deposition
process in subsequent cycles [46, 45, 109], it is essential to develop a fundamental understanding of void and

pit formation associated with lithium stripping.

4.1 Need for a Fundamental Understanding of Void Formation

The pitting critical current density is lower than the plating one [104, 109, 110] but also with a greater
dependence on the applied stack pressure [109]. Therefore, one potential avenue for preventing this issue
would be application of stack pressure, which could raise the pitting critical current density by a factor of 5
from 3 to 7 MPa [109]. However, with current technology, an infeasible pressure would be needed for a Li
metal battery to output the power performance required by electric aircraft. In order for more attainable
mitigation strategies to be proposed, an understanding of the underlying process of void and pit formation
is needed.

Various hypothesis have been formulated to explain the origin of this pitting behavior. Fundamentally,
stripping involves transport of Li ions from the electrode to the solid electrolyte, resulting in Li vacancies

in the electrode close to the interface which then diffuse into the bulk. If the stripping process is too fast,

27



CHAPTER 4. THERMODYNAMICS OF VOID FORMATION 28

multiple vacancies can be generated close to the interface without being replenished with Li atoms due to
vacancy diffusion, resulting in formation of voids. Krauskopf et al. [111] obtained a fundamental limit on
the current density at the Li metal anode limited by vacancy diffusion equal to 0.1 mA/cm?. This value is
quite low to enable fast charging applications with planar Li metal electrode. Some studies suggest that the
electrode microstructure plays an important role in the growth of voids, and demonstrate that pit nucleation
and growth happens preferentially along surface GBs [112, 113], as shown in Figure 4.1a-f. Others suggest
that some of the voids formed during stripping do not get filled in the plating process due to the lack of
contact with the electrolyte [109], and, therefore, cause current to concentrate at the void edges. Besides
aiding dendrite formation, this current focusing can occlude the void beneath the anode surface [109]. During
following stripping cycles, these occluded voids can merge with other voids (occluded or new) and form pits.
This process is exemplified in Figure 4.1m.

In other previous studies, [114, 115, 116] kinetic analyses of this phenomenon have been conducted at
several length scales, ranging from atomistic [114] to nanometric [114, 115] to the meso-scale. [116] Combining
density functional theory (DFT) with kinetic Monte Carlo (KMC) simulations of Li vacancy diffusion from
surface to bulk (Figure 4.1g-1), Yang and Qi [114] demonstrated that the lithiophobicity /lithiophilicity nature
of the interface between metallic anode and solid electrolyte governs pitting behavior. Similar conclusions
were reached by Yang and Mo [115], who used ab-initio molecular dynamics (AIMD) simulations to show
that, at incoherent interfaces between Li and solid electrolytes (SE), there exists a correlation between Li-
SE lattice mismatch and pore size. Interestingly, both studies suggest that a Li/Li;O interface (the one
with highest values of work of adhesion among all interfaces considered in both studies) could withstand
current densities many orders of magnitude above those observed experimentally: Yang and Qi [114] claim
the Li/LizO interface can tolerate current densities of up to ~100 A/cm? and Yang and Mo [115] show the
critical current density for void formation on this interface to be of at least 1.6 nA/nm? = 1.6 x 10° A /cm?.
However, lithium supplies used in most battery cell assemblies, in either academic or industrial settings,
are almost invariably fully coated by LioO and generally do not undergo neither mechanical nor chemical
cleaning processes prior to integration in the battery cell, indicating a discrepancy between these theoretical
investigations and experimental observations. This inconsistency with experimental results is elucidated by
Yan et al. [116], who argue that, for flat, defect-free Li/SE interfaces, vacancy diffusion from a Li surface
to bulk Li is much faster than vacancy creation during stripping, and, thus, cannot fully explain pitting.
Using meso-scale finite element modeling techniques, they show, however, that pre-existing defects — such as
pores or voids — on the anode surface limit vacancy diffusion to bulk in such a way that only creep-induced
currents are capable of competing with more realistic stripping current densities of 2-3x107% A/cm?, and

at applied pressures higher than 12 MPa. However, Yan et al. [116] do not provide a possible origin for such
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pre-existing defects.

These studies indicate that the most promising direction to tackle the pitting problem is to better com-
prehend the formation of voids, which are simply an agglomeration of Li vacancies at the anode surface.
Stable (void-free) electropolishing (stripping) can only be achieved if vacancies are soluble among the occu-
pied Li sites at the anode surface. This thermodynamics-focused understanding of the overall pitting process

can aid in finding mitigation routes for Li metal SSBs.
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Figure 4.1: Images and depictions of the formation and evolution of pits, and migration of vacancies at and
near interfaces of Li metal with other materials. (a-c) Optical images of evolution of a pit, with surface GBs
outlined in black in panel a. (d-e) Polar plots of the distance between the edges and the center of the pit at
times 240s, 430s, and 730s, respectively. Panel g shows the average distance between vacancies and anode
surface as a function of number of kinetic Monte Carlo (KMC) steps taken. The initial configurations are
displayed in panels h for Li/Li;O and i for Li/LiF, while the configuration at 10° KMC steps are represented
in panels k for Li/Li»O and 1 for Li/LiF. It is evident that vacancies in Li metal are much more likely to
diffuse into bulk when LisO is present at the interface, instead of LiF. Panel m is a schematic of one of
the proposed hypothesis for pit formation: as voids are formed during stripping and then occluded during
plating, they can merge with other voids on subsequent stripping processes and create large pits. Panels
(a-f) are reproduced with permission from Ref. [112], (g-1) from Ref. [114], and m from Ref. [109].

4.1.1 Modeling Vacancy Solubility

Regular solution models have been used to study a myriad of mixture systems, ranging from binary [117]
to high-entropy alloys. [118] They have also been successfully employed to describe the behavior of two-

dimensional systems, such as surfaces and interfaces, in contexts ranging from adsorption [119, 120] to grain
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boundary phase transitions. [121] They are thus one of the most successful universal theories to describe
solutions, solid or liquid, and are also very similar to the theory described in Chapter 2. The regular solution
model compares the Gibbs free energy (G) of the solution of species A and B with that of the mechanical
mixture (isolated non-interacting materials) of the two species. Assuming the solution contains a total of

N4 atoms of type A, and Np of type B, the Gibbs free energy of the mechanical mixture is given by:

Gmech = Napia + Nppup, (4.1)

where p represents the chemical potential of the species in their pure form. Note that, since the reference
state is pure A and pure B species, their entropy is zero, and only enthalpic terms contribute to u4 and
up. Assuming that, in solution, the atoms are uniformly distributed, the change in configurational entropy

is given by the Boltzmann’s entropy formulation:
AS = kpln(W), (4.2)

where kp is Boltzmann’s constant and W is the number of microstates the system can exhibit. Here, W can

be calculated with simple combinatorics. Using N = N4 + Np,

()
W ()]

Therefore,

= In(N!) —log[(N — Na)!] — In(N4!)

Using Stirling’s approximation (log(n!) &~ nlog(n) — n) and the fact that N — N4 = Np yields:

A
k—s ~ NIn(N) = N — (N = Na)In(N = Na) + (N — Na) — NaIn(N) + Na
B

= (Na+ Np)In(N) — Naln(Na) — NpIn(Np)

N N

Let 4 = Na/N and xp = Ns/N such that x4 + xp = 1. Normalizing the entropy gives

_as

A
TN

= —kp [a’,‘A ln(xA) +xB 111(373)] (43)

The calculation of the enthalpy of mixing assumes that the general structure of both pure A and B materials,

as well as the solution, is the same, that is, all atoms interact with z total neighbors. An additional
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assumption, akin to mean-field methods, is also needed: the average neighborhood of each atom follows the
same distribution as the overall solution, meaning that each atom interacts with zz4 atoms of type A and
zxp atoms of type B. Using the index IJ to denote interactions between atoms of types I and J, one can

express the enthalpy of the mechanical mixture as:
z
Hppeen = §(NA€AA + NpepB),

where € denotes the total interaction enthalpy, and the factor of 2 in the denominator comes from the
assumption that interaction energies are shared equally between atoms. For the actual solution, the enthalpy

can be written as:

z
Hy = §[NA($A€AA +xpeap) + Np(xaeap + pepn)]

Z 2 2
= T(Q«TUAI'BEAB +x%€aa + TREBB)

The enthalpy difference between mechanical mixture and solution, normalized by the total number of atoms,

becomes:

z
Ah = 5[237,43336143 +xa(xa—1)ean +rzplxp — 1)633] (4.4)
Since x4 + xp = 1, the previous expression can be simplified:
z
AhzixAxB(QEAB_EAA_GBB) (4.5)

Using the changes in entropy and enthalpy from Equations 4.3 and 4.5, the change in Gibbs free energy,

normalized by N, is calculated from Ag = Ah — TAs (where T is the system temperature), giving:
Ag =242+ kpT[zaln(za) + 2pln(zp)], (4.6)

where Q = (2/2) (2eap —€44 —€pp). The chemical potential of either species (relative to their pure structure
in the mechanical mixture) can be obtained by taking the derivative of Ag from Equation 4.6 with respect

to the species molar fraction, x;. The stability criteria against spontaneous flow of species demands that

(3;%) >0
8l‘i TV

If this condition is not met, a phase transition occurs, and a miscibility gap is formed. In the case of the

regular solution model,

, 2
<8Mz> :(82A9> :—29+£>02>
o0x; TV 0x; TV x; (1 — x;)
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From this, and given that x;(1 — z;) attains a maximum value of /4 for z;; = 0.5, it becomes clear that this

system has a critical temperature of

T.=— (4.7)

For temperatures above T, the two species A and B are perfectly soluble in one another, but, for temperature
values below T, a miscibility gap is formed. This can be seen in Figure 4.2: at temperatures higher than 7T,
(red line), Ag is convex everywhere in the domain, indicating (9#/az;) > 0 for all values of x 4; at the critical
temperature T, (yellow line), the double derivative of Ag with respect to x4 becomes zero at x4 = 0.5 and
represents the onset of a phase transition; for temperature values lower than T, (turquoise and blue lines),
for some values of overall x4, two phases, one with low characteristic 4 and one with high characteristic

T 4, coexist, and correspond to the two minima in the Ag curve.

T=%Y 1)

T=% 5k,

T =% aky)
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Figure 4.2: Diagram of relationship between AG and x 4 for different temperatures. At temperatures higher
than T, (red line), Ag is convex everywhere in the domain, indicating (9%/oz,) > 0 for all values of x 4; at
the critical temperature T, (yellow line), the double derivative of Ag with respect to x4 becomes zero at
x4 = 0.5 and represents the onset of a phase transition; for temperature values lower than 7T, (turquoise
and blue lines), for some values of overall z 4, two phases, one with low characteristic 24 and one with high
characteristic x 4, coexist, and correspond to the two minima in the Ag curve.

By considering vacant and occupied sites in the surface of Li metal as different species (A and B),

it is possible to apply the regular solution model to the problem of void and pitting formation. [122] In
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this formalism, the existence of a phase with vacancy concentration higher than that of the overall system
corresponds to the onset of void formation. Owing to the fact that vacant and occupied sites always occupy
the exact same lattice sites (meaning there are no interstitial atoms or other defects), their respective
reference states have equal coordination numbers, making this a perfect case study for the regular solution
model. Furthermore, the lack of long range interactions makes the inclusion of only nearest-neighbor bonds
sufficient to capture the thermodynamics of this system. Finally, since we employ first-principles calculations
of actual mixture systems to extract the required model parameters, explicit considerations of vacancy

reference states are circumvented.

4.1.2 Void Behavior for Isolated Lithium Slabs

The relevant parameters for the regular solution-based analysis, namely, €, €11, eyy and ey, (where the
index V' corresponds to a vacant site, and L, to an occupied site) were estimated by using first-principles
DFT with the Perdew, Burke, and Ernzerhof (PBE) exchange correlation functional [94] in the projector
augmented wave (PAW) code GPAW [73] implemented in the Atomic Simulation Environment (ASE) [98].
Details on how to extract these parameters from DFT calculations can be found in Appendix L.

Three low Miller index surface facets were considered for Li metal: (100), (110), and (111). A schematic of
the different surface interactions considered is shown in Figure 4.3. For each facet, two possible interactions
were examined: one between vacancies which are both located on the top-most Miller plane on the surface
(shown in purple), and another between vacancies that are located on different Miller planes, where one is
at the surface, and another is right below it (shown in orange). For simplicity, superscripts 1 and 2 are
used to denote the surface-level Miller plane and the plane immediately under it, respectively. For example,
Q01D denotes the interaction parameter on the surface plane (intra-plane), while Q(12) corresponds to the
interaction parameter between the two different Miller planes mentioned (inter-plane). Note that, for the
(110) facet, further distinctions have to be made: there are two different intra-plane interactions, one with
four neighbors, and one with two neighbors, as well as two different inter-plane interactions, both with
only two neighbors, as represented in Figure 4.3. Due to the limitations of the regular solution model, it
is infeasible to take into account all these different possibilities separately. Furthermore, evaluating the
differences in interaction energies for all these cases shows that the standard deviation of these values
represents < 8% of the corresponding energies. Therefore, in the case of the (110) surface, we incorporate
these distinct interactions by averaging them together, in proportion to the number of neighbors involved.
The results of the DFT predictions for an isolated Li-metal slab are shown in Table 4.1, which also includes

the average distances, denoted by d(*V) and d'?, between a lithium atom in the surface-level Miller plane
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Figure 4.3: Top-view schematic of the different possible interactions considered for the (a) (100), (b) (110),
and (c) (111) lithium surface facets. Purple circles denote lattice sites on the outer-most surface layer,
and yellow orange circles denote sites on the second outer-most layer. In the (110) case (panel (b)), there
are several different pair-wise interactions: red-purple, red-blue, red-yellow, and red-pink. In the other two
cases, all purple-purple and orange-orange site interactions are equivalent. [122]

and a neighboring lattice site, in either the same plane or in the one below.

