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desired higher specific energy of a solid-state lithium metal battery results in a higher
potential temperature rise from the electrical energy in the cell. Safety is a multi-
faceted issue that should be carefully assessed. We build "all-inclusive
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for a Lip.43C002 | LisLa3Zr2012 | Li cell in commercially relevant material ratios (e.g.
capacity matched electrodes) and gather heat flow data. From this data, we use
thermodynamically calculated enthalpies of reactions for this cell chemistry to predict
key points in cell thermal runaway (e.g., onset temperature, maximum temperature)
and assess battery safety at the materials stage of cell development. We construct a

model of the temperature rise during a thermal ramp test and short circuit in a large-



format solid-state Lip.43C0o02 | Li;LasZr2O12 | Li battery based on microcell heat flow
measurements. Our model shows self-heating onset temperatures at ~200-250°C, due
to Oz released from the metal oxide cathode. Cascading exothermic reactions may
drive the cell temperature during thermal runaway to ~1000 °C in our model,
comparable to temperature rise from high-energy Li-ion cells, but subject to key
assumptions such as O reacting with Li. Higher energy density cathode materials
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within a large format Li metal solid-state battery.
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Chapter 1: Background

As the demand for energy storage increases, the limitations of modern Li-ion
cells creates a need for high energy density next-generation batteries.! Replacing
graphite with lithium metal has a clear potential to increase the specific energy and
energy density beyond current state-of-the-art Li-ion batteries due to the high
theoretical volumetric and gravimetric energy density of lithium metal compared to
modern graphitic anodes.>> Both liquid electrolyte and solid electrolyte approaches to
utilizing lithium metal anodes are currently under development, with both facing
challenges associated with cycling Li metal under all commercial requirements.*”’
Solid-electrolytes in particular are thought to offer a mechanically and
electrochemically stable lithium interface to suppress dendrite growth and side
reactions allowing the safe use of lithium metal anodes.® In addition to potentially
enabling the use of lithium metal anodes, solid electrolytes are also widely perceived
as offering superior safety to liquid electrolytes because the carbonate-based liquid
electrolytes currently used are unstable at graphite (and Li metal) potentials and lead
to self-heating reactions at 80-90°C.!%!? In addition, at higher temperatures liquid
electrolytes can react with O2 gas, which is released by the cathode upon heating but
is also present in the atmosphere into which vaporized electrolyte may be released
once a cell vents. The presence of liquid electrolyte within the cathode where O is
released limits means to prevent that reaction from occurring. While the thermal

safety of Li-ion cells has been widely reported on and modeled, thermal safety of all-
1



solid-state lithium metal batteries (LiSSB) is still largely unstudied, and the
introduction of lithium metal anodes could present new thermal safety problems not
seen in modern Li-ion cells. Recently published papers have examined this more
closely due to previously unconsidered thermochemical safety concerns in LiSSB
such reactivity of lithium metal with oxygen from layered metal oxide and electrolyte
decomposition as well as the high reactivity of sulfide ceramics.'*"!” Work by Bates
et. al. showed that adiabatic temperature rise following catastrophic separator failure
in LiSSB can lead to equivalent thermal runaway temperature rise compared to
modern Li-ion in the event of an external heat source, but LiSSB can have 400°C
higher temperature rise during short circuits compared to Li-ion.!* While the onset
temperature of LiSSB self-heating is substantially higher than that of modern Li-ion
(>170°C compared to 80°C) and the total heat release is generally lower in LiSSB,
replacing organic electrolyte with a solid electrolyte will lower the overall heat
capacity of the cell resulting in comparable temperature rise.!®?? Because a principal
reason to develop a battery with a solid-state electrolyte is to enable the use of Li
metal and increase the cell energy content, it is also important to note that both
increasing energy content and replacing a liquid electrolyte with a solid will increase
the adiabatic temperature rise from its stored electrical energy, as shown in Figure

1.1.
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Figure 1.1. The adiabatic temperature rise from stored electrical energy of a cell rises as the cell
specific energy increases and the heat capacity falls. Ty, indicates a boiling temperature, and Tr,
indicates a melting temperature. The red point indicates the specific energy of the Li[LLZO|Li.47C00O>

cell design we model in this work.

In particular, the heat capacity of the common solid electrolyte LizLazZr2O12
(LLZO) is ~0.68 J/g-K at room temperature, while that of a typical liquid electrolyte
(e.g., IM LiPFs in EC:DEC) is ~1.8 J/g-K. For cells with comparable properties
(e.g., cathode loading, separator thickness, capacity balance), at 25°C a cell with Li
metal and an LLZO solid electrolyte has a heat capacity of ~ 0.7-0.8 J/g-K, while a
cell with a graphite anode and a liquid electrolyte has a capacity of 0.9-1.1 J/g-K.2**
Of course, observing a temperature rise as high as that shown in Figure 1.1 is not
expected for a variety of reasons (e.g., heat transfer to a cell’s surroundings, release of
reactants from the cell packaging, the inability of stored electrical energy to be

3



converted to heat as the cell materials undergo phase changes) but does reflect the
higher self-heating potential of cells with higher specific energy and lower heat
capacity, as expected of Li metal solid state cells.

Figure 1.1. also indicates the adiabatic temperature rise can exceed the
melting temperature of Al and Cu (the typical current collectors), and even the boiling
point of Li metal itself.

Thermal safety of a battery is a multi-faceted issue that requires analysis of
the (1) onset temperature of self-heating, (2) total heat release, (3) peak temperature,
(4) self-heating rate, and other factors such as the release of material from the cell
packaging (e.g., toxic gases or reactive materials). As the widespread adoption of Li-
ion cells in consumer applications (including automotive) shows, satisfactory safety
can be achieved with current Li-ion cells. In this work, we build on experimentally
measured calorimetry results and focus on metrics (1) to (4) above.