Facet (100) (110) (111)

2D 4 6 6

2(12) 4 4 3

v [eV/A?] | ~0.030 ~0.031 ~0.034
<d<11>> [A] | 3.44 3.13 4.86

(dT) [A] [ 3.03 3.17 3.05

QD [ev] | 0.331 0.269 0.016

Q12 [ev] | 0.223 0.012  -0.194
Tc(ll) K] | ~1980 ~1600 ~ 100
T K] | ~1340  ~70 0

Table 4.1: Approximate surface energies, coordination numbers, interaction parameters, and critical tem-
peratures for different surface facets. Given the relatively small difference in surface energies, it is fair to
assume all facets are equally relevant. The strongest interactions in the (100) and (110) facets have very
high critical temperatures for vacancy solubility (above 1000 K), meaning that, under standard operating
conditions, vacancies will tend to phase separate and begin forming voids. That is not the case for the
(111) surface, where vacancies are fully solvable and, under equilibrium conditions, should be uniformly
distributed on the surface. [122]

These estimates indicate that all three facets have similar surface energy and hence, could all be formed
during the electrodeposition process. Control of crystallographic grain growth direction in Li metal batteries
has been demonstrated in the context of lithium electrodeposition. [123] Vacancy-vacancy interactions are
highly favorable in the (100) facet, regardless of the Miller planes of the vacancies, but their attraction is
stronger when they are both on the top plane. This implies that the critical temperature for vacancy solubility
in this surface is extremely high, above 1300 K, and that, under equilibrium conditions, vacancies will tend
to phase separate and, thus, initiate the formation of large voids. Similar to the (100) facet, the strongest
interactions in the (110) facet are also intra-plane; however, in this case, the inter-plane interactions are
much weaker, and entropic contributions push vacancies in different planes apart even at low temperatures.
Therefore, in this case, vacancies are expected to congregate on the top Miller plane, and, in doing so, form

steps on the surface, which can lead to increased surface roughness and facilitates void and pit formation.
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Interestingly, the (111) facet exhibits the opposite behavior: the intra-plane interactions, albeit attractive,
are relatively weak, while the inter-plane ones are stronger, but highly repulsive. This suggests that, under
equilibrium and at normal operating conditions, the (111) surface, by having perfect vacancy solubility, is
the most likely to prevent the issue of void formation and pitting. [122] The expected behavior of these
surfaces, assuming vacancy diffusion to be fast enough as to not constitute a limiting factor for vacancy

accumulation, is shown in Figure 4.4.
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Figure 4.4: Side-view schematics of the expected behavior of (a) (100), (b) (110), and (c¢) (111) lithium
surface facets during stripping, respectively. These diagrams neglect kinetic barriers associated with vacancy
motion, and assume that, in all cases, vacancy diffusion along the surface planes is not a limiting factor.
Note that these schematics solely portray predictions from our first-principles informed regular solution
model for isolated Li-slabs; to the authors’ knowledge, there has been no experimental evidence for these
phenomena. The removal of atoms during discharge creates vacancies on the surface, denoted by circles.
Purple circles represent vacancies on the surface-level Miller plane, and orange circles are vacancies on the
second outer-most layer. Red arrows show the interactions between vacancies. In the (100) facet, vacancies
will attract each other regardless of layer, and can thus form large (in an atomistic scale) valleys. The (110)
surface exhibits a somewhat similar behavior, but, due to the inter-layer vacancy repulsion, vacancies would
only congregate on the surface-level Miller plane. By doing so, they form steps that expose the underlying
layer and creates a new surface for lithium extraction. In this case, valleys would be formed as a collection
of terraces. The (111) facet shows the most promise: the strong inter-layer vacancy repulsion, coupled with
the weak intra-layer attraction, will force vacancies to be uniformly distributed on the surface. In doing so,
when enough lithium is stripped, a relatively flat surface will emerge. The light pink rectangle in panel (c)
enclosed by the dashed line indicates the stripped layer. [122]
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4.1.3 Effects of Interfaces on Void Formation
Li/SEI Interfaces

The analysis in the previous section was performed considering solely a Li-slab, surrounded by vacuum, as
described in Appendix L. However, in practical battery applications, the surface of the anode is always either
coated by a film, whether an oxide layer of a solid electrolyte interphase (SEI), or in direct contact with the
surface of a solid electrolyte. In order to better capture a more realistic behavior of void formation in lithium
metal batteries, similar DFT simulations were carried out in interfaces between the same lithium slabs and
surface facets of two common SEI materials: LiF(001), LiF(110), and Li;CO3(001). These particular facets
were chosen due to their low surface energies, as well as ease to computationally integrate into interface
structures. [100] Such interfacial structures were built in a coherent manner [100] such that normal strains
on the lithium slabs never exceeded 7.5%, and were limited to 4.2% on the SEI materials. [122] This lower
threshold comes from the fact that most SEI materials tend to be brittle; in most interfaces, including
all of the Li/Li;COj3 systems, normal strain on SEI materials remained at 0%. A coherent, low strain,
computationally tractable interface between Li(111) and LioCO3(001) was not feasible. For each interface,
the distance between anode and SEI surfaces was optimized, as well as the relative in-plane shift between

them. An example of such interfaces can be seen in Figure 4.5.

Figure 4.5: Schematic of a Li(110)/LiF(110) interface used in DFT simulations for estimation of regular

solution parameters. [122]

Due to local inhomogeneities, the values of Q1) and Q') vary spatially along the Li surface, as shown

in Figure 4.6, where the atoms from the SEI material are represented as circles, and their proximity to the
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Figure 4.6: Representation of values of Q1) along the surfaces of Li slabs at the corresponding interfaces
with SEI materials. The colored circles represent the location of atoms in the SEI material, and their opacity
is inversely proportional to their distance from the interface: circles that are more translucent are further
from the interface, and those that are more opaque are located closer to the Li surface. Dashed black lines
indicate the limits of the super cell used in the simulation. [122]



CHAPTER 4. THERMODYNAMICS OF VOID FORMATION 38

surface of lithium is directly related to their opacity level. For each of the different values of 2, a critical
temperature can be calculated, and its distribution plotted, as illustrated in Figures 4.7 and 4.8. Interestingly,
the presence of these SEI materials has diverse effects on the regular solution model parameters. For example,
the LiF(001) facet can at the same time lower the critical temperature of the Li(100) surface, but raise that
of the Li(110) surface; the Li(111) interfaces are no longer stable during stripping; and LioCOg is capable of
preventing vacancy clustering in a Li(110) interface. The relative inconsistency in behavior of this vacant-
occupied sites solution serves as further indication of the need for a more in-depth understanding of the
mechanisms behind void and pit formation in Li-metal batteries.

The relationship between the main thermodynamic parameters (eyr,eyv,err, and Q) and their local
chemical environment was evaluated by comparing the values of said parameters and the distance to the
closest Li, F, C, or O atoms in the SEI material, as represented in Figures 4.6 and 4.9. Given the atomic
structure of LioCOg, distances to the closest cluster of 3 oxygen atoms were also considered. As shown in
Figure 4.9, there is no clear correlation between these parameters and the distance to atoms in the SEI
material, with exception of the Li(110)/LiF(001) interface, where there is a high penalty to removing a Li
atom from the Li slab at a distance of ~ 2.2A to the closest F atom in the LiF slab. This happens because the
average value of the Li-F bond length in the strained LiF material is approximately 2.2A as well. Curiously,
Figure 4.9 also shows that, in the case of the Li(110)/LioCO3(001) interface, the beneficial effects due to
the presence of unstrained Li;COg3 outweigh those due to the strain in the anode surface: the values of the
relevant parameters for the interfacial system differ from those of the isolated unstrained Li slab system
(green line in the plots) significantly more than the difference in the same values between strained (orange
line in the plots) and unstrained Li slabs.

To better unravel the effect of SEI materials on the likelihood of vacancy congregation, an analysis of
the adhesion energy associated with each interface was performed. The adhesion energy can be calculated
as follows: [100]

1
Eadhesion = Z [Einterface - (ELi,slab + ESEI,slab)] ) (48)

where F,dnesion is the adhesion energy, A in the interfacial area, FEiyterface is the energy of the interfacial
structure, and FEfp;gsab and Esgrsiab are the energies of isolated strained Li and SEI slabs, respectively.
According to Equation 4.8, lower adhesion energies indicate a more energetically favorable interface. Our
results, shown in Figure 4.10, indicate that higher values of adhesion energy are associated with higher
values of Q, while lower adhesion energy yields lower 2 values. [122] As illustrated in Figure 4.4, as vacancies
congregate in the surface of the metallic anode, they form voids, making the anode surface not be in direct

contact with the SEI nor the solid electrolyte. Therefore, when the adhesion energy between lithium and
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Figure 4.7: Distribution of values of Q') and Q1) along lithium surfaces of specified interfaces. Dotted lines
indicate the corresponding values for a strained, isolated Li slab. LiF seems to have little to insignificant
impact on Q) parameter, while, at the same time, increasing the value of Q(!?) at its interfaces with
Li(110) and Li(111). Interestingly, LioCOgs decreases the values of both §2 parameters, and, in the case
of the interface with Li(110), this SEI material is capable of lowering the critical temperature for vacancy
solubility to 0 K, a very promising result that indicates a potential for this interface to prevent the formation
of voids on the anode surface. [122]
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Figure 4.9: Relationship between thermodynamic parameters and distance to the closest atoms in the SEI
material. The corresponding values of said parameters for the isolated unstrained and strained Li slabs are
shown in green and orange, respectively. Due to the atomic structure of LioCOg, distances to the closest
cluster of 3 oxygen atoms were also taken into account. No obvious correlation can be found, with the
exception of the Li(110)/LiF(001) interface. [122]

SEI (or solid electrolyte) is low, there is a thermodynamic driving force that pushes vacancies on the lithium
surface away from one another, as to prevent them from gathering and creating facets that do not interact
as strongly with the SEI. In cases where the adhesion energy is high, there is little external influence on the
behavior of vacancy congregation. This reveals a potential design rule for filtering candidate materials for
use in artificial SEI or solid electrolytes coupled with a metallic lithium anode, and is in accordance with
previous studies that focused on kinetics. [114, 115]

The analysis above identifies that an isolated, unstrained, (111) Li surface facet could help mitigate this
issue under equilibrium conditions. However, further investigations show that anode strain and the presence
of SEI materials in proximity to the anode surface can have significant impacts in the thermodynamics of
vacancy congregation, thus reinforcing that simulations of isolated slabs are not an appropriate surrogate

to material interfaces. As represented in Figure 4.7, in some cases, such as that for the Li(100)/LiF(110)
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Figure 4.10: Plot of Q1) and Q) as a function of the negative of the adhesion energy associated with the
corresponding interface. This graph shows that lower adhesion energies yield lower values of 2, and, thus, a
Li surface that is more stable against void formation.

interface, the impact of anode strain on thermodynamic parameters outweighs that of interactions between
the constituent (strained) materials; nevertheless, in most cases shown, including the Li(110)/LioCO35(001)
and Li(100)/LioCO3(001) interfaces, the influence of interfacial effects exceeds that of anode strain. Among
all the anode/SEI interfaces considered, the Li(110)/LioCO3(001) seems to be have the highest likelihood
of hindering the initial step required by void formation. There is some evidence that this phenomenon is in
part explained by the low adhesion energy of this interface, which hinders vacancies from accumulating and
reducing the interaction strength between the surface of Li and the SEI component. While the high strain
employed in our simulations renders some of the obtained values of adhesion energy unrealistic, our analysis
shows that this parameter appears to be a valuable metric for material selection for Li metal batteries,
in accordance with previous work. [114, 115] However, since anode/SEI interfaces in real batteries are not
necessarily coherent and tend to experience values of strain significantly lower than the ones employed here,
further investigations of the impact of adhesion energy and void formation behavior are needed. For instance,
combining the thermodynamic analysis presented here with previously studied kinetics models [114, 115, 116]
can provide a deeper, more holistic comprehension of the mechanism of void and pit formation at anode/SEI
and anode/solid electrolyte interfaces: integrating our methodology to nudged elastic band (NEB) calcu-
lations of concentration-dependent Li vacancy hopping barriers along and away from such interfaces [114],
as well as to interfacial structure considerations [115], can allow for more accurate, first-principles informed
continuum scale modeling of void formation, akin to that of Yan et al. [116]. For example, this could facili-
tate further studies of the effect of SEI layer thickness and composition on pitting behavior, as well as the
potential impacts of other materials, such as lithium alkyl carbonates — which represent a major part of the

SEI — and sulfide-based electrolytes.



CHAPTER 4. THERMODYNAMICS OF VOID FORMATION 43

Li/Interlayer Interfaces

As illustrated in Figure 1.3, the structure of the SEI film is complex, making it a challenge to properly
engineer this critical component of a lithium battery. Therefore, solutions to the void formation issue that
rely on SEI engineering are not immediately applicable, and more pragmatic alternatives need to be found.
The application of stack pressure during battery operation has demonstrated promising results, but the
required pressure values of 10-40 MPa [116, 110] also render it impractical.

A different option is using thin metallic interlayers (ILs) at the interface between the anode and the
solid electrolyte, [110, 124, 125, 126, 127] which are known to reduce interfacial impedance and thus
raise the critical current density (j.) associated with dendrite formation in Li metal batteries. Symmet-
ric Li/IL/LLZTO/IL/Li cells with aluminum (Al) and tungsten (W) serving as metallic ILs were shown
to share a common mechanism for dendrite growth: both exhibit the same exponential dependence of j.
with the inverse of temperature 1/7, as shown in Figure 4.11. [110] Such exponential relationship has been
proposed to indicate dendrite growth stemming from voids. [104, 111] Furthermore, for both Al and W ILs,
voids were observed at current densities of approximately (2/3) j., as shown in the cross-sectional scanning
electron microscopy (SEM) images in Figure 4.12. The main difference between IL behavior is that W can
withstand higher current densities than Al: at room temperature, cells with W have j. ~ 540pA /cm?, while
cells with Al IL show j. ~ 300puA/cm?. This observation remains valid across the temperature range in
experiments conducted by Raj et al. [110].
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Figure 4.11: Comparison of j. at temperatures of 25°C, 40°C, 60°C, and 70°C for cells with Al and W
interlayers. [110]

The regular solution formalism developed in previous sections can in part help explain why W ILs are
more resistant to voids than Al ones. Approximating Li/IL interfaces by Li-monolayers adsorbed on surfaces

of W and Al as represented in Figure 4.13, the thermodynamic parameters can be estimated with DFT



CHAPTER 4. THERMODYNAMICS OF VOID FORMATION 44

Figure 4.12: Cross-sectional SEM images of symmetric cells with Al and W interlayers. In all images, the
bottom, rock-like portion, is the solid electolyte (LLZTO), and the top material is the anode. Cells prior
to cycling (as-prepared pristine) and those cycled at current densities of j¢/3 (of the respective IL) exhibit
interfaces where the surfaces of anode and electrolyte are flush with each other. At current densities of 24/3,
regions where the two materials are not in contact can be seen (black regions), indicating the existence of
voids. For cells that were cycled until a short-circuit was detected, the interface is notably composed of large
voids and dendritic structures. [110]

calculations. The results of this analysis are reported in Table 4.2. [110]

Facet Surface Surface Phase-transition = Vacancy hopping
energy [eV/A?] prevalence [%] temperature [K] barrier [eV]
(100) 0.056 27.1 3,556 0.194
Al (110) 0.061 3.9 0 0.168
(111) 0.051 69.0 2,557 0.107
(100) 0.255 3.6 124 0.262
W (110) 0.203 78.2 0 0.190
(111) 0.210 18.2 > 10° 0.533

Table 4.2: Summary of computed thermodynamic and kinetic parameters for Al and W ILs. [110]

For both Al and W ILs, void formation is favorable in the (111) facet and unfavorable in the (110) facet.
However, a thermodynamic driving force for vacancy congregation is present in the Al(100) facet, but not in
W (100), for which T, ~ 120K. Furthermore, the surface energies of these facets reveal another critical detail:
the Al(110) facet, the only one capable of thermodynamically preventing voids in this IL material, has the
highest surface energy and is thus expected to be the least common. In contrast, the W(110) facet has the
lowest surface energy, and consequently is the most prevalent, as shown in the Wulff constructions displayed
in Figure 4.14. These results are in accord with previous studies. [128, 129] However, as noted earlier, the

W(110) facet does not favor vacancy congregation. Therefore, from a thermodynamic perspective, most Al
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Figure 4.13: Al and W slabs used for computational calculations. Li monolayers on (100) surface facets of
Al (a, b) and W (c, d). Top views are shown in panels (a) and (c), and side views are in panels (b) and

surface facets have a tendency towards void formation, whereas for W, most surface facets favor vacancy

solubility.

N (100)
N (110)
(111)

Figure 4.14: Wulff constructions of Al and W. In Al, nearly 70% of the surfaces are composed of (111) facets,
while only 4% are composed of the desirable (110) facets. For W, however, nearly 80% of surfaces are (110)
facets.