We note that large differences in these metrics should be expected not only
among different liquid electrolyte Li-ion cells (e.g., based on cathode chemistry, cell
design), but also among different LiSSB chemistries. As one simple example for
expected variation among LiSSB thermal behavior, several oxide solid electrolytes
release oxygen when heated (e.g., LATP, LAGP, and LLTO), which will react with
adjacent molten Li metal. Calorimetry measurements of these solid electrolytes
against molten Li have shown self-heating rates of >10,000 °C/min, which exceeds
typical Li-ion thermal runaway peak self-heating rates.'® In this work we principally

focus on the LLZO solid electrolyte, which shows little reactivity against Li metal up



to 300°C, after which, in at least one study, electrolyte discoloration and cracking was
observed.!®%

Thermal safety concerns become more important as the stored energy density
of next generation cells increase, and most established safety tests are designed for

the later stages of battery development.?$

Differential scanning calorimetry (DSC) can
allow for identification and quantification of thermal safety hazards while on the

materials scale level of development to help direct research towards inherently safer

materials.



Chapter 2: Modeling Thermal Runaway of a Large Format Lithium Metal

All-Solid-State Battery Using Finite Element Method

Introduction

A principal mechanism for self-heating in a Li metal solid state cell with an
LLZO solid electrolyte (which is stable against Li metal, and does not release oxygen
upon heating up to >400°C), is oxygen release from de-lithiated cathode materials,
which typically occurs at around 200 to 300°C, followed by reaction with other cell
materials including molten Li. Oxygen released from the cathode that contacts Li will
form Li20O in an exothermic reaction. It is also interesting to note that in a cell with a
1:1 negative capacity to positive capacity (N:P) ratio, the electrochemical discharge
of a LixCoO; cathode has ~25% more energy than the cathode releasing O2 upon
heating, and that O, reacting with Li to form Li»O.'* O, released from the cathode
may also react with other cell materials, including conductive carbon, binder, etc. We
also note that an advantage of an all-solid-state cell, rather than one in which a solid-
state separator is used but a liquid electrolyte is present in the cathode, is that oxygen
release from a de-lithiated cathode occurs at a lower temperature (~140°C vs ~ 250°C
for Lio.47Co0», for example) in the presence of a liquid electrolyte than a solid
electrolyte such as LLZO.!%?7

In this work, we used the DSC data measured by Inoue and Mukai of a
“microcell” (i.e., an anode, cathode, and separator in a DSC pan) that uses small
amounts (~1mg) of Lig.47C00, LLZO, and Li to simulate a thermal ramp test as well

as short circuit behavior.'® Placing anode, cathode, and separator materials into a
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DSC pan has the advantage of allowing the direct measurement of interactions among
cell components upon heating; for example, oxygen release from the cathode and
subsequent reaction of that oxygen with molten Li. However, the small sample size
introduces challenges associated with achieving mass ratios among cell components
reflecting eventual commercial designs, the potential need to prevent electrical
shorting through the DSC pan, and DSC calibration. Despite these limitations, this
platform provides important insights on the fundamental calorimetry of the materials
in a Li metal solid state cell, which in turn provides quantitative information on the
four metrics outlined above.

Previous simulations of the thermal behavior of Li-ion cells upon heating,
including thermal ramp and oven tests, have been published.?®! There are several
reactions that take place as a cell is heated from 25°C to >400°C; these reactions have
been studied in-depth, and kinetic models have been developed.!'®?%2%3233 Models of
the reactions that take place have been applied to cells and then further expanded to
battery packs in order to understand how battery packs may be designed to prevent
thermal runaway from spreading®*—3°. While there is extensive work on modeling the
thermal behavior of Li-ion cells, there is far less work on LiSSB. There is a need for
a significantly expanded set of calorimetry data on the reactions taking place upon
heating a LiSSB, as well as the development of kinetic models for those reactions.
One recent notable work in this area by A. M. Bates, et. al. provides valuable insight
on the expected heat release and adiabatic temperature rise from Li metal cells with
all-solid-state cathodes, as well as a range of liquid electrolyte volume fractions in the

cathode.'* They consider a variety of scenarios including whether O> released from
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metal oxide cathode decomposition can contact molten Li, and they identify this as a
critical issue for solid state battery safety. Assuming O> and Li metal contact, they
find similar adiabatic temperature rise as that shown in Figure 1.1. above. This work
does not include a model of transient thermal behavior; this is a novel contribution of

the present work.

Methods
DSC Data
6 . . . . .
Liy ,;C00,|LLZNOJLi
S [ DSC Data 1

Exothermic peak due to
oxygen reaction with
molten lithium

Heat Flow (W/g| 4 47c00
%]
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2L . & : . . J
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Figure 2.1. Our fit of the exothermic portion of the DSC data obtained by Inoue and Mukai'? for a

Lio47C00,|LLZNOILi microcell at a 5°C/min ramp rate. The endothermic peak associated with the
melting of Li melting is handled separately. The dotted line on the experimental DSC data is to guide

the eye.



Inoue and Mukai assembled a Imm diameter Liop47CoO> cathode pellet,
Lis.7sLaszZr1.75Nbo25012 (LLZNO) electrolyte pellet, and lithium metal anode inside of
a closed stainless-steel pan and electrically isolated the anode and cathode with an
alumina tube. This “all-inclusive microcell” was then placed in a DSC and the
furnace temperature was ramped to 500°C at a constant rate of 5°C/min.!® The

materials within the microcell progressed through the following reactions:

Li(s) = Li(D) (2.1)

Li . -y —Yy
1,C00,(s) = yLiCo0y(s) + 3 Co30,(s) + 0,(9) (2.2)
4Li() + 0, - 2Li,0(s) (2.3)

In addition to their DSC measurements, Inoue and Mukai also collected TGA
data on Ligp47C00;. They found that Lip.47C00O> begins to release oxygen at ~250°C,
with >50% of the oxygen released by 300°C, but the DSC data interestingly does not
show an exothermic process beginning until >300°C.!>*” We hypothesize that the
>50°C gap between the temperature at which Lig.47C00O> releases oxygen, and the
temperature at which an exothermic reaction occurs (presumed to be Li>O formation),
is due to passivation of the molten Li by surface layers of Li>O. The passivation
could be achieved, for example, by slow diffusion of O and/or molten Li through a
layer of solid Li2O on the surface of molten Li. Our models in the present work only
consider reactions (2.1) to (2.3); as mentioned above, O> could also react with other
cells components (e.g., conductive carbon), and there may also be additional phase

changes (e.g., the melting of Al).



Thermal Ramp Modeling: Domain and Equations

We construct a 2-D transient thermal model of a large-format cell, with the
heat source provided by a system of ODEs based on reactions (2.2.1) to (2.2.3) and
implement the model in COMSOL. The cell dimensions were set as 30 cm long, 9.8
cm wide, and 1.4 cm tall (reflecting a currently used large-format Li-ion cell, an LG
Chem 60 Ah cell). The cell repeat layers include a porous Lio47C0oO> positive
electrode, a LLZO ceramic solid electrolyte, and a lithium metal negative electrode;
see Table 2.3 for more detailed information on the cell parameters. We modeled cells
with a 1:1 N:P ratio (i.e., cells with no Li metal at the anode in the fully discharged
state). We do not resolve the individual cell layers in our model, but instead use a
single domain with spatially averaged properties. The thermal conductivity is
anisotropic, as described in more detail below. We assume the cell layers are stacked

without any winding.
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Figure 2.2. Diagram of the 3D cell and the 2D domain that we model. The region labeled “Short
circuit” is the region that undergoes shorting in the short circuit model, but in the thermal ramp model
behaves in the same way as the rest of the domain. P; and P, are points referred to in the results

section.

A 2D XZ-plane, as seen in Figure 2.2 is defined as a domain and is meshed
with 9000 rectangular mesh elements each with an area of 0.47 mm?. A scaled
relative tolerance of 5x10* and a scaled absolute tolerance of 5x107 are used.
COMSOL’s built in free generalized alpha time stepping method is used. Equation

(2.4) is applied to the domain as the governing equation for heat transfer.

oT 9o
pCpE+V-(—kVT)—Q+@ (2.4)

An external convective and radiative boundary condition, equation (2.5), is

applied to the outer edges of the 2D domain. We also allow for out-of-plane heat
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transfer inside of the 2D domain which can occur in either direction, so equation (2.5)
is multiplied by 2.
qo = he(Text = T) + €0(Teee — T*) (2.5)

We set Tex to ramp at a fixed 5°C/min until 335°C, at which point self-heating
is significant, and then keep 7.\ fixed at 335°C. The internal cell temperature lags Tex
because a thermal gradient is developed as heat is transferred into the domain. 4. and
g are kept constant during both the thermal ramp and short circuit simulations.

The thermal conductivity in our model is anisotropic, due to the high thermal
conductivity of the current collectors vs. the other cell layers. We assume the cell has
layers stacked in the x-y plane, and calculate the thermal conductivity in the z-
direction using equation (2.6), and the thermal conductivity in the x and y-directions

using equation (2.7).%’

h;
k, = 2 hll- (2.6)
X
kih;
ky =k, = Zh_ (2.7)

Perfect contact between the cell layers and the cell casing with no thermal resistance

is assumed, allowing the cell casing to be neglected to simplify the domain meshing.
We define a system of ODEs to account for the heat flows in (2.2.1) to (2.2.3)

above. The reaction heat flow is applied to equation (2.2.4) through a volumentric

heat source as seen in equations (2.8) and (2.2.9).

Q= €))

<o
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The endothermic melting of lithium is applied to a £2.5°C range around the
melting temperature of lithium. The release of oxygen from the breakdown of
Lio.47C00O; per equation (2.2.2) produces negligible heat and we set the enthalpy of
this reaction to zero."

dx;; dny;
Li,0 Li,melt
2 AH, ———

dt moodt (2.9)

P =AH;,0M0,c0

The decomposition of LiyCoO; in equation (2.2.2) is modeled with an
Arrhenius rate equation shown in equation (2.2.10) that has been previously
paramaterized in literature.'®?° We set the Li»O reaction as second order, depending
on the mole fractions of O» and Li. The rate coefficient, ¥ and Heaviside functions in
equations (2.2.13) and (2.17) is adjusted so the heat flow matches that seen in the
DSC data in Figure 2.1. The rate equations for Li and O are written as a combination

of the rate equations for LiyCoO2 and Li20.

BXico _ _ g oihyis2 (2.10)
dt
% — 2 d’i;% (2.11)
d;toz = —0.176 dZLtCO ~05 dx;t"zo (2.12)
d%% = H(T)kx;xo, (2.13)

Again, this reaction system is directly parameterized to the DSC data in
Figure 2.1., so that the total amount of heat, the onset temperature, and the heat rating
have a physical basis. The most important aspect of this parameterization to the DSC

data is the fact that while TGA shows O» release from Lip47C00O; at ~250 °C, the

13



DSC shows no significant exotherms until >300°C.'>*% This indicates molten Li is
present with O> but there is no reaction until the temperature in the DSC exceeds
300°C. We account for this behavior with the H(T) function in equation (2.2.13).
We provide a possible a physical basis for this gap in Figure 2.3; in particular, O
released from the cathode may react with molten Li to form a layer of solid Li,O that
slows the reaction. As the temperature rises, a “breakthrough” of this layer occurs
such that unreacted molten Li and O react more quickly. This type of behavior has
been previously reported in studies of Li metal reactivity with various gases and

requires further study.*

At ~250°C, O, releases and reacts with Li to form

passivating Li,O
T A ) T 4 "
Lithium - 0, e),)h 1& 0, 8‘
o Y v “ X
\ 2 m LiCoO, + Coz0,
Between ~250°C and ~320°C, O, 0,
continues to be released but the Li,O

passivation of Li remains effective LLZO

W Lithium

At ~320°C, the Li,O passivation layer
breaks down, and O, rapidly reacts with Li

Lithium

Figure 2.3. Schematic of the potential reaction sequence of molten Li with O, gas.