For a more holistic understanding of the void formation phenomenon, kinetic factors also need to be
considered. Using the NEB algorithm, it is possible to compute the energetic barriers associated with Li
vacancy hopping along the Li monolayer on the surfaces of IL materials (Table 4.2). For Al the activation

energy needed for vacancy motion is less than 0.2 €V for all facets, being as low as 0.1 eV for the (111) facet,
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which thermodynamically favors void formation. However, the (111) facet of W, which is the only facet in
which void formation is thermodynamically favorable, has the highest vacancy hopping barrier of all facets,
reaching a value of over 0.5 eV. Thus, for this facet, even though vacancy congregation is thermodynamically
favorable, kinetic limitations on vacancy motion and the low surface prevalence potentially delay or even
prevent void formation. [110]

In short, this theoretical and computational analysis demonstrates that, from both thermodynamic and
kinetic perspectives, Al-based ILs have a higher likelihood of void nucleation and growth: the most common
Al surface facets have a thermodynamic driving force that favors vacancy congregation. They also have a
relatively low energetic barrier for vacancy motion. By contrast, the most prevalent W surface facet thermo-
dynamically favors vacancy solubility, and the only facet with a thermodynamic tendency to form voids has
the highest vacancy hopping barrier. Therefore, void formation on W surfaces is both thermodynamically
and kinetically limited.

Interestingly, cells using Cr [130] and Mo [110] as IL materials have also demonstrated enhanced j. values.
Notably, Cr, Mo, and W are all group 6 metals with a body-centred cubic structure and low solubility for
Li. This suggests a common mechanism that limits Li vacancy congregation on surfaces of these materials.
The results in this section imply interface engineering with IL materials can enhance the stability of solid
electrolytes against shorting due to dendrite growth, as void formation acts as a precursor for dendrite
nucleation. [105, 131] Therefore, mitigating void growth could determine the success of Li plating in solid-

state Li-ion batteries.

4.2 Summary and Conclusions

In this Chapter, we identify the need for a fundamental understanding of the void formation phenomena
that is based on thermodynamics, rather than just kinetics. The regular solution model, a well-established
thermodynamic modeling technique, is shown to provide valuable insight in studying the tendency for lithium
vacancies to accumulate on the surface of lithium metal, at its interface with other materials. The importance
of modeling explicit interfaces is also discussed in this Chapter: under a regular solution formalism, the
interface between Li(110) and Li;CO3(001) is shown to be thermodynamically stable against the formation
of voids, the main culprits behind dendrite nucleation. The same model is also shown to accurately capture
experimental behavior of interlayer materials, which are easier to design than artificial SEIs. Such remarkable
agreement between theoretical predictions and experimental results indicates that the methods developed
within this Chapter can serve as a promising tool for the design of interfaces and interlayers of next-generation

battery materials, allowing for faster computational screening of candidate materials.



Chapter 5

Tuning of Reactions through Interface Design

In Chapters 3 and 4, the impacts of interfaces on ionic transport phenomena and on the void formation
mechanism were thoroughly investigated. Another critical process in batteries are reactions, of both electro-
chemical and chemical natures. Electrochemical reactions are the “driving force” of batteries: at every cycle,
they happen on both electrodes. During discharge, they allow for electrons to perform useful work on an
external circuit; during the charging process, they allow for storage of energy for use at a later point in time.
Chemical reactions also play an important, though indirect role, in battery applications: the products of
decomposition reactions can influence both performance as well as longevity of battery cells. In this Chap-
ter, we study the effects of interfaces on reactions for two different battery applications, namely, anode-free

lithium metal and next-generation alkaline batteries.

5.1 Investigating Reaction Rates at Low State-of-Charge Anode-free Li-metal

Batteries

The maximum theoretical energy density of Li-metal batteries can only be reached in cases where there is
no excess lithium. Battery cells that have no lithium in excess are called anode-free (AF) cells: they are
assembled with a pre-lithiated cathode and without a Li-metal anode, which is fully formed in the first
charging process. During discharge, anode-free Li-metal batteries (AFLMB) consume the entirety of their
anode, leaving the current collector (CC) in direct contact with the electrolyte. AFLMBs are especially
important for aviation applications, where reduction in total battery weight is crucial. [132, 3] However, for
these applications, a high-power and a high-current outputs are required from the battery cells near the
end of their discharge cycle, at a low state-of-charge (SOC). [3] At such low values of SOC, the Li-metal

anode is almost completely consumed, and, thus, its interface with the CC material can have significant

47
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impacts on the rate of electrochemical reactions happening on the other side of the anode, at the Li-
metal/eletrolyte interface. Computational screenings for CC materials have been performed with a focus on

dendrite formation, [133] but it is also important to consider their effect on current output.

5.1.1 Modeling Electron Transfer Kinetics

The current output of a battery cell is directly related to the net redox reaction rate happening at the
interfaces between electrodes and electrolyte. Since this reaction, shown in Expression 5.1, involves electron
transfer between species, it is best modeled though a Marcus-Hush-Chidsey (MHC) based formalism. [134,
135]

Li(sol) +e” *er‘d—‘Ll (5.1)

ox

It has already been shown that the density of states (DOS) of the electrons at the electrode is important

when considering the oxidation and reduction rates: [134, 135]
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Here, H is the electronic coupling element, which is assumed independent of the energy (but need not be,

- €F)]2} [1— frp (E,er)]DOS(E)IE  (5.2)

—er)]” } frp (E,ep) DOS(E)AE (5.3)

and can be incorporated into the integral term). The temperature is denoted by T', & is Planck’s constant
divided by 27, kp is Boltzmann’s constant, Az is the maximum distance from the surface of the electrode
within which reactions are assumed to happen, A is the Marcus’ reorganization energy, 7 is the overpotential
applied (defined as the difference between electrode and electrolyte potential), e is the electrode Fermi level
(assumed to be a metal), frp is the Fermi-Dirac distribution, and DOS represents the density of states.
Assuming that, upon de-lithiation, the change in the Az and |H|? terms are negligible (an assumption that
may only break down when a bare CC is considered), we can focus on the simpler terms k, and k:T
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An implicit assumption of the MHC model is that, at the reference steady-state conditions, the concen-

—en)) } frp (E,er) DOS(E)IE (5.5)

trations of reactants and products are equal. This means that, at 7 = 0, kyr = kreq. Therefore, the net

reaction rate can be easily computed as

_kT

red

kT

net —

(5.6)
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5.1.2 Computational Screening of Current Collectors

Using previously defined criteria to select promising CC materials, [133] we considered a variety of CC
candidates: chromium(Cr), copper (Cu), molybdenum (Mo), nickel (Ni), titanium (Ti), vanadium (V),
tungsten (W), and zirconium (Zr). For each CC material, several low Miller index surface slabs were
created. For each of these slab systems, lithium growth along different lithium crystallographic directions
was simulated by sequential addition of lithium monolayers, from zero (0) to four (4) total Li layers, as
illustrated in Figure 5.1. In all calculations, a reorganization energy value of A = 0.216 V was used,
in accordance with previous studies that compared MHC model predictions to experimental data. [134]
The DOS of each interfacial structure was computed with DFT, using the BEEF-vdW functional. [74]
However, since the redox reactions are taking place only at the interface between the Li-metal and the
electrolyte, it would be incorrect to consider the total DOS (TDOS) of the system modeled. Here, we take
a more conservative approach, and considered the DOS projected on atoms that are within the top 2.5A
of the interfacial system. This means we assume that, in general, only atoms in the top-most two layers
can participate in the electron transfer reaction. This difference in projected DOS (PDOS) used for rate

calculations can be seen in Figure 5.2.
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Figure 5.1: Schematic of structures used in DFT calculations of anode-free interfaces. Red circles denote
current collector atoms, and blue circles correspond to Li atoms. In particular, the interfaces in this image
represent lithium growth along the Li(100) direction on a Mo(111) substrate.

Since the metallic constituents of the CC material generally have more states (both occupied and un-
occupied), this distinction can have appreciable impacts on the calculation of the total net reaction rate.
Figure 5.3 shows the ratio between klet computed with the top 2.5A atoms’ PDOS and that computed
with the summation of the PDOS for all atoms in the V(110)/Li(100) system. For the bare CC system,
there is no significant variation in this ratio, as the relevant PDOS has approximately the same profile as
the TDOS. However, as more and more Li layers are introduced, the more the shape of the relevant PDOS
changes compared to that of the TDOS, thus yielding considerable variations in the ratio of k!, values. For
the V(110)/Li(100) interfaces with at least 2 Li layers, there is a spike in this ratio at an overpotential of

about 1.25 V, which corresponds to a value of about 1 eV above the Fermi level, where there is a relative
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PDOS

Figure 5.2: Representation of the PDOS from V(110)/Li(100) interface structure. Grey lines correspond to
the PDOS of atoms on the top 2.5A of the system. Dashed colored lines are the summation of the PDOS
of Li atoms, and continuous colored lines are the summation of the PDOS of the CC atoms (V). Red lines
correspond to the bare CC system, yellow, to that with a single Li monolayer, green, to a system with 2 Li
layers, teal, to one with 3 Li layers, and blue, to one with 4 Li layers.

abundance of Li states but a depletion of V states.

The net reaction rates using the PDOS of the relevant atoms can then be calculated for every system.
A diagram of how they vary with overpotential for a Mo(110)/Li(110) interface is displayed in Figure 5.4.
Since we do not have access to parameters like |H]|, it is more valuable to understand how k‘ibet varies as
a function of SOC. In order to do so, for each interface and for each value of overpotential 7, the ratio
k)¢ lcurrent system]/kT 14 Li layers] is computed. Figure 5.5 displays how this ratio varies with overpotential for
a V(110)/Li(110) interface.

In order to maintain high-current outages at low SOC during discharge, when the overpotential is positive
(n > 0), it is necessary for the values of kLet to stay the same or increase as the number of Li layers decreases:
as more Li atoms dissolve into the electrolyte as cations, it is needed to at least maintain the same rate of

electron transfer. In this regard, Figure 5.5 demonstrates that V(110) is a good candidate: for relatively
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Figure 5.3: Ratio of klet values calculated considering the PDOS of the top 2.5A atoms and the summation
of all PDOS for the V(110)/Li(100) interface.
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Figure 5.4: Variation of k! _, with overpotential for a Mo(110)/Li(110) interface.
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Figure 5.5: Ratio k). [current system]/k1 (4 Li layers) for a V(110)/Li(110) interface. Due to the abundance of V
states, the bare CC and Li monolayer curves are above that for a structure with 4 Li layers. In this case,
there is not much variation between structures with 2, 3, or 4 Li layers.

small positive n € [0,0.85] V, the condition mentioned above is maintained — structures with at least 2 Li
layers have similar klet, and structures with less than 2 Li layers have higher k;rwt values. This is not the
case for all metals, however. As Figure 5.6(a) shows, for Cu, there is a reduction in klet as more de-lithiation

occurs. This can be explained by the fact that, near the Fermi level, the PDOS of the Cu(100) surface is

relatively low, as shown in Figure 5.6(b).
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Figure 5.6: Results for a Cu(100)/Li(100) interfacial system. (a) Ratio of k] _, as a function of overpotential.
(b) Sum of relevant PDOS near the Fermi level for structures with different numbers of Li layers. The

relatively low PDOS for a bare Cu(100) facet is responsible for a decrease of k‘jwt as de-lithiation occurs.

Besides electron transfer, another important part of the de-lithiation process is the lithium desorption
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from the surface of the electrode. To investigate possible relationships between these two processes, we can
calculate the layer adsorption energy per Li atom for the interfacial structures with less than 4 Li layers as

follows:
(n) g+l _ gp)

ads —

Ag — pLi, (5.7)

S )
Ny = Ny

where n is the number of Li layers, E(™ is the energy of a system with n Li layers, N[(Lni]) is the number of
lithium atoms in a structure with n Li layers, and pr,; is the Li reference energy. With this, we can evaluate
any possible correlation between Ag,qs and the ratio of k::rwt values, as shown in Figure 5.7.

Under this formalism, a negative value of Ag,4s indicates that, relative to a bulk Li reservoir, the interface
has a lower chemical potential for Li. Therefore, negative values of Ag,qs correspond to a thermodynamic
driving force for lithium deposition, while positive values denote a thermodynamic driving force for lithium
stripping. As made clear by all plots in Figure 5.7, in general, bare CC surfaces favor lithium plating. As
more layers are added, this effect diminishes, and, in some cases, might even switch signs and favor (though
very slightly) lithium electropolishing instead. The results presented in Figures 5.7(a), 5.7(c), and 5.7(e)
show that, for n < 0, reduction becomes more favorable as SOC values go down from both a thermodynamic
and an electrochemical kinetic perspectives. However, for high-power output applications, the focus is on

oxidation, which happens when 7 > 0. For oxidation-dominated cases, a trade-off between thermodynamics

and kinetic can appear, not too dissimilar from a previous study on CC screening. [133] In a W(111)/Li(100)
T

interface, as the number of Li layers in the structure goes down, k.,

does not change considerably, but
the values of Aguqs decrease, reaching values of —1 eV per atom, as shown in Figure 5.7(d). Therefore,
for this system, adsorption can lead to slow reactions. In this aspect, the V(110)/Li(110) interface (Figure
5.7(d)) appears more promising: although the values of the ratio between kLet are moderate, the associated
adsorption energies are much closer to 0, reaching a minimum of —0.25 eV per Li atom. Therefore, while
similarly to the W(111)/Li(100) case, there is not much difference in the electron transfer kinetics as SOC
lowers, the V(110)/Li(110) would not have to overcome a steep thermodynamic barrier. Another interesting
possibility is shown in Figure 5.7(f): for the Ti(111)/Li(111) system, as the Li loading shrinks, there is
an increase in both the electron transfer rates as well as in the thermodynamic driving force opposing Li
deposition. It is not immediately evident whether this trade-off is favorable for fast Li stripping reactions, and
a more in-depth investigation between the thermodynamics and kinetics of SOC dependent electrochemical
reactions at the interfaces between electrolytes and both current collectors and electrodes is necessary to
further unravel optimal materials design for high performance battery cells.

In particular, for a full comprehension of current output at low SOC, several parts are needed. In this

work, only the anode side was considered, and, as described above, not fully: the relationship between
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Figure 5.7: Distribution of kjwt ratios compared to adsorption energy Ag,qs for several of the interfaces
considered, for negative and positive values of the overpotential 7. Positive 1 denotes a reaction dominated
by oxidation, while negative i corresponds to a reduction-dominated reaction.



CHAPTER 5. TUNING OF REACTIONS THROUGH INTERFACE DESIGN 55

adsorption thermodynamics, electron transfer kinetics, and electrolyte solvation structure needs to be better
understood. The same can be said about electrochemical reactions on the surface of the cathode: while
there have been numerous studies on the thermodynamics of Li intercalation and bulk diffusion, phenomena
at the cathode/electrolyte interface remain elusive from both a thermodynamic and kinetic perspective, and

should be investigated under the same light as for the anode.