Short Circuit

While thermal ramp is a common safety test, short circuit is also of great

interest due to the potential for cell penetration or manufacturing defects. If an
14



internal or external electrical short takes place, the cell will self-discharge and
generate heat. While there have been sophisticated models developed to treat the
coupled thermal and electrochemical behavior that occurs during a short circuit**43,
here we use a simplified approach. The goal of this model is to provide a basic
treatment of the coupling between self-discharge (which depletes the amount of
reactant for thermal reactions) and heat transfer within the cell and to the
surroundings. In particular, we model a constant-current short and assumed a fixed
cell potential to obtain a self-heating rate. Rather than short the entire cell, we define
a short in a portion of the cell, as shown by the label “Short Circuit” in Figure 2.2.
Additional details on our shorting model are provided in

Table 2.4. T.,; was set to a constant 25°C.

Equations (2.10) and (2.11) were modified to include a short circuit term that
accounts for the electrochemical reaction of Li and Lio.47C00-, as shown in equations
(2.14) to (2.17). In our model we allow the electrochemical self-discharge to continue
past lithium melting. The short circuit reaction stops when all Lip47C00O3 is
consumed. Note that Lio.47C00: can be reacted either electrochemically due to self-

discharge, or due to thermal decomposition, as shown in equation (2.2.14). Oxygen

release is only due to Lio47CoO> thermal decomposition.

dx 1 Eq
=0 = —X1co,0 = H(XLco, XLi) — Aeﬁngg (2.14)
dt ~C
dx;; I dxLi,o0
dtl = —XLio EH(xLCO'xLi) -2 d;z (2.15)
dxo, Eq dxLi,0
= 0.176AeRTxL%? — 0.5 —=2— 2.16
dt extXico dt ( )
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deiz

0
T H(T)kxpixo, (17)

We use a short circuit current corresponding to a 30C discharge rate (i.e., 2
minutes), which is an important sensitivity for this model. The equation for the heat
generation rate for this short-circuiting case is modified to include two terms, one for
the heating associated with electrochemical shorting, and the second for the reactions
that occur as the temperature rises, as shown in equation (2.18). Equation (2.18)
includes bounding functions to improve numerical stability.

deizo

I ANngimert
P = AGgpeno,ico EH(wa: x1) + AHpi,ongco ——;— + AHp, —n (18)

dt

AGgype = _nFVcell,ave (19)

Results and Discussion

Thermal Ramp

Figure 2.4. shows results from our thermal ramp model. Panel a) shows the
transient profiles of the components in our model, as well as the cell temperature at a
point Prr. Panel b) provides a more detailed look at the time window in panel a) with
the highest reaction rates. Panel c¢) shows the 2D temperature distribution and 2D heat
flow profile when the reaction rates are highest, and Panel d) shows the 2D
temperature distribution at the maximum temperature at Prz. There are several
important points in Figure 2.4. In panel a), at Prz lithium begins to melt at 62.75
minutes when the temperature reaches ~180°C. Li melting slows down the

temperature rise for ~4 minutes. At points near the cell surface, lithium melts at 61.75
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minutes. Lio47Co0O> begins to decompose at ~72 minutes when the cell reaches
200°C, however the rate of decomposition rises when Pz reaches 250°C following
equation (2.2.2). Oz released from Lio.47C002 does not react with molten lithium until
Prr reaches ~320°C, at which point the formation of Li>O rapidly occurs and the cell
enters thermal runaway.

The heat from the oven enters the outside of the cell, so the thermal runaway
moves from the outside to the inside of the cell. However, the highest temperature
and heating rate occur in the center of the cell, at Prr, because that point is furthest
from the walls. The anisotropic thermal conductivity results in thermal runaway
moving faster in the x-direction than the z-direction, as shown in Figure 2.4.d). The
maximum heat flow is 5.85 W/g which is similar to the DSC experiments conducted
at the same temperature ramp.'> At the end of thermal runaway, at Pz a maximum
temperature of 1029°C is seen. This is higher than maximum temperatures observed
in many liquid electrolyte Li-ion cells, although this depends on several assumptions
in our model, including the cutoff temperature of the oven.?®** A later section

describes our model assumptions and limitations in more detail.

17



o
o

o <o
[ =

Molar Amount Relative to Initial Li yCoOz at PTR
o

Figure 2.4. Thermal ramp model results. a) The molar ratios (vs. initial moles of Lig47C00,) and

[
=1

g
o

b)

1000

800

600

400

200

o
=
S oy
XLiy,Co0, \‘\‘ 1000 ® T ~eo. XLiy€o0,
o~ e
Q .
S o8
800 >
— |
B
o £ 06
600 2 E
2 o
[
2 =
00 £ & 04
N
<
200 3 0.2
£
{ -
. 5 lmmczc
0 50 100 150 200 250 2 80 90 100 110 120 130
Time (min) Time (min)
c) t= 125.82min Pre
[ ]
360 370 380 390 °C
| 30.1cm )
T 1
IOl amm 20 00 O mae
| na— B
5.6 5.65 5.7 5.75 5.8 W/gico
d) t= 134.37min

1.01

1.02

Temperature (°C)

temperature at point Pz b) the same quantities during the thermal runaway stage of the simulation c)

2D temperature (top) and 2D heat flow (bottom) profiles at 125.82 minutes, when heat flow is highest

ratio in the evolution of both the mole ratios and heat produced. For an initial

lithiation state of Lig.47C00Oz and a 1:1 N:P ratio, O is in excess, and about 0.05 moles

and d) the 2D temperature profile at the peak temperature at 134.37 minutes

We also note the importance of the initial cell negative to positive capacity

of oxygen per mole of Lig.47CoO; remain after thermal runaway, as Figure 2.4.
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shows. This corresponds to ~25% of the total O released from Lip.47C00,. Cells with
more Li than required for a 1:1 N:P ratio will demonstrate more heat generation as
more oxygen is consumed; in particular, with Li in excess the heat release from Li20

formation would rise by ~25%.
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Figure 2.5. Thermal ramp model results at Prz. a) the maximum heating rate and maximum
temperature for different initial Li,CoO2 and b) temperature vs. heating rate for lithiation states

corresponding to 100% and 50% states of charge.

The next important result from our thermal ramp modeling is shown in Figure
2.5. Panel a) shows the maximum self-heating rate and temperature as functions of y
in LiyCoO:z (i.e., initial SOC). Panel b) shows the temperature vs. the heating rate for
values of y in LiyCoO: corresponding to 50% and 100% SOC. These panels show
that the heating rate and maximum temperature both increase as the initial cathode
lithium content falls (i.e., the SOC rises) In panel a), there is a nearly linear
relationship between lithiation state and maximum temperature. Note that as y — 1
the linear relationship breaks down; when no exothermic reactions occur the

maximum temperature is just that of the oven. However, the maximum heating rate is
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flatter as y — 1. For example, in panel b) we see the maximum heating rate at a
lithiation state of 0.735 (50% SOC) is ~25% that of the maximum heating rate at a
lithiation state of 0.47 (100% SOC).

As the SOC of the cathode decreases, the amount of lithium initially present
and the amount of oxygen produced both fall linearly. Hence, oxygen remains in
excess at all states of charge, so the total heat generated is also linear with the state of
charge. However, the maximum heating rate depends on both the total heat produced
as well as thermal transport, and at lower SOCs the thermal transport results in a

lower heating rate. !3-2833

Short Circuit

Figure 2.6. shows results from our short circuit model. Panel a) in Figure
2.6. shows the temperature and mole ratios at point P;, as defined in Figure 2.2. As
shown in this panel, the short results in reductions in xziyco02 and xz; due to
electrochemical production, as well as strong heat production as all electrochemical
energy is converted to heat. At ~0.6 minutes, the shorted region reaches 250°C at
which point O3 release from the Lio.47CoOz begins. After this point, the self-discharge
and thermal decomposition processes both consume Lip47C00,. Even after Lip.47C00O»
is fully consumed within the shorted domain, heat release continues as O> and Li
react to form Li2O and the temperature continues to rise. Panel b) shows the first 6
minutes of panel a). Here Li melting be seen at ~0.42 minutes when the temperature
rise briefly slows. There is also a notable change in slope at ~1.2 minute and ~1.6

minutes. The slower temperature rise between 1.2 and 1.6 minutes occurs because
20



the electrochemical short is complete and the kinetics of Li>O formation are slower;
the increase in the temperature slope at 1.6 min is due to heat from outside the shorted
region heating the shorted region. Panel ¢) shows the temperature profile and molar
ratios at P», as defined in Figure 2.2. This is the location where the maximum
temperature is reached. At this point and at every point outside of the short region, the
temperature rise is due to thermal transport from the shorted region which causes
sufficient temperature rise (i.e., to >320°C) to cause thermal runaway. The peak
temperature at P> is 965°C and the maximum heating rate is ~600°C/min. The lower
maximum temperature and heating rate are due to the 7%\ fixed at 25°C in the short
circuit model, vs. the rising oven temperature in the thermal ramp model. Panel d)
shows the first 6 minutes of panel ¢). Here, the melting of lithium can be seen in the
temperature profile at 3.15 minutes, and the decomposition of LiyCoO; happens
between ~3.5 and 4.5 minutes. The temperature difference between P; and P: is as
high as 450°C; this occurs at 1.5 minutes. When P> reaches its maximum

temperature, the temperature difference between P; and P; is ~130°C.
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Figure 2.6. Short circuit model results showing the temperature and molar ratios vs. initial Lig 47C00O,
at a) P;, a point within the short circuit b) P; during the first 6 minutes c) P>, a point on the right edge

of the cell where there is no shorting and d) P> during the first 6 minutes.

Figure 2.7. shows the 2D temperature distribution at three time points. Panel
a) shows the time (1.5 minutes) when thermal runaway is occurring within and in the
immediate surroundings of the short circuit region, panel b) shows the time (5.5
minutes) when thermal runaway has spread to the rest of the cell, and panel c) shows

the time (9 minutes) when the maximum temperature in the cell is reached. At 9
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minutes the heat flow at P; is 2% of the maximum heat flow at that point, and the

heat flow at P2 is 17% of the maximum heat flow at that point.
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Figure 2.7. Two-dimensional temperature profiles for the short circuit model at three times. a) 1.5 min,
when heating is concentrated in the shorting region b) 5.5 min, when heat from the shorted region has
caused thermal runaway in the rest of the cell, and ¢) 9 min, when the maximum temperature is

reached.