5.2 Empowering Aqueous Alkaline Batteries Through Interface Design

While Li-ion based batteries are a staple in energy storage, as well as constitute the most promising avenue
for electrification of more challenging sectors such as aviation, alkaline cells still account for 80% of all
batteries manufactured in the US. [136] Nickel hydroxide Ni(OH) is widely used as the positive electrode,
with the following half-reaction:
Ni(OH); + OH™ (aq) == NiOOH + Hz0 + ¢~

Layered 2D materials similar to S-Ni(OH)s are particularly attractive due to their crystal structures
having large surface areas, allowing for more contact with the aqueous electrolyte and thus enhancing the
total current output of the battery. However, further development of alkaline batteries with this class of
materials is hampered by their characteristic low active mass-loading ratio, which lowers their real storage
capacity. In order to increase the overall volume energy density of these structures, the use of ultra-thick
halogen-doped -Ni(OH)y structures on a conducting substrate has been proposed, as shown in Figure 5.8.
These new structures NiM,(OH),_, (M=F, Cl, Br, or I) were shown to increase the total mass loading of

the traditional 5-Ni(OH)3 by an order of magnitude.
(a) Traditional electrodes (b) New-concept electrodes (this work)
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Figure 5.8: Schematic illustration for (a) the traditional and (b) the new-concept electrodes

To understand how halogen doping can aid in particle design, DFT calculations were performed on bulk
and surface structures of several NiM,(OH),_, materials. The plot of surface energies shown in Figure 5.9

helps explain why fluorine-doping generates thicker crystals: for pure 8-Ni(OH)s, the surface energy of the
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(001) facet is negligible (its negative value, while nonphysical, can be explained by a variety of factors, such
as choice of functional, Hubbard correction value, size of the simulated structure, among others), and thus
its crystals develop needle-like thin structures; for F-doped systems, the energy of this facet is the lowest,

but still considerable, and thus crystals grow as thick disk-like structures.
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Figure 5.9: Calculated surface energies of NiF,(OH)y_, for the (001), (100), and (110) facets.

An important caveat to note, however, is that structure tuning through doping does not come without
downsides. Doping of 5-Ni(OH)y with halogens other than F, namely, chlorine (Cl), bromine (Br), and
iodine (I), is limited. A common decomposition reaction for these compounds is given by:

NiMa, (OH)2(1-2) — (1-x)Ni(OH)z + xNiM,

When the enthalpy change (AH) associated with this reaction is positive, the composition NiM,(OH),_,
is stable. However, negative values of AH indicate an unstable product that has a thermodynamic driving
force to decompose. For F-dopant, a wide range of doping concentrations yields stable materials. However,

for the other halogens, only small doping concentrations are stable, and higher doping concentrations lead

to decomposition of the doped nickel hydroxide, as shown in Figure 5.10.
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Figure 5.10: Decomposition enthalpies for halogen doped 8-Ni(OH)s Low doping ratios correspond to x =

1/12, and high ratios correspond to x = 2/3. Units of AH reported in eV per Ni atom involved in the
decomposition reaction.

This work emphasizes the “double-edged sword” character of interface engineering. While a priori halogen

doping appears to help modify the structure of 8-Ni(OH)s in a way to improve its mass loading ratio and
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thus total capacity thanks to doping-dependant surface energies, limitations regarding stability of newly
made materials can pose challenging obstacles for property optimization. As alluded to in the introduction
to Chapter 3, in order to avoid drawbacks and to perfect interface design, further investigations similar to

those presented in this Chapter are required.

5.3 Summary and Conclusions

This Chapter explores the effects of interfaces on kinetics of electrochemical reactions, with a focus on
the performance of different current collectors at a low state-of-charge anode-free battery configuration.
The methods developed can also be used to understand faceting control in anode-free batteries, as lithium
can grow in different directions at different rates during the plating process. Incorporation of adsorption-
desorption kinetics into the model would provide a more comprehensive approach for studying overall plating
and stripping kinetics. Furthermore, interface engineering is also shown to have significant importance
for other applications beyond Li-metal and Li-ion batteries, including state-of-the-art alkaline batteries
and supercapacitors. However, it is also demonstrated that engineering of interfaces can have unexpected

shortcomings, thus emphasizing that interface design must be performed in a cautious and exhaustive fashion.



Chapter 6

Conclusion and Outlook

The topics covered in this thesis emphasize the importance of physical phenomena on lower dimensional
structures, ranging from 2D atomic monolayers to 2.5D interfaces. From opening possibilities in the fields of
photovoltaics to being a critical enabler of Li-metal batteries, such material structures serve as confirmation
of Nobel laureate Richard Feynman’s statement that “there is plenty of room at the bottom.” This Chapter
briefly summarizes the conclusions from other chapters, as well as discusses ways in which the work presented

here can aid in further exploring materials at the nano-scale.

6.1 The Growing Role of Machine Learning in Materials Science

In Appendix B, we evaluated the accuracy and precision of CGCNNs for predicting properties of 2D atomic
monolayers for applications in photovoltaics and in creating of mechanically robust composites. CGCNNs
were shown to be less computationally expensive than traditional ab-initio methods while retaining the
same level of accuracy. Design principles extracted from model predictions are able to both capture well-
accepted field-expertise and to identify new promising avenues for material development. This work is just
one example of how machine learning (ML) methods have demonstrated their usefulness in materials science.

Here, we discuss the promise of ML methods and how to leverage them for several applications.

6.1.1 Common Machine Learning Applications

While ML could one day help the scientific community discover “new physics,” that would happen first in an
indirect manner: by significantly increasing the speed at which high-accuracy calculations can be performed,
ML methods allow scientists to collect and analyse data at a much faster pace than previously possible.

There are two main ways in which ML methods are currently employed in computational materials science.

98
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The first is as a property predictor: given a collection of materials, trained ML models can predict,
for each structure, several properties of interest at a negligible time compared to traditional first-principles
calculations. While this application of ML is very useful at predicting properties, such as stiffness tensor
components, that require several DFT calculations, one of its main shortcomings is the fact that it needs
relaxed structures as inputs: ab-initio relaxation is the main bottleneck for property prediction. This
challenge can also be overcome with ML methods, such as Bayesian optimization. [137]

The second most common application of ML can also help tackle this issue, but tends to be more limited
and not adequate for single-model relaxation of materials with high variance in composition and structure.
Instead, its principal use is to investigate structures whose sizes make them intractable for first-principles
calculations. ML interatomic potentials (MLIAPs) have been demonstrated to reach DFT-level accuracy
when predicting energies and forces between atoms; a very recent example being a graph-based universal
neural network capable of relaxing even hypothetical crystals and predicting their relative stability. [138]
Once trained, the computational cost of MLIAPs scales linearly with the number of atoms (V) in the system
under investigation, while first-principles methods usually scale as O(N3). Therefore, MLIAPs can reach

high-levels of accuracy at unprecedented scales.

6.2 The Importance of Interfaces

In Chapters 3, 4, and 5, the impact of several different types of interfaces on material performance was
investigated. We demonstrated how to engineer interfaces in a polymer composite in a way to prevent
dendrite growth, explored the enhanced ionic conductivity caused by SEI interfaces, predicted how interfaces
between Li and solid ion conductors can influence surface morphology and void formation, evaluated the
performance of several current collector materials from a kinetics perspective, and studied surface and
particle shape modulation through doping. The importance of better understanding such types of structures
is undeniable: it is a requirement of the more sophisticated interface design needed to ensure drawback-free

optimal material performance.

6.2.1 Grain Boundaries: A Challenging Mystery

Most crystalline materials, including solid electrolytes, are polycrystalline — they are structured as a col-
lection of crystals/grains at different orientations. The interfaces between two crystals of the same material
is called a grain boundary (GB), and it is known to significantly dictate macroscale material properties. For
example, thanks to the ability of GBS of pinning dislocations, materials with smaller grain sizes, and thus,

denser GB networks, have a higher yield stress, a phenomenon described by the Hall-Petch relationship.
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In battery materials, the role of GBs is not as clear, and active investigation of these structures is still
ongoing. For instance, GBs have been shown to influence dendrite growth, but the mechanism through
which this happens is unknown: some argue it is through mechanics [139], others claim it is through elec-
tron leakage. [140] GBs can also impact ion diffusivity and concentration, [139] but these effects can vary
depending on material and GB structure.

From a computational standpoint, a variety of reasons make GBs particularly challenging to investigate.
First, in any material, a variety of different GB structures can be present, from tilt to twist to neither of
these, from coincidence site lattices to random, from values of ¥ ranging from 3 to unbounded numbers.
Additionally, in a single GB, even for single element materials, there can be an assortment of different phases
(complexions) present, which can be ordered or disordered, or have different structures and compositions, to
name a few. [121] Moreover, for proper computational modeling of GBs, the atomic structures needed are
much larger than bulk unit cells, thus rendering first-principles methods usually not viable for this task.

As discussed in Section 6.1.1, methods powered by ML, in particular MLIAPs, can be a promising
solution to this problem. They can provide ab-initio accuracy at the scales that are relevant for the study
and understanding of GB structures and complexions, as well as other relevant properties, such as species

diffusivity coefficients, mechanical response and GB mobility, to name a few.

6.2.2 Dynamics of Point Defects

Point defects play an essential part in battery operation. The concentration of charged point defects is
especially susceptible to the Fermi level of the material and to the spatially varying Galvani potential, as
shown in Appendix I. As discussed in Section 3.2, their dynamics and diffusion pathways can be significantly
impacted by interfaces, especially in inhomogeneous battery components made up of small grains of sizes
no larger than a couple of nanometers. This is in part explained by the space-charge layers in the vicinity
of interfaces between different materials. In order to better engineer artificial SEI layers to enhance ionic
conductivity, it is necessary to understand how this 3D material mosaic can affect carrier concentration. This
could be done by combining first-principles calculations with meso-scale modeling, as discussed at length in

Section 1.2.

6.3 Other Low Dimensional Structures

Chapter 2 and Appendix B highlight the relevance of low dimensional (2-2.5D) materials for several applica-
tions. Modern sophisticated experimental techniques, capable of isolating atomic monolayers and building

structures with a pre-defined layer count, have opened completely new possibilities for material design. In
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the past, these materials have been mostly neglected due to their experimental infeasibility. Therefore, there
is much to study and understand. Calculations of all possible Moiré patterns and heterostructure combina-
tions cannot be accomplished by traditional techniques, due to both the sizes of twisted structures as well
as to the lack of classical force fields that have been fine-tuned to this particular application. Once again,

ML methods have the opportunity to really make an impact in this field.
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Appendix B

Design Rules for Two-dimensional Materials

Owing to their unique electronic, mechanical, chemical, optoelectronic and magnetic properties, [52, 53,
54, 55] two-dimensional (2D) materials have become an enticing candidate for use in energy applications.
For instance, thanks to exfoliation, 2D materials provide a new way of tuning properties, such as band
gaps, of their 3D counterparts, [143] as is the case with 2D perovskites, which have shown great promise
for photovoltaics applications. [144] Moreover, MXenes have been investigated for applications in water
purification, battery electrodes, catalysis, lubrication, among others. [145, 146, 147] Due to their relative
mechanical strength compared to other 2D materials, MXenes also show potential for uses in protective
coatings, composites and membranes. [148] A schematic of some of these applications is illustrated in Figure
B.1.

The innumerable different 2D structure prototypes and atom combinations to populate their sites mean
that a purely conventional exploratory computational approach based on expensive first-principles calcu-
lations is unlikely to identify materials for desired applications in a time-efficient manner. For example,
MZXenes have the form M,,11 X,, T, where M indicates a metal, X is either carbon (C) or nitrogen (N), and
T are different possible terminations, such as fluorine (F), oxygen (O), or a hydroxil group (OH). In a case
where there are m different metal possibilities and ¢ different termination group possibilities, the amount of
different theoretical structures explodes combinatorially, with an upper bound of ~ 2»m”*¢*. For instance,
the number of MXene structures with only two layers of either C or N (n = 2), with three termination
groups (¢t = 3) and 10 metals (m = 10) to choose from is of 35,000, but, by simply doubling the amount
of metallic elements to consider (m = 20), this number becomes 280, 000. Fortunately, thanks to the recent
generation of substantial volumes of materials data, [149] data-driven techniques, such as machine-learning
(ML), offer a new avenue to deal with this problem. Such methods have demonstrated to be capable of

advancing our fundamental understanding of materials [150], as well as to perform large scale computational
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Conduction band

Valence band

Figure B.1: Illustration of 2D materials applications: (a) 2D perovskites whose bandgaps can be the range
of 1.5-3 eV have been demonstrating promise in the field of photovoltaics, ; (b) MXenes can be used in
composites to increase their mechanical strength, here indicated by the material’s response to an external
mechanical stress (in grey). [141]

screening through the development of accurate structure-property relationships. [151, 152, 153, 154, 155] ML
methods are able to circumvent the use of first-principles calculations and thus reduce the computational
costs of traditionally time-consuming material discovery and optimization. [156, 157, 158].

Graph convolution based machine learning models have shown promising generalization capability for
predicting the properties of crystals and molecules. [141, 154, 159, 160, 161] These methods encode the
structure of a material as a graph based on the position and coordination of atoms, thus bypassing the use
of carefully engineered structural features, and enabling them to be used in a variety of applications. In
this Appendix, crystal graph convolutional neural networks (CGCNN) are extended to study materials with
planar periodicity. Using 100 different, randomly generated training sets, an ensemble of CGCNN models
were trained to predict thermodynamic, mechanical, and electronic properties. The ensemble of neural
networks has errors comparable to those from highly accurate first-principles calculations, such as density

functional theory (DFT), as discussed in Appendix C. This ensemble is used to survey ~ 45,000 2D monolayer
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materials with focus on mechanically strong MXenes (c11,c22 > 175 N/m) and on perovskites whose band
gaps fall within an acceptable range ([1.5, 3] eV) for solar cell applications. These two applications are quite

different from each other, further proving the generalizability of CGCNN model predictions.

B.1 Machine Learning Methods

B.1.1 Databases

Computational data and material structures used in this work originated from (1) the Computational 2D
Materials Database [162] (C2DB), (2) a database of hybrid organic-inorganic perovskites generated by Kim
et al. [163] (HOIP), (3) a database of cubic perovskites generated by Castelli et al. [164] (Castelli), and (4)
a database of 2D MXenes generated by Rajan et al. [165] (aNANt). All four databases contain results from
DFT calculations, but training of the CGCNN models was performed using only values from the C2DB
database. The structures from the other three databases were used in the screening process after model
training.

As of August 2019, C2DB consisted of over 3500 structural, thermodynamic, elastic, electronic, magnetic,
and optical properties calculated using density functional theory (DFT), coupled with the Perdew, Burke,
and Ernzerhof (PBE) exchange correlation functional [94] in the projector augmented wave (PAW) code
GPAW. [73] The material structures were combinatorially generated from a series of prototypes that differ
in space group, stoichiometry, and thickness. Examples of such prototypes include BN (space group P3m2),
Bilz (P3ml), or PbSe (P4/mmm). The most important properties for screening 2D MXenes and perovskites
are the heat of formation; bandgap; and the c11, c¢12, and coo components of the elastic tensor. The
CGCNN models trained on C2DB data were used to predict these properties of approximately 20,000 2D
perovskites and 25,000 2D MXenes. Perovskite structures (ABX3) were taken from the HOIP dataset [163]
(1,346 structures) and the Castelli database [164] (19,000 cubic structures), all generated combinatorially.
A total of 135 prototypes, obtained using the minima-hopping method outlined by Goedecker [166], were
optimized using a combination of molecular dynamics simulations and DFT calculations, coupled with
the vdW-DF2 exchange correlation functional [167] as implemented in the Vienna Ab Initio Simulation
Package(VASP) [168], and then used to create the HOIP database. For these ABX3 perovskite prototypes,
A is one of 16 organic cations, B is one of {Ge, Pb, Sn}, and X is one of {F, Cl, Br, I}. The cubic
perovskites in the Castelli database have A and B as each one of 52 different metals and X3 as one of
7 different anion groups. They were optimized using the RPBE exchange correlation functional [169] as
implemented in GPAW. [73] Both HOIP and Castelli databases contain only 3D bulk structures, which were

computationally exfoliated to create corresponding (001) monolayers used for screening. The 2D MXenes
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structures are taken from the aNANt database [165], which contains 23,870 combinatorially-generated five-
layer MXene structures of the form T-M-X-M’-T’ (that is, the T/T’ occupy the outermost layers of the
structure), where T and T’ are each one of 14 termination functional groups, M and M’ are each one of 11
early transition metals, and X is one of {C, N}. These structures were optimized using the PBE exchange

correlation functional [94] in VASP. [168]

B.1.2 Model Training

Screening of the ~ 20,000 perovskites and ~ 24,000 MXenes 2D monolayer structures, as well as discovery
of the underlying design principles for their respective applications, requires a technique that can calculate
properties with the accuracy levels of DFT, but at a much lower computational cost. The Crystal Graph
Convolutional Neural Network (CGCNN) framework [159] was used as a surrogate technique for predicting
material properties. This method has the accuracy of DFT calculations (discussed in Appendix C) but at
a fraction of the associated computational cost: while computing the c¢1; coefficient for one structure using
DFT can take up to 500 CPU hours, trained CGCNNs can predict the same property for roughly 25,000
structures in under 20 CPU minutes. This framework has been successfully used in several applications,
from selecting solid electrolyte materials [154] to screening catalysts [170]. The foundation of the CGCNN
is an undirected multigraph representation of the crystal structure, in which nodes represent atoms by their
respective features, and edges encode interatomic bond distances [159]. Iterative convolution layers update
atomic feature vectors based on neighbor information, as further explained in Appendix E. A simplified
schematic of a CGCNN can be seen in Figure B.2.