For the 2-minute discharge rate in the shorted region chosen here, as well as
the size of the shorted region, the heat produced in the shorted region is sufficient to
induce thermal runaway throughout the entire cell. For a higher shorting rate, the
maximum temperature would be higher than what is seen here, while if the shorting

rate is small enough thermal runaway may never occur in the cell, as the rate of heat
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transferred to the environment would keep all cell regions at <320°C. Similarly, a
larger shorted region would be more likely to induce thermal runaway in the rest of

the cell than a smaller shorted region, for a fixed shorting rate.

Important Model Assumptions and Sensitivities

There are a variety of important assumptions in this model. First, there are
several processes that are not included, including the melting of Al (660°C), heat
flows associated with cell packaging, any heat flows associated with cell materials
not captured in the DSC data we are using (which ran to 500°C and did not include
PVDF, conductive carbon, or current collectors), gas venting from the cell, gas
ingress to the cell (e.g., due to rupture), molten Li exiting the cell or moving within
the cell, O2 gas moving within the cell, and the temperature dependence of some of
the materials (see Table 2.2.). Regarding the DSC data we use only being collected
to 500°C, we do note that the principal exothermic reactions (i.e., O released from
the cathode reacting with cell components) take place at <500°C, and we do not
expect any major exothermic reactions that only occur at >500°C. Another key
assumption is the functional form we choose for Li,O formation (Equation 2.17). As
discussed above, we hypothesize that the difference in the temperatures between
when O3 is released and when the exotherm for Li2O occurs is due to a passivating
layer of Li2O on the molten Li; this is an area that requires further study. The
function we use here to fit the observed thermochemistry of Li>O formation in a DSC
pan may be different in a large-format cell. We also assume that O cannot move

among cell regions; in other words, O> can only be consumed where it is generated.
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Our model also assumes that the kinetic expressions we developed to fit the DSC data
collected at 5°C/min are valid at other heating rates, including the 100s °C/min we
observe in both the thermal ramp and short circuit tests. Finally, the present short
circuit model assumes a fixed shorting current within a pre-defined spatial domain,
while in practice shorting is likely to have strong spatial and temporal variations.

In addition to these assumptions, there are also several important model inputs
that affect the model results that we discuss further in Chapter 3. These include the
thermal boundary conditions (here all cell surfaces have the same heat transfer
properties, while in a battery pack the cell surfaces could have significantly different
thermal boundary conditions), the cell specific energy, the cathode and separator
materials, the absence of any conductive additive or binder, and, for the short circuit

model, the rate of the short.

Conclusions

While LiSSB are not subject to the reactions associated with organic solvent
liquid electrolyte, the oxygen released from a metal oxide cathode may react with
molten Li or other cell components and lead to significant heat release and cell
temperature rise, potentially requiring cell and pack engineering to mitigate safety
concerns unless either the O; gas or the molten Li can be removed from the cell.
Building on previously reported direct DSC measurements of the heat flows
associated with one LiSSB chemistry (Li|LLZO|Li,C00O2), we have constructed a 2D
thermal model of a large-format cell that quantifies important thermal behaviors

including the maximum temperature, maximum heating rate, and onset temperature
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for heat release. We considered both a thermal ramp, as well as a case in which a
subset of the cell shorted, which led to sufficient heating to put the entire cell in
thermal runaway. For the thermal ramp test, the onset temperature was ~300°C, the
peak temperature ~1030°C, and the maximum heating rate ~250°C/min. It is worth
nothing that while the cell in our model does not reach the melting point of copper
(1085°C) or the boiling point of lithium (1342°C), those values may potentially be
reached. While the peak temperature and maximum heating rates here are comparable
to those reported for some high-energy Li-ion cells,?>*%*> the onset temperature for
self-heating is substantially higher than for Li-ion, where self-heating can begin at
<100°C.'1%114647 Thyis is a principal first advantage for solid-state cells without liquid
electrolyte. Our short circuit model showed a similar peak temperature to the thermal
ramp, and a ~2.2x higher maximum heating rate. For both the thermal ramp and short
circuit tests, the peak temperature is ~50% of that resulting from adiabatic thermal
boundary conditions; methods to slow the exothermic Li+O,—>Li>0 reaction could
reduce this value. The heating rate has a strong influence on the peak temperature;
the higher the heating rate, the higher the peak temperature as there is less heat
release to the surroundings.

A key insight of the present work, also reflected in the recent work of A. M.
Bates, et. al., is that managing the contact of molten Li metal (or other cell
components that may be oxidized in an exothermic reaction) with oxygen released
from the cathode is of critical importance for the thermal behavior of LiSSB.'* A
separator that maintains an effective barrier between Li and oxygen even as a cell

heats in an oven test may substantially reduce self-heating reactions from occurring.
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This could likely be facilitated in practice by venting oxygen produced from cathode
breakdown from the cell, although removing O> gas from within a solid-state cell
stack in which the layers are typically pressed together introduces challenges.
Another important insight of this work is that for a LiSSB that heats due to internal
shorting, the kinetics of continued shorting and heating (even after Li melts) vs.
oxygen release from the cathode (which consumes delithiated cathode material) and
subsequent Li,O formation will be of critical importance for the ultimate heating rate
and peak temperature. At present there is little empirical understanding of how these
processes may occur within a large-format LiSSB stack that may be under modest
compression (e.g., 1 MPa). Future work will explore key model assumptions and

sensitivities.
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Model Parameters and Additional Functions

Table 2.1. Table of Symbols

Symbol  Definition

T Cell temperature

Pi Density of species i

Co,i Specific constant pressure heat capacity of species i

he Heat transfer coefficient

Q Volumetric heat from reaction and phase change

go Heat transferred to or from the surroundings

€ Emissivity

o Stefan-Boltzmann constant

Text External temperature

kx Average thermal conductivity in the x-direction

k; Average thermal conductivity in the y-direction

ki Thermal conductivity of species i

hi Thickness of cell layer i

P Summation of heat from exothermic reaction, endothermic melting,
and electrochemical discharge