After optimization (discussed in Appendix D), ensembles of 100 CGCNN models, each trained on a
random set of 70% of the C2DB data, were used to predict, for all perovskites and MXenes, the properties
of interest: band gap, log(ci1), log(caz), ¢12, conduction band minimum (CBM), valence band maximum

(VBM), and heat of formation (H ¢orm,)-

B.2 Results and Discussion

B.2.1 Structure Screening

Evaluation of the accuracy of the ensemble of 100 models was done by predicting the properties of the all the
structures in the C2DB database. The results for the ensemble predictions of some of the main properties
is shown in the parity plots shown in Figure B.3. An analysis of uncertainty quantification of the models,

as well as an outlier investigation, can be found in Appendix C.
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Figure B.2: A simple representation of the CGCNN architecture. The atomic structure is first converted
into its crystal graph representation. This graph is then passed as input for the convolutional layers, where
the atomic feature vectors are updated based on neighbor information and bond lengths. Next, a pooling
function is employed to produce an overall vector representation of the crystal, guaranteeing invariance with
respect to number of primitive unit cells used in the creation of the original structure. Finally, a set of fully
connected hidden layers maps the simplified vector-represented crystal structure to the property of interest.

As discussed previously, MXenes were surveyed in search of structures that are strong mechanically, with
both ¢11,ce2 > 175 N/m, thus exceeding those of graphene oxide [148], while perovskites were scanned for
bandgaps that fall in the range [1.5,3] €V, appropriate for solar cell applications. Since these structures
must be stable, as well as synthesizable, the filtering procedure included the additional requirement that
Hiorm < =2 eV /atom for MXenes and inorganic perovskites, and H form < —0.5 eV /atom for hybrid organic-
inorganic perovskites. The difference in treatment for the latter stems from the fact that hybrid perovskites
are known to be relatively less stable than their inorganic counterparts [171]. The threshold values of H form
are equal to the average of the lowest heats of formation of the structures in their respective datasets.

The level of confidence of predictions for a given structure s is measured by its c-value (confidence
value), [172] which here represents the fraction of models in the ensemble that predict structure s to be

useful for its intended application, based on the aforementioned criterion. It is calculated as:

L
c(s) = N ZMZ(S), (B.1)

where N = 100 is the number of models used and

1 if the 4th model predicts the given structure s to be useful
Mi(s) = (B.Q)

0 otherwise
This allows the 2D structures with the highest likelihood of being useful for their applications to be

identified, as shown in Table B.1. Since the training sets for the band gap prediction models contained only
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Figure B.3: Comparison of predicted and DFT-calculated (a) log(ci1), (b) log(c11), (¢) Hform, and (d) band
gap on C2DB data. The predictions are made using an ensemble of 100 CGCNN models, each trained on

randomly selected training data.

materials with non-zero band gap, a further metallic versus insulator filtering, with subsequent update of the
c-values, is needed. The reason for this is that, if given a conducting material, these models would predict
it to have a positive band gap, since they have only been trained on insulators or semiconductors.

Using the same techniques employed in the generation of the C2DB dataset [162], DFT calculations of
the stiffness coefficients were performed for all MXenes with a c-value of 1. All of these structures have both
c11 and cgo greater than 175 N/m. Furthermore, comparing the logarithm of these coefficients with those
predicted by the model yields a MAE of 0.117 log(N/m) for ¢;; and of 0.085 log(N/m) for cae, with RMSE

of 0.128 and 0.093 log(N/m), respectively.

B.2.2 Identification of Design Principles

To uncover the compositional and structural commonalities of useful candidates, a rigorous methodology

was developed to study the design principles that can increase the c-values of different MXene and perovskite
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Horm 11 22 band gap
Structure c-value [év /fa ton>1] [1<\I /rr>1] [1<\I /n>1} { (V] )
Hf*O-N-Hf*O 1.0 -2.62 273.88  261.60 -
§ Sc*O-N-Hf*O 1.0 -2.64 210.15 224.16 -
;(-:’ Sc*F-N-Hf*O 1.0 -2.63 240.97  220.28 -
b=t Hf*O-C-Zr*F 1.0 -2.23 266.41  249.99 -
Hf*O-N-Zr*Cl 1.0 -2.16 211.11  227.78 -
o B NbZrO3; A=Zr, B=Nb 0.98 -2.48 - - 2.28
= E HfVO3; A=Hf, B=V 0.98 -2.33 - - 2.33
gb 2 MoZrOgz; A=Zr, B=Mo 0.94 -2.25 - - 2.38
S 2 HfNbOs3; A=Nb, B=Hf 0.94 -2.20 - - 1.99
A NbTiOs; A=Nb, B=Ti 0.92 -2.18 - - 2.08
% 03H5F7NQSHQ; A:C3H5N2 0.99 -1.21 - - 2.38
‘a’ E C3HgF7NPby; A=C3HgN 0.94 -1.13 - - 2.67
g:) (g CgH5F7N2Pb2; A203H5N2 0.93 -1.19 - - 2.63
5 % C2H7F7N28n2; A:Cch(NHg)Q 0.92 -1.37 - - 2.67
A CH5F7NQSII2; A:HC(NH2)2 0.91 -1.60 - - 2.36

Table B.1: Materials with highest five c-values. For MXenes, ‘*’ indicates a bond between a metallic atom
and a termination. For the perovskites, the site occupations have been specified for clarity. Values reported
are the mean of the ensemble predictions.

materials. First, for each dataset used, the following functions of the design principle (DP) were established:
the subset of all structures satisfying the DP, Dpp = {structures that satisfy the DP}; the proportion of
the dataset that contains the DP, Php = Npp/Nyataset, where Npp = |Dpp| is the cardinality of set Dpp
(the number of elements in this set), and Nggtaser is the total number of structures in the dataset; and the
average of c-values of all structures in Dpp
1
cor = y— > els), (B.3)
s€Dpp

which can be interpreted as the chance of an arbitrary trained model predicting that a random structure in
Dpp is a useful candidate.

A minimum threshold, c.,:, was created to distinguish the best candidate structures from the others. The
subset composed of these materials can be expressed as a function of .yt as B(ceyt) = {structures with c-value >
Ceut }- From this definition, it becomes easier to examine how the presence of a specific design rule in a ma-
terial influences its chance of existing among the best candidates in set B(cqy:). For this purpose, more
quantities, all functions of ¢, were defined. One of the simplest indicators that a given DP is effective
at making a structure useful for the application in a combinatorially generated dataset is the proportion of
the set of best candidates B that is comprised of materials satisfying the DP, Pppjsest = |B N Dpp|/|B,
and how it compares with Ppp. Additionally, it is helpful to examine the difference between the likelihood
of a random material being amongst the best candidates Pycsjan = [B|/Naatase: and the chance of that

happening given that the structure contains the DP, cchanceDP = Ppestipp = |B N Dpp|/|Dpp|. Besides
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these quantities, it is also important to measure our confidence in these candidates, members of BN Dpp,

by averaging their c-values:

Coostpp = > els). (B.4)

‘B n DDP‘ seBNDpp
Note that, by construction, cpestpp is a monotonically increasing function of c.,; while the set BN Dpp
is not empty. Finally, although redundant with all previously described measures, we also studied, for

completeness, how the elements from BN Dpp contribute to cpp:

>, s)

. _ _ seBDpp _ |BNDpp|chestpr _p ChestDP (B.5)
contribD P Z C(S/) |IDDP‘CDP best|DP cOp . .
s’€Dpp

Since the higher the value of the cutoff, the fewer elements are in the set BN Dpp, both ceontrivpp and
CchanceD P are monotonically decreasing with ¢y A full dependency of all these variables with the value of
the cutoff c.y¢, for chosen design principles, can be seen in Figures B.4, B.5, and B.6. For all three of the
design rules chosen, Ppp|pes is almost a monotonically increasing function of ¢y, indicating that, the more
confident one wants to be on the B set, the more predominant these design principles become in this set.
Additionally, prior to the value of ¢.,; for which none of the materials in B contains the design principles,
the chance of finding a member of B among the set Dpp is of roughly 15% for all three design principles.
(Note: values for c.,+ = 0 omitted in the interest of ease of graphical visualization.)

This approach of understanding the effect of design principles is best suited for combinatorially generated
datasets. Therefore, it was used to study all of the data mentioned in the Databases Section. A list of all
possible design principles using the same combinatorics applied in the creation of the respective datasets was
constructed. These design principles were then ordered by highest to lowest Pppjpest/Ppp ratio at a cutoff
value of ¢y = 0.95 for MXenes, and cq,; = 0.80 for both inorganic and organic perovskites. The choice
for cutoff values was guided by the results from Table B.1: the set of best candidates B has to be sizeable
enough for a meaningful analysis of the design principles. Furthermore, for the MXenes, design rules whose
Ppp < 0.008% were excluded due to their high specificity. The following interesting equality establishes
a relationship between the two most intuitive criteria of gauging the effectiveness of a given DP discussed
previously:

Pppipest _ |BNDpp| Naataset _ |BNDpp| Naataset _ Loest|Dp

= = B.6
Por B Dol Porl 1Bl Prewan (B6)

The results of this analysis are shown in Table B.2. One of the top design principles for MXenes (Figure
B.4), inorganic (Figure B.5), and organic perovskites (Figure B.6) were chosen to represent the dependency
between the metrics discussed above and the cutoff c¢.,;, which determines the minimum confidence level of

the structures in the set of best candidates B.
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B.2.3 Analysis of Uncovered Design Principles

The methodology from the previous section was able to identify some known design rules: for example,
titanium (Ti) based MXenes tend to have high stiffness coefficients, as suggested by Figure 4 and Table 1
in Anasori et al. [173]. Interestingly, however, it also discovered that the other main elements of group 4 of
the periodic table, namely, zirconium (Zr) and hafnium (Hf), can increase the mechanical strength of this
class of materials, as long as these elements are bonded with oxygen, and the opposite side of the monolayer
is either oxygen or fluorine terminated.

Similarly, the model was able to recognize that, in order for hybrid organic-inorganic perovskites to have a
band gap in the range of [1.5, 3] €V, the B-sites should be occupied by either lead (Pb) or tin (Sn), a relatively
well-known design principle in the photovoltaics community. [174, 175, 176, 177] It also suggests that the
organic A-sites should be composed of formamidinium (HC(NHj)2), imidazolium (CsHsN3), or azetidinium
(C3HgN). Curiously, for these hybrid perovskites, the results suggest that the X-sites be populated by
fluorine, rather than the usual iodine. A deeper investigation shows that the reason for this is the enhanced
stability of the fluorinated structures: while fluorinated structures have an average band gap of ~ 3 eV
and (Hyorm) =~ —1.1 eV /atom, iodined perovskites have an average band gap of 2.6 eV, but a much higher
(Hform) = —0.3 eV /atom.

Finally, for purely inorganic perovskites, the analysis proposes that the A-sites be occupied by scandium
(Sc), hafnium (Hf), or zirconium (Zr). Analyzing the atomistic features used by the CGCNN model for
these elements indicates that all of them have a covalent radius of ~ 170 pm, a first ionization potential in
the neighborhood of 640 kJ/mol, and a 1.3 electronegativity in Pauling units. At the same time, the B-sites
should be populated with vanadium (V), niobium (Nb), or chromium (Cr), all with atomic radii of ~ 130
pm, first ionization potential of roughly 650 kJ/mol, and an electronegativity of approximately 1.6 in the
Pauling scale. Surprisingly, in the field of all-inorganic perovskites for photovoltaics applications, none of
these compositions has been deeply investigated; focus has been more directed towards caesium-lead systems
(CsPbXs3, where X can be I, Br, or Cl) [178], indicating the work presented here may contain new potential
directions for further research in this area of science. Figure B.7 depicts a graphical summary of the top
design principles uncovered in this work.

The collection of design rules uncovered shows the capability of the developed model to both iden-
tify established criteria to attaining material performance, as well as to find new, unexplored avenues for
application-focused material discovery, since it can be considered a basis for reverse engineering of 2D struc-
tures. Machine learning methods such as CGCNN, coupled with a study of structural and compositional

design rules, may open up paths for material innovation in a myriad of fields, including photovoltaics, electro-
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Design . Ppp  Pppppest  Prestjan Poestipp PpPlpest
principle L %] % Ppr
Hf*O-O-N 0.729 0.046 12.069 0.243 63.636 261.897
§ Ti*O-O-N 0.683 0.046 10.345 0.243 54.545 224.483
Q Hf*O-0 0.560 0.092 18.966 0.243 50.000 205.776
b= Zr*O-F-C 0.448 0.046 8.621 0.243 45.455 187.069
Hf*O-F 0.570  0.092 17.241 0.243 45.455 187.069
o 8 A=Sc-B=Cr 0.264 0.037 10.526 0.100 28.571 284.632
= E A=7r-B=Sc 0.406 0.037  10.526 0.100 28.571 284.632
gb z A=Sc-B=V 0.320 0.037 5.263 0.100 14.286 142.316
S % A=Sc-B=Nb 0.274 0.037 5.263 0.100 14.286 142.316
A A=Hf-B=V 0.294 0.037 5.263 0.100 14.286 142.316
2 A=HC(NH3),-X=F 0.817 0.446 13.333 2.229 66.667 29.911
é E A=C3H5;Ny-X=F 0.790 1.560 43.333 2.229 61.905 27.775
gz A=C3HgN-X=F 0.629 2.675 30.000 2.229 25.000 11.217
5 % A=C3HsNo-B=Sn 0.282 2.452 26.667 2.229 24.242 10.877
A A=C3Hs;N,-B=Pb  0.255 1.783 16.667 2.229 20.833 9.347

Table B.2: Design principles with five highest values of ratio Pporivest/Ppp. The cutoff c-values used in
computing values displayed for MXenes was cq,: = 0.95, and for both inorganic and organic perovskite
cases, Ceyr = 0.80.

Design principle Hf*O-F with €pp = 0.570 and Ppp = 0.09%
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Figure B.4: One of the top design principles for MXenes: hafnium (Hf) bonded with oxygen (O) termination,
and with a fluorine (F) termination bonded to any other metal. The likelihood that any arbitrary model
predicts that a random material satisfying this DP is a useful candidate is of ~ 57%, as indicated by cpp.
Choosing ¢t = 1.0 shows that the chance of a structure satisfying the DP being among the best candidates
is of nearly Cehancenp = Pyesyipp ~ 20%, and these candiates contribute to approximately 30% of cpp, as
shown by ccontripp- Note that, for this specific DP, Pppjpes; almost steadily increase with the value of
Ceut, indicating that, the more confident we want to be in our set of useful candidates, in general, the more
prevalent this DP becomes in this B set.
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Design principle A=H{-B=V with Cpp = 0.294 and Ppp = 0.04%
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Figure B.5: One of the top design principles for inorganic perovskites: A-site occupied by hafnium (Hf), with
vanadium (V) in the B-site. The likelihood that any arbitrary model predicts a random material satisfying
this DP is a useful candidate is of ~ 29%, as indicated by c¢pp. Choosing c.,; = 0.80 shows that the chance
of a structure from set Dpp to be among the best candidates is of ccpancenp = Pyestipp = 14%, and these
candidates contribute to approximately 50% of cpp, as shown by ceontrivpp. Additionally, for this specific
DP, Pppjpes: almost steadily increases with the value of c.y¢, indicating that, the more confident we want
to be in our set of useful candidates, in general, the more prevalent this DP becomes in this B set. Finally,
an examination of the behavior of cp.s; reveals that, for values of the cutoff c.,; > 0.6, all of the structures
in set BN Dpp have a c-value of nearly 1.0.

chemistry, batteries, mechanically robust materials, among others. In the interest of further accelerating the
discovery and screening of more 2D monolayer materials, the code base for this study has been open-sourced

on GitHub.

B.3 Summary and Conclusions

Crystal graph convolution neural networks have been extended to describe materials with planar symmetry.
This model was used to survey large combinatorially generated datasets of MXene and perovskite materials
in search of those with high likelihood of having properties of interest, as determined by the ensemble of
trained CGCNN models. From the results of the screening process, underlying molecular design principles
were discovered.

Some of the design rules found have already been recognized in the literature and are well-accepted,
further demonstrating the robustness of the developed methodology. One such example is identifying hybrid
organic-inorganic perovskites with lead or tin as good candidates for solar cell applications [174, 175, 176,

177], while titanium based MXenes as mechanically robust materials [173]. On the other hand, other design
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Design principle A=HC(NH2)2-X=F with Cpp = 0.817 and Ppp = 0.45%
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Figure B.6: Top design principle for Khazana perovskites: A-site occupied by formamidinium (HC(NH;)s),
with fluorine (F) in all X-sites. The likelihood that any arbitrary model predicts a random material satisfying
this DP is a useful candidate is of ~ 82%, as indicated by c¢pp. Choosing c.,; = 0.80 shows that the chance
of a structure from set Dpp to be among the best candidates is of ccpancenp = Pyesyipp =~ 65%, and these
candidates contribute to approximately ~ 70% of cpp, as shown by ceontribDP-

principles identified could open up new avenues for material exploration. One such design rule is that MXene
monolayers with elements from group 4 of the periodic table are likely to have high stiffness coefficients.
Finally, the design rules uncovered can be used as guidance for both experimental and computational
testing at different confidence levels. By combining design principles together, as well as by combinatorially
populating their unspecified structural sites, datasets of potential high-performance materials can be created.
This reverse engineering approach of using design rules as a generative basis can lead to the discovery of

even better materials, along with more effective design principles.
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Figure B.7: Summary of uncovered design rules for: (a) MXenes, where hafnium (Hf), zirconium (Zr), or
titanium (Ti) must be bonded to an oxygen termination, regardless of the central X component or the metal
M2 on the opposite side of the structure, which should have either an oxygen or a fluorine termination; (b)
inorganic perovskites, in which the A-site must be occupied by scandium (Sc), zirconium (Zr), or hafnium
(Hf), the B-site has to contain chromium (Cr), scandium (Sc), niobium (Nb), or vanadium (V), and, as
discussed in the main text, all X-sites should be occupied by oxygen; (c) organic-inorganic hybrid perovskites,
where all X-sites must be occupied by fluorine, the B-site can be occupied by either tin (Sn) or lead (Pb), and
the A-site possibilities are formamidinium (HC(NHz)s), imidazolium (C3HsNs), and azetidinium (C3HgN).
Note: in the inorganic perovskite case, even though all X-site occupations should be the same, we represented
them by different colors for completeness, since changing the value of c.y; used in the analysis allows for
other possibilities where all three distinct types of X-sites can be populated by a different atom.




Appendix C

CGCNN Ensemble Performance

In order to measure the performance of the CGCNN model ensenble, it is useful to apply some of the metrics
introduced by Kuleshov et al. [179] and Tran et al. [180], namely, calibration and sharpness, besides mean
absolute error (MAE) and root mean square error (RMSE).

In their work, the authors create the concept of a calibration plot, which compares, for each predicted
data point, the standard deviation of the ensemble predictions (y-axis), and the residual between the mean
of the predictions and the true value of the data point — the mean error of the predictions (x-axis). In
the regions where the observed estimation interval is greater than the expected interval (green), the model
ensemble is called underconfident, since the true value falls within the error bars of the ensemble prediction.
On the other hand, when the observed estimation interval is smaller than the expected interval (red), the
model is called overconfident, since the standard deviation of the ensemble predictions does not encompass
the true data value. The calibration plot for the 100 model ensemble trained to predict conduction band
maximum is shown in Figure C.1.

However, measuring calibration is not sufficient for effective uncertainty quantification. For instance, a
properly calibrated model with large uncertainty estimates is not as useful as a similarly calibrated model
with smaller uncertainties. Thus, the concept of sharpness is introduced: the sharper the model, the smaller
its prediction standard deviations. Alternatively, sharpness can be understood as a measure of the precision
of the model (while MAEand RMSE take the role of accuracy); the smaller its value, the more precise the

model is. This metric is measured in the following manner [180]:

1
sharpness = , | —— Var| M(structure
b \/Ndataset Z [ ( )]

structure
Figure C.2 illustrates histograms of the mean prediction errors (blue) and ensemble standard deviations

(red) of the CGCNN models trained over band gap data. The values of prediction mean absolute error

(i
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Figure C.1: Calibration plot [179, 180] of CGCNN ensemble CBM prediction. In general, the ensemble of
model predictions captures the true values of CBM within one standard deviation.

(MAE) and root mean square error (RMSE), as well as ensemble sharpness, are also represented. Table
C.1 contains some of these metrics for all predicted properties. Taking as example band gap and heat of
formation predictions, the approach in this work performs better than some first-principle simulations: for
band gap, the accepted DFT errors are between 0.25 and 0.4 eV [181, 182], while both CGCNN MAE and
sharpness fall on the lower end of this range; for H oy, DFT errors are of usually 0.1 eV /atom [159], while
all CGCNNs’ uncertainty metrics are below this value by a safe margin.

CGOCNN is a direction-agnostic framework for machine learning and since the material stiffness only
depends on the relative positions of the atoms in the crystal, it can be used to predict the elastic constants
as seen from the low MAE and RMSE (Table C.1). In order to avoid overweighing elastic constants of very

stiff materials, and since c;; and coo are always positive, regression was performed over the logarithm of

these quantities.

Property MAE RMSE  Sharpness Unit
log(c11) 0.182 0.263 0.188 log(N/m)
C12 8.241 12.497 14.079 N/m
log(ca2) 0.174 0.250 0.172 log(N/m)
CBM 0.193 0.264 0.310 eV
VBM 0.180 0.251 0.286 eV
Band gap 0.231 0.311 0.278 eV
Hyorm 0.066 0.090 0.072 eV /atom
Speed of sound x  385.703 552.147  366.810 m/s
Speed of sound y  372.015 548.619  351.624 m/s

Table C.1: Metrics for uncertainty quantification of model ensembles
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Figure C.2: Histograms of errors on band gap prediction and of standard deviation of ensemble predictions.

Indirectly related to the ensemble performance are its outliers. For each property of interest, structures
whose mean prediction error was more than two standard deviations away from the average of all residuals,
that is, those who would be at the trailing ends of the blue distribution on Figure C.2, were classified
as outliers. These structures were categorized by their prototypes in the C2DB dataset, allowing for a
comparison between outlier prototype distribution and the prototype distribution in the entire dataset,
as shown in Figure C.3. For all properties, the outlier prototype distribution somewhat follows the data
distribution: the prototypes with higher representation in the data also have higher representation among
the outliers. While that is true in general, there exist, however, a few prototypes that deviate from this
rule, which can be seen by normalizing the number of outliers in each prototype bin by the total number
of structures of said prototype in the data, as Figure C.4 shows. In doing so, it was possible to determine
the most problematic prototypes for each property. Some trends emerged from this analysis: for nearly
all mechanical properties (namely, ¢11, co2, and speed of sound on x and y directions), the FeSe prototype
proved to be the one with highest ratio of outliers (~ 16%), while, for electronic properties (CBM, VBM, and
band gap), “Other” prototypes were always among the five prototypes with highest outlier percentage. The
latter is not particularly surprising, since “Other” contains all prototypes with little representation among

the data, which makes learning their behavior more difficult for a neural network.
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Figure C.3: Distribution of C2DB structures by prototype for log(c11). All prototypes whose total represen-
tation accounts for less than 5% of the entire C2DB dataset are binned together under the label “Other”.
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For most mechanical properties, FeSe is the



Appendix D

CGCNN Optimization

A 70:15:15 training:validation:test split ratio for the heat of formation property (Hsorm) on the C2DB
database was used to optimize the CGCNN architecture, including number of convolution and hidden layers,
learning rate, and number of epochs to be used in training. The models’ performances were evaluated as
shown in Figure D.1, where, while keeping all other hyperparameters fixed, learning rates of 0.1, 0.01, 0.001,
0.001 were used for training, and, of those, the one that yielded the best model performance was chosen. The
number of epochs and of both convolution and hidden layers were optimized in a similar manner. Different
possibilities of pooling functions (mean, max, and min) were also tested, as shown in Figure D.2. The final
architecture used in the models was composed of 2 convolution layers and 1 hidden layer post-pooling. The

networks were trained with a learning rate of 0.01 and a mean pooling function over 300 epochs.
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Figure D.1: Mean square error (MAE) of H,r, predictions during training for learning rates of (a) 0.1, (b)
0.01, (c) 0.001, and (d) 0.0001. The lowest errors are obtained with a learning rate of 0.01.
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Figure D.2: Evaluation of how pooling functions, as well as number of neighbors used in convolution oper-
ations affect RMSE and MAE in log(cq1) prediction. We also implemented higher order norm functions as
pooling operators. Plots like these were used to evaluate the prediction performance of models using different
number of convolution layers, hidden layers, epochs, number of neighbors used in convolution operations,
pooling functions, among others.



Appendix E

Graph Convolution Description

The core of CGCNN is in the representation of a crystal structure as an undirected graph G, with a set of
nodes V and edges U. Each node v; € V corresponds to an atom in the crystal structure, and is represented
by the atom’s feature vector, including properties such as group number, period number, electronegativity,
number of valence electrons, among others. Similarly, each edge u(; ;), € U corresponds to a bond in the
crystal structure between atoms i and j, and is represented by a bond feature vector. Here, the subscript &k
indicates the possibility of there being multiple bonds between atoms 7 and j. The atomistic feature vectors

()

(i) From convolution layer t to ¢t + 1,

at convolution step ¢ are denoted by vgt)7 and the bond vectors by
the atomistic feature vectors are updated in the following manner:

(t+1) _ (1) O ® @ ® @ L @
Uy =v; ZU (Z(i,j)k Wi +0b; ) ©g (z(i,j)k W + b ) '
3.k

where Z((?j)k = vl(t) > vét) @ u(i j), (© indicating concatenation between vectors), o is a sigmoid function,
© denotes element wise multiplication, ¢ is a nonlinear activation function, and the s an s
d lement wi Itiplication, g i li tivation function, and the W, W and 5", b{"

are the weights and biases of the convolutional operation from layer ¢ to layer ¢ + 1.
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Appendix F

Understanding The Basics of Density
Functional Theory (DFT)

In this Appendix, an overview of Denstiy Functional Theory (DFT) is provided. One of the most established
computational techniques within the realms of Condensed Matter Physics and Materials Science, DFT is
capable of predicting material properties based solely on the constituent atomic species and their relative

positions.

F.1 Multi-body Problem Setup

The energetics and dynamics of atomic nuclei and their accompanying electrons are well described by the
non-relativistic Schrodinger equation.
0

HY =i 0 (F.1)

where U is the many body wavefunction and H is the time dependent Hamiltonian of the system con-

taining M nuclei and N electrons. It is given by:

N M N M
S h2 FL2 1 q ZA
H = — 7v12 — de™ A
2o mn T 2 e s
M M
1 ZAZB
+ZZ +>. - (F2)
i=1 j>i 47T€0 r” 4Tt b dmeo Rap

Here, indices ¢ and j run account for all electrons in the system, and indices A and B denote all nu-
clei. The first two terms of this Hamiltonian describe the kinetic energy of the electrons and the nuclei,

respectively. The remaining terms account for the electrostatic interactions, in order, between electrons
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and nuclei, electrons and other electrons, and nuclei and other nuclei. Since atomic nuclei contain orders of
magnitude more mass than electrons, these nuclei move much slower than the electrons. Therefore, the Born-
Oppenheimer approximation, which assumes nuclei positions to be stationary, can be used to simplify the
previous expression of the Hamiltonian. Under this formalism, the properties of a material or molecule stem
from a series of electronic structure solutions to the electron-only time independent Schrédinger equation

given by H.V = E. V. Here, the simplified Hamiltonian can be expressed as:

3 SRR R T =t w7
He:7227%viizz4weo TiA +ZZ47T€0;]‘. (E3)
i=1 i=1 A=1 i=1 j>i
The total energy of the system is now given by FE:,; = F. + E,, where the nuclear energy E,, is given
by the electrostatic nuclear interaction energy. As this Hamiltonian is uniquely defined by the external
potential generated by the ions, the ground state of the system must also be uniquely determined by this

external potential. In practice, solving for this ground state and the corresponding electronic wavefunctions

of a many electron system in an external potential is intractable and an alternative approach is needed.

F.2 Kohn-Sham Equations

In 1964, Hohenberg and Kohn were able to successfully reduce the dimensionality of the problem from 3N
dimensions to just 3 dimensions by mapping the problem of finding a many-body wavefunction to that of
solving for the electron density of an interacting electron system. [183] They showed that the external poten-
tial veq is determined uniquely (up to a constant) by the ground state density of the electrons ng(r). [183]
Thus, since the external potential determines the Hamiltonian and the ground state, all physical observ-
ables, most importantly the energy, of the ground state can in principle be determined given the ground
state electronic density. They also proved that there exists a universal functional of the energy F[n| that
is valid for any external potential, v.,;. Therefore, for a given external potential, the ground state of the
system is determined by the absolute minimum of this functional minimizing over all wavefunctions with

density n(r):

Eo[n] = min <x1/|1§r|\1/>:%1)1E[n(r)] (F.4)

T (r)

This means that all that is needed to understand the ground state electronic structure of any atoms,
molecule, crystal, or material is the identity and positions of the ions in that material in order to calculate the
external potential felt by the electrons. This functional can be broken into two terms, one that is universal

to all systems and one that depends on the external potential, and, thus, on the system under investigation.
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En(r)] = Fn(r)] + /vemt(r)n(r)dr (F.5)

This universal functional, F [n(r)] is not explicitly known but is defined as the minimum of the kinetic

energy and electron-electron interaction energy over all wavefunctions of density n(r):

Fln(r)] = min (V[T + V,.|P) (F.6)

T (r)

Seemingly, the problem of minimizing over a 3N-dimensional wavefunction ¥ has been transformed
to the much easier minimization over 3-dimensional electron density. However, minimizing the universal
functional F [n(r)] requires solving a 3N-dimensional problem. In the majority of DFT implementations,
the Kohn-Sham method [184] is used. It is based on the replacement of the original many body problem
with a fictitious system of non-interacting electrons in an effective potential. Such effective potential must
be constructed in a way to ensure the fictitious non-interacting system has the same ground state density
as the real interacting system.