XLco Mole fraction of LiyCoO: relative to initial moles of Li,CoO>

XLi Mole fraction of Li relative to initial moles of LiyCoO>

Xo, Mole fraction of O; relative to initial moles of LiyCoO>

XLiy0 Mole fraction of Li,O relative to initial moles of LiyCoO>

H(i) Heaviside function dependent on variable i

AGape Gibbs free energy of an electrochemical cell

n Number of moles of electrons transferred in electrochemical discharge
per mole of cathode active material

F Faraday’s Constant

Veell,ave Nominal voltage of cell discharge

/ Short circuit current

C Cell capacity

AHp;,o  Enthalpy of Li+O2->Li,0 reaction

AHy, 1 Enthalpy of lithium melting

Npimeir  Number of moles of melted Li metal. Note that this variable is used
solely for heat of lithium melting and is separate from x;;

dy Length of the out-of-plane direction (the y-direction in our model)
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Table 2.2. Material Properties

Parameter Value References and notes
kiLzo 0.47 % *
kico 3.7 % 4930
Kiis sa7—
Ly 4452
ka 237 =
keu s01—
PLLzo 5.11 C“’? >3
oL 0:g53 4 21,51

o
PLco 5.1 C“’? >34
Par 270 %
Peu 8.96 % !
CpLi 3.582#{ 2131This value is for 25°C
Cp1Lco 0.67 ﬁ 243356This value is for LijCoO; at 25°C
Cpriz0 0.68 ﬁ 3"This value is for 25°C
Cp.al 0.897 ﬁ >IThis value is for 25°C
Cp.cu 0.385 g{_K 3IThis value is for 25°C
Tmeweni  180.5°C 219!
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Table 2.3. Averaged Cell Parameters

Parameter Value Reference/Notes
Cathode thickness 80 um
Anode thickness 20.7 um
Electrolyte 10 um
thickness
Al and Cu Current 5 um
Collector
Thicknesses
Cathode Active 0.70
Material Volume
Fraction
K 38.04 —
K-m
kzz 2.67 —
Km
Protal 4.03
Cp average 0.84 L Averaged from temperature dependent
gk material heat capacities across the
expected temperature range
he 717x 107 —— ¥
cmeK
o 5.669X%
—-12 w
10 cm2K4
€ 0.04
Specific Energy 355 For a 4.05V average discharge voltage
Wh starting from Lig47C00;
kg cell repeat layers
Energy Density 1493 — Wh  Fora4.05V average discharge voltage
L cell sandwich  starting from Lio.47C0O>
K 0.0129
Treact 3 3OOC
A 3.76 x 108 s71 20
20
Ea 1.14 x 10° L
mol
H, 43221 L
gLi
H, -2200 -2
gLco
NLcoo 10.68 mol
Npio 5.66 mol
C 88.7 Ah
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1 2662 A
n 0.53
dy 9.8 cm

Table 2.4. Additional Functions

Function Expression Notes

H(T) K (0.5 + 0.5tanh(0.1(T — Tyeqcr)))  Suppresses Li2O formation until
the reaction temperature for
numerical stability and fitting to
experimental heat flow data.

H(xyco) 0.5+ 0.5tanh(10%(x,¢o — 0.01))  Cuts off the short circuit when
LiyCoOs is no longer available
and only LiCoO> remains.

H(xy,;) 05+ O.Stanh(lO5 (xp; — 0.01)) Cuts off the short circuit when Li
is no longer available. H(x.co)
will reach zero before this
function, so this is used for
redundancy.
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Chapter 3: Sensitivity Testing of Large Format All-Solid-State Lithium

Metal Battery Thermal Safety Model

Introduction

We previously modeled a thermal ramp test and short circuit of a theoretical
large format LiSSB using differential scanning calorimetry heat flow data for an “all-
inclusive microcell.”'> We found that while the LiSSB thermal runaway onset
temperature is significantly higher than Li-ion (250°C compared to ~100°C), the peak
temperature and maximum heating rate are comparable. Our published work on this
model only used one set of parameters and did not explore reasonable variations in
parameters. While some of these values, such as the averaged thermal properties,
cannot be varied independently, other properties like the environmental heat transfer
boundary conditions and cell design characteristics can be varied independently for a
sensitivity analysis. In this work, we analyze the sensitivity of our thermal runaway
model to various parameters like k, the specific energy, and the convective heat

transfer coefficient bounded within a physically reasonable range of values.
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Sensitivity Testing Methods
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Figure 3.1. Diagram of the theoretical large format cell. We vary 1) k which corresponds to transport
limitations imposed by the integrity of the LLZO separator and initial Li,O formation, 2) the heat
transfer coefficient, 3) the thicknesses of the layers to vary specific energy, 4) the thickness of the

anode to vary N:P ratio, and 5) the short rate specifically in the short circuit model.

To test the model sensitivity to important parameters, we vary the convective
heat transfer coefficient, radiative emissivity, specific energy, N:P ratio, and x
coefficient on both the short circuit and the thermal ramp models for the models
shown in the previous chapter. Specifically on the short circuit model, we also vary
the short rate. We determine the sensitivity of each parameter in the thermal ramp by
comparing the maximum temperature and maximum heating rate at the center point
of the 2D domain. We chose the center point as this is the location with the highest
temperature in the cell. We determine the sensitivity for the short circuit by
comparing the maximum temperature and heating rate at Py and P2 shown in Figure
2.2. We chose these points because P sees the highest temperature inside of the short
circuit, and P sees the highest temperature outside of the short circuit. We average

the thermal properties of the cell layers rather than explicitly defining and meshing
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each individual layer to reduce computational costs. As the cell composition changes,
particularly for the specific energy and N:P ratio sensitivity analysis, the average
thermal properties of the cell change accordingly. This is an important consideration
when evaluating the sensitivity of the model with specific energy and N:P ratio as
there are multiple cell parameters changing at once.