In 1928, using a similar approach, Hartree proposed an approximation to the system of interacting parti-
cles based on a set of self-consistent single particle equations. [185] Assuming that each electron experiences
Coulombic forces with a nucleus (atomic number Z) and interacts with an average electron density n(r),

the Hartree term can be written as:

VH = (F?)

1 QeZ+/ 1 Qen(r/)dr/

dmey |7 dmeg |r — 7|
This implies that the ground state can be obtained by self-consistently solving a set of single particle

equations, which can be expressed (using the variational principle) as:

{57+ omlr) fon(r) = vt (F3)

2m

N

n(r) = 3 s (r)? (F.9)

K3

Despite not being exact, this approximation can be used within the Kohn-Sham formalism if correction
terms are added. Rewriting Eq. F.6 for the non-interacting system in an attempt to re-establish exactness

of Hohenberg and Kohn'’s original work yields:

Fin(r)] = Tofo(r)] + 5 |

1 gZn(r)n(r’)
dwey  |r — 1’|

drdr’ + E,. (F.10)
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where the first two terms are the kinetic energy of the non-interacting system and the Hartree potential.
The last term is the exchange-correlation energy, which corresponds to the remaining quantum mechanical
energy difference between the exact functional F'[n(r)] of the interacting system and that of the Hatree-like
treatment of the fictitious non-interacting system. The value of this exchange correlation-energy functional
is not known exactly. Therefore, the accuracy of any DFT calculation depends largely on the approximation

used for this term. The full energy to be minimized is now given by:

1 ’
E =Tyn(r)] + /vezt(r)n(r)dr + 5 / / Wdrdr' + Eyc[n(r)] (F.11)
Rewriting the exchange-correlation energy as E,.[n(r)] = [n(r)e,.dr leads to the Kohn-Sham Equa-

tions, [184] which are solved self consistently:

{;W + Veat (1) + / |:(_r;),| + 5;; }wi(r) = e;hi(r) (F.12)

N
n(r) = 3 [0i(r)? (F.13)

N
E=> & (F.14)

For spin-polarized calculations, The Kohn-Sham equations are solved separately for the spin-up and

spin-down wavefunctions:

1, , Naa(T')  O€me ¢Z(-+)("’) . @(H(T)
{2V +V( )+§a:/ ot (m} T i Y (F.15)
N
nas(r) = 32 0116} (7) (F.16)

where «, and 8 can be (+) or (—). If the system has collinear spin, its magnetization is given by [1806]

Mpin = / (n P (r) = (r))dr (F.17)

F.3 Exchange Correlation Functionals

For time-independent solutions to the non-relativistic Schrodinger equation, the Kohn-Sham formalism pre-
sented in the previous section is exact within the Born-Oppenheimer approximation. This has only been

accomplished by defining the exchange correlation energy to be the universal function that accounts for all
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physical terms not already already included in the previous terms and that properly corrects the kinetic
energy from that of the non-interacting fictitious system to that of the real many electron system. Differ-
ent approximations to this exchange-correlation term have allowed for reasonably accurate predictions at
varying, yet viable, computational costs.

In their original work, Kohn and Sham assumed the exchange-correlation functional to have a quasi-local

form. According to this approximation, now known as the local density approximation (LDA), the exchange-

HEG

correlation at every point is that of a homogeneous electron gas (HEG) of the same density. Letting €.

be the exchange-correlation energy per electron in a HEG of density n,

EEPAfn(r)) = [ nfr)eltE€ fn(r)] dr (F.18)

While eZF¢[n(r)] is unique, several different parameterizations of LDA have been proposed. [187, 188,
189, 190] In spite of its simplicity, the LDA exchange-correlation functional has been shown to predict
ionization energies of atoms, dissociation energies of molecules, and cohesive energy of solids in many cases
within 10% error. It can also accurately predict structure geometries within 1% error. [191] It is particularly
accurate for elemental metal systems, since the nearly-free electrons in these materials resemble a slowly
varying electron gas.

In order to more accurately estimate the exchange-correlation energy, the gradient of the electron density

should also be accounted for. This is done through the generalized gradient approximation (GGA) as follows:

ESG4(n,Vn) = /emc [n, Vn]dr (F.19)

Since the is no unique way to include the gradient dependence, there exist several different versions of
GGA exchange-correlation functionals. Some of the most commonly used are PBE [94], RPBE [169], and
PW91 [192].

Compared to LDA, GGA-based functionals have better performance when used to predict properties
of materials with more localized electrons including transition metal complexes, surfaces, and interfaces.
However, these functionals are still quasi-local. Additional improvements of energies and structures can be
achieved by adding an explicit non-local van der Waals density function (vdW-DF) kernel for the correlation

energy:

EM ://n(r)¢(r,r’)n(r')drdr' (¥.20)

The full correlation energy is now given by

E.[n] = E[n] + E2'[n] (F.21)
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Several non-local kernels have been developed with success, including DF [193], DF2 [194], vdW-DF-
cx [195], and optPBE-vdW [196].



Appendix G

Introduction to The Nudged Elastic Band

(NEB) Method

The Nudged Elastic Band (NEB) method is an algorithm used to find a minimum energy pathway (MEP)
between two energy minima in a potential energy landscape — in other words, it can be used for identifying
saddle points of a complex energy landscape. The NEB method has many applications in ab initio studies of
atomic systems, as a physical system will follow the MEP when it transitions between two energy minima.
Here, we briefly review the theory behind the NEB method, as well as show simple example implementations

for two distinct analytical functions.

G.1 Minimum Energy Pathway (MEP) and Saddle Point

The rate of a chemical reaction is directly related to its activation energy. This barrier is calculated by
comparing the energy of the initial and final stages of the reaction — which are local minima of a multi-
dimensional potential energy landscape — with the energies of the intermediate transition states. As the
system evolves from reactants to products, it follows the Minimum Energy Pathway (MEP), which passes
through the saddle points of the aforementioned potential energy landscape. Therefore, any problem where
the dynamics of a transition is relevant requires the computation of the MEP and saddle points. For ex-
ample, if one is interested in calculating the ionic conductivity of a specific species in a given material, it
is essential to compute a diffusion barrier, as well as to understand the possible pathways through which

diffusion can occur.
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G.2 Plain Elastic Band (PEB) Method

A precursor to the NEB method is the Plain Elastic Band (PEB) algorithm. The PEB method discretizes
the path between the given initial and final stages of a transition into a number of nodes/images determined
by the user. Throughout this Appendix, the terms “node" and “image" will be used interchangeably to
denote the current configuration of the system as it transitions from reactants (initial stage) to products
(final stage). At each iteration of the algorithm, each image is evolved in a way to approach the MEP based
on two factors: its current position on the potential landscape, and the relative position of its neighbor
images. Updating the position of a given image (i-th node, for simplicity) requires the calculation of the

fictitious force it experiences:

-

Fy = —VV(R;) + F?. (G.1)

Here —V'V (R;) describes the force the i-th image (with system positions R;) experiences due to the potential
landscape, which contributes to the minimization of the energy of the image in question. The F_"f term indi-
cates a spring force due to the adjacent nodes. Springs are added to prevent the images from “equilibrating"
back to the local minima given by the initial and final stages. In the PEB method, the spring forces are
given by:
=k (Rm - EZ«) ks (EZ« - Ei_l) . (G.2)
Though intuitive, the PEB method has shortcomings that prevent it from always fully capturing the
MEP. These issues can be seen in Figures G.1(a) and G.1(b): when the true MEP is curved at the saddle
point, the path between the PEB nodes tends to “cut the corner" and fails to find the most important point
in the MEP, that which determines the energy barrier of a transition — the saddle point. Figure G.1(a)
represents one of the two reasons for this to happen: at the saddle point (and its vicinities), the potential
forces are zero (or negligible), but, since the MEP is curved, one of the components of the spring forces
points in the vertical direction, while the other points in the horizontal direction, thus pushing a node that
is at the saddle point away from it. One may naively think that reducing the spring constants (as to diminish
their effect on nodes close to the saddle point) would remedy this issue. That is not the case, however, as
shown in Figure G.1(b), where the springs are less stiff than those in Figure G.1(a). In this example, as the
PEB images approach the saddle point, they get pushed away from it by the potential landscape, which is
now stronger than the springs that were added specifically to prevent the images from “sliding" down in the
MEP towards the minima. Since it is impossible to know the optimal spring constants to be used a priori,

the PEB corner cutting issue severely hinders this method’s utility.[197]
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Figure G.1: Examples of corner cutting caused by PEB method when the spring constants are (a) too stiff,
or (b) too soft. Since these are just toy examples, there is no meaning, nor units, associated with the axes
[197].

G.3 NEB Origins: “nudging” of forces

G.3.1 Naive NEB

The previous section identifies two main reasons responsible for the failures of the PEB method: namely, the
stiff spring forces that push images away from the saddle point, acting orthogonally to the curved MEP; and
the potential forces that cause images to slide down away from the saddle point because they are parallel to
the MEP. A possible solution that addresses both of these problems is “nudging" the forces on the images
by considering only the component of the potential force that is normal to the MEP, and the component of
the spring force that is parallel to the MEP. The Nudged Elastic Band (NEB) method is born. The new

expression for the net force acting on the i-th node at a given iteration becomes

Fy=-VV(R)|L+ Fy, (G-3)

where
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and 7| is a unit vector tangent to the path of images. Naively, one would define this vector as

— —

i — Ry R — Ry
Ri|  |Riy— Ryl

(i) _

7—_’
[

From this, we can rewrite the spring force component acting on the i-th image as

ﬁis\\l =k [(Riﬂ - éi) - (ﬁi - ﬁi—l)] Tty

93

(G.6)

(G.7)

This method, however, also has its drawbacks: the formation of kinks, which can be seen in Figure G.2(a).

Let us study what is happening in this specific case by looking at the highlighted kink. In yellow, we draw the

tangent to the path (since both neighboring images are equidistant from the node in question, the tangent

to the path is in the direction that connects the two of them). In purple, we draw the potential force, which

pushes the node closer to the nearby minimum. Note that this force is nearly parallel to the tangent to the

path, so its component that is orthogonal to 7; is negligible. In green, we can see the spring forces. A simple

visual inspection shows that the net spring force is practically orthogonal to 7;, so its parallel component to

this vector is insignificant. Therefore, when kinks are formed, this version of the NEB method is not able

to “straighten" them out back into the MEP.

Al . A

-2

2 3 1

(a) Formation of kinks on the naive implementation (b) Kinks are smoothed out in the improved imple-

of the NEB method. mentation of the NEB method.

Figure G.2: Examples of the (a) naive and (b) improved implementations of the NEB method. The new

definition of 7; allows the NEB method to properly capture the MEP without kinks [197].
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G.3.2 Improved Nudged Elastic Band

A solution to address the formation of kinks discussed in the previous section is to redefine the tangent to
the path vector. [197] Since the mathematical reasoning for this is very involved, and beyond the scope of
this thesis, we will explain only the intuition behind it. In general, the most important point of the MEP
is the saddle point, which is the point of maximum energy within the MEP. Therefore, it is more logical to
define the tangent of the path as the vector that points to the image of higher energy, as a way of trying to

bias the evolution of the path towards the saddle point. This new formulation 7; can be expressed as
7t = Riy1— R if Vigr >V, > Vi

T; i4+1 i 1 Vigr > Vi > Vi

T, = R; — Ri_, ifViga < Vi< Vi

7—.;_+Av'imax + %?Av'imin if VviJrl > ‘/;71

FEAVI L FAVPS i Vigy < Vi,

where

AV = maxe /min ([Vigy — Vil Vi = Vica). (G.9)

This new definition requires a modification on the definition of the spring forces:
Filj =k (\E‘H - Ri| - |R; - R’i71|) T (G.10)

Note that, in this scenario, the spring forces act only to keep the intermediate nodes separate, and, thus,
the choice of spring constant k is arbitrary. Finally, using this redefined 7; formulation on the same system

shown in Figure G.2(a), we get the improved results in Figure G.2(b).

G.3.3 System Evolution - velocity Verlet

So far, we have discussed how the NEB method computes the fictitious forces each image experiences at each
iteration of the algorithm. In this section, we will review one of the methods that can be used for evolving
the system iteratively (that is, how to update the positions of each image given the forces they feel).

One of the most intuitive ways of evolving the system is by using a modified velocity Verlet algorithm. [198]
Before we go into the details of this method, let us imagine that, at each iteration, each image has a certain
velocity, which describes how fast it is traversing the high-dimensional energy landscape towards the MEP
at the given iteration. These velocities are used to updated the position of the nodes, and then they are

updated based on the forces the nodes feel.
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To better understand this process, let us imagine we are trying to update the position and velocity of the
i-th image given its current position, velocity, and forces. First, we compute the component of the velocity
that is parallel to the force. If this component points in the same direction as the force, we assign it to be
the current velocity vector (as debated in the previous section, we are mostly interested in moving the nodes
along 7;). Otherwise, the velocity is set to zero. The reasoning behind this is as follows: if the velocity and
the force point in opposite directions, the node has overshot the MEP, and needs to be brought back towards
the MEP. These are the main modifications to the velocity Verlet algorithm. The next step is to update the
position of the image using a standard second order Taylor expansion. Finally, the velocity is updated using
the trapezoidal integration technique (since we already have the new position of the node, R?ew, the new
net force F‘i“ew can easily be computed). This process is shown algebraically on the set of Equations G.11
below. In these equations, At and m are variables related to the integration step: for instance, the smaller
the At (for a fixed m), the longer it will take for the algorithm to reach convergence, but the more accurate

the final guess for the MEP will be.

il

|

/N
<L
&
T

v =
0 otherwise
q (G.11)
. . At F;
2m
E +fvinew

G =t 2m

One additional note is that there are other ways to evolve the system of nodes. One such method is the
Broyden—Fletcher-Goldfarb—Shanno (BFGS) algorithm, which is very similar to a gradient descent-based
method that performs a line optimization. This algorithm is more accurate than the modified velocity Verlet
technique from above, but it is more computationally expensive, since it requires the computation of double

derivatives.

G.4 Computational Details

We implemented the improved Nudged Elastic Band algorithm from section G.3.2 in both Python and
MATLAB. The system is updated using the modified velocity Verlet update rule from section G.3.3. While
there exist a few different criteria that could be used to determine whether convergence has been reached,
one of the most common is to check if the magnitude of the forces experienced by all intermediate nodes is

less than a user-input tolerance I':

|Fj| < T,Vi € {intermediate images};
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where F, is defined in Equation G.3 and I is the tolerance. For the analytical functions in section G.5
we used a tolerance of 0.5, m = 10, and a velocity Verlet time step of At = 0.01. It’s worth noting that
the convergence is strongly affected by the At value. Finding the MEP for the analytical functions with
At = 0.07, for example, required two orders of magnitude fewer iterations for convergence compared to
calculations using At = 0.01.

In general, the MEP between two energy minima will be unknown because determining the true MEP
requires knowledge of the entire potential energy surface. For atomic systems in, say, a density functional
theory calculation, it is too computationally expensive to confirm that the MEP from an NEB calculation
is indeed the global MEP. However, for low-dimensional analytical functions, it is possible to visualize
the entire potential energy surface and confirm that the MEP has indeed been found. In section G.5, an

implementation of the NEB algorithm is used with two examples of low-dimensional functions.

G.5 Example with Analytical Functions

In this section, an implementation of the NEB algorithm was applied to toy systems consisting of single
particles traversing a known 2D potential energy landscape (i.e., the potential energy of the particle at
a point (z,y) is modeled by a known function f(z,y)). Figure G.3(a) shows several intermediate paths
found by the NEB implementation as it searches for the MEP. The initial and final states of the particle
are B; = (0.5,1.5) and Rf = (1.5,0.4), respectively. We chose to use five intermediate images between the

initial and final states. The potential energy for the particle is given by the function
fi(z,y) = cos(2mzx) + 2 cos(2my).

We chose the initial path given to the NEB algorithm to be a linear interpolation of the initial and final
states, which is shown in Figure G.3(a) in cyan. Figure G.3(a) also shows multiple paths at different velocity
Verlet iterations. 30,678 iterations were required to reach force convergence based on a tolerance of 0.3
(arbitrary units). The initial path passes very closely to a local maximum, but as the number of velocity
Verlet iterations increases the images fall away from this maximum. The path in black (15,000 iterations)
is not converged to the tolerance of 0.3, but subsequent paths vary little from this path. One interesting
feature in comparing the magenta (10,000 iterations) to the black (15,000 iterations and essentially con-
verged) paths is that the magenta path has a node at about (0.8,0.4), while the same node in the black
path is above the magenta node. This is due to the velocity of this image causing it to “overshoot” during
convergence. Our algorithm correctly captures the MEP with the black (15,000 iteration) path, as it passes

over two saddle points, at around (0.5,1) and (1, 0.5), and avoids the maximum at the center of figure G.3(a).
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(a) Intermediate paths determined by the NEB algo- (b) Intermediate paths determined by the NEB algo-

rithm for fi, with the diffusing particle at initial and rithm for f, with the diffusing particle at initial and

final positions R; = (0.5,1.5) and Ry = (1.5,0.4). final positions R; = (0.5,2) and Ry = (2,1.5), respec-
tively.

Figure G.3: The NEB method applied to a single particle diffusing on two different potential energy surfaces.
The potential energy surfaces are represented with contour plots. Particle energy on the potential energy
surface increases with brighter colors (e.g., yellow indicates higher energy than blue).

Figure G.3(b) shows the initial, intermediate, and final paths for the potential energy surface described

by the function
fa(z,y) = (2 +y?) sinfr(z +y + 2y)].

The initial path was chosen to be a series of 11 linearly interpolated images for the particle between the initial
state R; = (0.5,2) and the final state ﬁf = (2,1.5). 34,631 iterations were required to reach convergence
based on a tolerance of 0.3. The intermediate paths for this potential energy surface change significantly
with few iterations (~ 100 iterations), but the use of the velocity Verlet method necessitates a large number
of iterations for convergence to the MEP. One interesting feature of the MEP it predicts is that the particle
visits local minima instead of travelling along the horizontal line at y &~ 1.75 that connects the saddle points,
even though these saddle points are all captured in the predicted MEP. The intermediate minima are anal-
ogous to intermediates in a chemical reaction. [198, 199] For example, exothermic (i.e., thermodynamically
favorable) reactions occur in several downhill steps rather than in one step. These intermediate states are
local minima in energy which the system visits briefly before continuing to the reaction minimum (i.e., the
reaction products). Minima like the ones on the MEP in Figure G.3(b), then, could be an indication of
potentially overlooked or physically important intermediate states that should be investigated further. The
best procedure for doing this would be to run several NEB calculations, one for each plausible pair of local
minima, as to increase resolution at each of the saddle points.

These examples indicate that the NEB method can qualitatively and quantitatively captured the MEP
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for these types of simple systems. Applying it to a system of atoms is conceptually very similar: the only
difference being the dimension of the space of the energy landscape; instead of a single particle in 2D, the

problem now involves several particles in 3D.



Appendix H

Lithium Electrode Sub-Assembly Detalils

An analysis of the dependence of the LiF surface vacancy hopping barrier on the vacancy concentration was
performed in order to optimize the size of the simulation cell with respect to the computational costs required
by first-principles calculations. The results of this optimization are shown in Figure H.1, and indicated that

an 8% concentration is sufficient for highly-accurate analysis of Li* motion in LiIFQPIM composite.

0.4

Energy (eV)

00 = 4% vacancy (far periodic image)
—@— 5% vacancy (nearby periodic image)
=i~ 8% vacancy (close periodic image)
1 2 3 4 5

Stage

Figure H.1: Periodic image effects on activation energy of hopping on LiF surface. The NEB method is
used to calculate the activation barrier along with the required number of supercells to achieve the desired
Li vacancy concentrations of 4, 5, and 8%. The analysis shows that the activation energy is converged to
within 10 meV at a Li vacancy concentration of 8%.
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Figure H.2: Probability distribution of the difference in activation energy of Li hopping between bulk
and surface of LiF. The difference AE, = E’* — E5v"f is shown in a histogram corresponding to the
calculation performed using an ensemble of exchange-correlation functionals. The ratio of ionic conductivity
R~ exp (AE,/kpT) in each system at 300 K is also shown as a histogram. The values for specific exchange
correlation functionals (PBE, revised PBE, and PBEsol) are marked with dashed lines. The figure shows
bulk ionic conduction in LiF is insignificant compared to surface.
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Figure H.3: Effect of PIM-representative molecules on energy landscape of migrating Li™ along LiF (100)
surface facet.
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Figure H.4: Ion migration along LiF surface modeled by adsorbed LiPFg.
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Figure H.5: Minimum energy pathways for Li™ motion on both anion and cation-rich LiF surfaces obtained
from nudged elastic band (NEB) simulations using the BEEF-vdW functional. The hopping barrier for the
cation-rich system was calculated to be 0.14 £ 0.07 eV.
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Figure H.6: Visual representation of Bader charge isosurfaces of the cation-rich system. The total molar
volume ratio calculated for this system was 0.18, placing it in the dendrite-suppressing stability regime



Appendix I

Impacts of the Space Charge Layer

As discussed in section 1.2.2, most electrolytes are unstable to the anodes reducing capabilities and decom-
pose to form the SEI. Due to the inhomogenous nature of this thin film (Figure 1.3), it becomes critical to
find design principles for multiphase solid ion conductors, either artificially created or naturally generated
at the electrode-electrolyte interface. It has already been shown that current tradeoffs associated with prop-
erty optimization can be avoided by careful use of phase boundaries through the creation of space charge
regions, [200] confinement, ion adsorption, among others. For example, Li-ion conductivity in the two-phase
system Lil/Al; O3 is anomalously high compared to the same value in either individual phase, [85] an effect
explained by the formation of space charge regions, which cause Li-ions to migrate to the interface with
Al, O3, thus generating additional Lit vacancies in Lil.

Recent studies [93] have further elucidated the role of space charge layers in enhancing the ionic conduc-
tivity by investigating the synergistic behavior between two SEI phases, LiF and LisCO3. As shown in Fig.
1.1, Li ions migrate from LiF to LioCOg, resulting in the generation of interstitial Li in Li;COg, responsible
for enhanced conduction, a phenomenon explained by the Nernst-Einstein equation, shown in Equation I.1.
In it, o; is the conductivity of species i, g;, its charge, D; is its diffusivity, and n; is its concentration. The
constants F' and R are Faraday’s constant and the universal gas constant, respectively, with T" being the

temperature of the system.

- . L1

This mechanism was also covered in Section 3.2.1. Theoretical considerations regarding the space-charge

phenomenon are discussed in this Appendix.
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LiF

Anode

Figure I.1: Defect generation at the LiF/LiaCO3 interface. [93]

I.1 Theory of Heterojunctions

The interface of two crystalline semiconductors with different band gaps is called a heterojunction. In
equilibrium, the electrochemical potential of the electrons needs to be constant. Therefore, if two phases
with different Fermi levels are brought together, electrons will migrate from the one with highest Fermi level
to the one with lowest Fermi level. By filling the unoccupied bands of the receiving phase, the migrating
electrons raise its Fermi level. At the same time, they lower the Fermi level on the donating material. This
electron exchange generates an accumulation of charge at different regions of the junction: the donating
phase is positively charged near the interface due to the holes left behind, while the receiving phase becomes
negatively charged due to the extra electrons. This local charge imbalance gives rise to an electrical potential
¢, responsible for the phenomenon called band bending, discussed below.

For wide band gap (Eg > kpT =~ 0.0258 ¢V at room temperature) semiconductors and insulators, the
number of electrons in the conduction band (n¢) and holes in the valence band (py) can be calculated with

the following relationship:

nc(F) = Ne(7) exp [=B(Ec (7) — ed(F) — pe)], (I.2)
pv (F) = Py (7) exp [=B(pe + ep(7) — Ev (7))], (I3)

where 7 is the position in space, 8 = (kgT)™!, . is the constant electron Fermi level, e is the electron
elementary charge, ¢ is the electrostatic potential developed, Ec and Ey correspond to the conduction
band minimum and valence band maximum, respectively, and vary in space 7 due to the presence of different

materials. Additionally,

Ne(7) = /EOO gc(€)exp[—fB(e — E¢)] de, (1.4)
By
Py (i) = / gv () exp [~ B(Ey — ) de, (1L5)
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where gc and gy are the density of states in the conduction and valence bands, respectively. While further
approximations exist for both No and Py, these values can also be obtained directly from DFT calcula-
tions. Note that the relations above only hold for wide band gaps, since they rely on the approximations
exp [B(e — pe)] > 1 for € > E¢ and exp [B(pe — €)] > 1 for € < Ey.

Traditionally, the solutions for no(7), py (), and ¢(7) are obtained consistently with Poisson’s equation:

_Amp(r)
e(r)

where € is the dialectric constant of the medium (varying over 7 due to different materials, but assumed

V2(r) =

(1.6)

constant within each phase), and p is the charge density, given by

p(7) = e[=nc(F) + pv (7)] (L.7)

The possibility of existence of charged defects, however, adds a layer of complexity over this analysis,
since, similar to electrons and holes, the defect concentration impacts the overall charge density p, while at

the same time relying on both the electron Fermi level and on the electrostatic potential.

1.2 Impact of Charged Defects

For the purposes of Li-ion conductivity through SEI materials, the most relevant defects to be considered
are point defects, in particular, Li vacancies and interstitial atoms. Under the dilute limit assumption, the

concentration of defects of a given type ¢ can be calculated using

nil7) = Si(F) exp | ~BE! (7], (L8)

where S; is the density of sites where the defect can occur, and Ef is the defect formation energy. First-

principles based computations of Elf rely on the following equation: [201]
E!(7) = Eppr[X %) — | Eppr|pristine] + ZNi,ui — qi(pe + Ae)} + ¢ p(7) (1.9)

Here, Eppr is the DFT-calculated energy for a pristine structure and for the one containing the charged
defect X% with charge ¢;. The summation term accounts for the addition (N; > 0) or removal (N; < 0) of
species, with u; corresponding to the each species chemical potential. The ¢;p. term accounts for the fact
that the defect must exchange an electron with the overall phase in order to be charged. Ae corresponds
to additional corrections to the expression, accounting for a variety of factors such as Coulombic interaction
between periodic images of the defect, etc., and its details lie beyond the scope of this work. Note that n;(7)
has an exponential dependence with the electrostatic potential ¢. Customarily, the solution for n; is found

by considering all possible charged defects present in a material and adjusting the position of the Fermi
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level to ensure overall charge neutrality, something that is a requirement for the entire SEI, but not for each
individual piece of the SEI mosaic (Figure 1.3).

Incorporating the defect concentrations to the previous expression of charge density (Equation 1.7) yields

p(7) = e [—nc(7) + pv (7)) + Z qini(7) (1.10)

This formalism allows the investigation of the relationship between heterojunctions present in Li-ion batteries
and charged defects — essential for Li-ion transport through the SEI and inorganic solid electrolytes. A way

of performing this self-consistent analysis is proposed in Appendix K.



Appendix J

Li-ion Minimum Energy Pathway at

LiF-Li,CO3 Interface
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Figure J.1: Minimum energy pathway for lithium migration between two equivalent interstitial sites (stages
1 and 9) in LioCOj3 near its interface with LiF (red), and energy landscape for the corresponding motion in
bulk LioCO3 (blue). The net total Li*™ motion happens along the [010] direction.

107



Appendix K

Finite Element Poisson Solver

While there exist several finite element (FE) Poisson solvers in multiple software packages, including, but
not limited to, Python, MATLAB, Mathematica, etc., preliminary results suggest these solvers are not
sufficiently customizable for the analysis discussed in Section I.2. The following iterative approach appears
to be a promising alternative.

The main equation to be solved, Poisson’s Equation 1.6, can be rewritten as:

V364 () = 0 (K.1)

Assume there exists a solution ® that satisfies this equation, as well as all the necessary constraints. If a

solution ¢; is guessed, its error can be calculated with d¢; = ® — ¢;. Therefore,
9 4m
V=(¢i + i) + ?P(@' +6¢i) =0 (K.2)

A first-order Taylor expansion on p gives:

9 47 dp o2 41 .
V=i +  dé ¢i(5¢i) =-V7¢; c p(¢i) (K.3)

Updating the boundary conditions such that (d¢;)|aq = (® — ¢:)|sq, it should be possible to use standard

Poisson solvers to solve for d¢; until convergence of ¢; — ®.
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Appendix L

Computational Parameter Estimation for

Regular Solution Model

In order to estimate the different regular solution parameters needed for the regular solution model, density
functional theory (DFT), coupled with the Perdew, Burke, and Ernzerhof (PBE) exchange correlation func-
tional [94] in the projector augmented wave (PAW) code GPAW [73] was employed. The structures used
were all slabs of at least 4 layers, with the bottom 2 layers kept fixed as to emulate bulk lithium, and can
be seen in Figure L.1. A 10 A vacuum was applied, alongside a real-space grid spacing of 0.16 A and a
Monkhorst Pack scheme [202] sampling of the Brillouin zone with k-point density of 6 A-1. All calculations

were converged to energy < 0.5 meV and force < 0.05 eéV-A~1,

(@ (b) ©
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Figure L.1: Top and side views of the structures used to calculate interaction parameters for the (a) (100),
(b) (110), and (c) (111) surface facets. All structures had a minimum of 4 layers, and the bottom two layers
of each structures were kept fixed to properly emulate bulk lithium. [122]

To estimate the interaction parameters, systems with only one vacancy were created, allowing the eval-
uation, for each facet, of the value of ey ;, — ey r: the difference in energy between the pristine system and

that with a vacancy is given by Egingle vacancy — Epristine = 2 (évz — €rr). Next, by incorporating a second
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vacancy neighboring the first one, the value of eyy — err can be computed: Eiwo vacancies — Epristine =
2(z—1)(eyr —err) + (evv — err). Finally, the calculation of the full interaction parameter can be done
with:

z
Q= -[2(evr —e€rr) — (evv —err)] = 5(26VL —€eyv —€LL).

[NCHIRN]
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