When deciding which values should be swept for each parameter, we bound
the upper and lower limits for each of these parameters to values that are physically
reasonable. For 4., we vary between the estimated free convective heat transfer
coefficient of air (5 W m? K1) and an estimated forced convective heat transfer
coefficient of a glycol/water flow (145 W m2K!). Nelson et. al. estimate the
convective heat transfer coefficient of a glycol/water coolant system by the Nusselt
Number, Graetz Number, Reynolds number, and Prandlt number to be ~350 W m2 K-
! however this estimation varies with design considerations of the coolant system.>®
For emissivity, we vary the parameter between 0.05 and 0.9. We use 0.9 as an upper
limit for an estimate of emissivity for aluminum painted black. The default value we
use is 0.04 which is the emissivity of mylar used in pouch cell construction. To vary
specific energy, we change the layer thickness of the anode, cathode, and electrolyte.
The most important layer thickness to change to increase the specific energy for this
LCOI|LLZOILi large format cell was the electrolyte thickness due to the high density
of LLZO (5.1 g/cm?). We use a similar approach to vary the negative to positive
electrode capacity ratio (N:P ratio) by changing the thickness of the lithium metal
anode relative to the cathode. Our default setting is to use capacity matched

electrodes (N:P ratio of 1) in the charged state which corresponds to a cell without Li
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in the discharged state. At higher N:P ratios, lithium would have to be present in the
fully discharged state. We vary the N:P ratio from 0.8 to 1.3 to look at the safety of an
LiSSB after irreversible capacity loss occurs (N:P ratio < 1) and to look at cases
where excess lithium is included (N:P ratio > 1). Lastly, to physically bound k, we
use the total reaction time for Li>O formation in the model as « is more of a
phenomenologically fitted value that encompasses the kinetic frequency factor as well
as transport limitations than a property. Lithium heated to a molten form with a flame
and then left to react in air demonstrates a sustained exothermic reaction over the
timespan of 10s of seconds to 10s of minutes. We use k values that result in the
model showing reaction occurring in a total amount of time inside of that timeframe.
Higher « values correspond to less transport limitations and/or faster reaction
kinetics. This could be as a result of higher surface area to volume ratios of the
lithium metal anode, more cracks and imperfections in the LLZO allowing for more
diffusion of oxygen, higher porosity in the Li,O surface layer, or faster reaction
kinetics. The lower the k value, the more transport and kinetic limitations are

imposed on Li2O formation.

35



Results and Discussion

K (s.l)
5¢3,0.6

h, (W/m?-K)
145,5

K(s?)
5e7,0.6

he (W/m?K) |
145,5

£ €|
0.9,0.05 0.9, 0.05
|
Specific Energy
(Wh/kg) -
200,400
|
N:P Ratio
5,075

Specific Energy
(Wh/kg)
200, 400

N:P Ratio |
5,0.75

Adiabatic T-Rise

200 400 600 800 1000 1200 1400 0 2 4 6 o 244
Max Temperature (°C) Max Heat Flow (WIgLCO)

Figure 3.2. Thermal ramp tornado plots showing the variation in a) maximum temperature with
changing parameter values and b) maximum heat flow with changing parameter values. The two
quantities underneath each parameter on the y-axis correspond to the low value and the high value for

each parameter tested.

The base values for the maximum temperature rise above the oven
temperature and maximum heating rate in the thermal ramp are 1027°C and 5.78
W/gicorespectively. All the tested parameters, excluding k, do not increase the
maximum temperature observed by >1%, with the increase of 9°C above the base
value for /. being the largest increase in the maximum temperature. These parameters
have a much larger effect on decreasing temperature with 4., €, and specific energy all
showing a >200°C reduction in the maximum temperature relative to the base value.
We are already within 400°C of the adiabatic temperature rise with the base case, so
any increase in heat flow or reduction in heat dissipation will have diminishing
returns on the maximum temperature. Conversely, increasing the heat dissipation or

reducing the heat flow will have a substantially higher impact on reducing the
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maximum temperature. The two ways in which the maximum temperature will
increase the most are to either increase the total amount of heat generated, or to
increase the rate of heat release. The convective heat transfer coefficient and
emissivity only remove heat from the system as it’s generated. Decreasing them
further than what is seen in the base case does little to increase the maximum
temperature, because the rate of self-heating is so high. In the case of N:P ratio and
specific energy, the thicknesses of the cell stack layers are changing along with the
total amount of heat generated. Despite the total heat increasing, the changing thermal
properties keep the maximum temperature from increasing more than 21°C above the
base case. While increasing the emissivity to 0.9 lowers the maximum temperature to
709°C, this will not be very useful in a commercialized battery pack. Emissivity is
important for a thermal ramp test where a single battery sits in an oven, but there
should be little to no radiative heat transfer in a tightly packed battery pack with
prismatic cells as aluminum cooling plates will conduct heat away from the cell
surface to glycol cooling channels. Convective heat transfer will be the largest
method of heat removal from the battery pack; 4. is the more commercially relevant
parameter between the two.

The maximum temperature does increase significantly with the maximum
specific energy compared to the base case (1044°C compared to 1027°C) because the
base case of ~350 Wh/kg is already close to the maximum specific energy of ~400
Wh/kg for an LCO|LLZOILi LiSSB if the minimum electrolyte thickness is 10um and
the minimum LLZTO volume fraction in the catholyte is 30%. The maximum

temperature will change depending on the cathode material and electrolyte used, even
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for the same specific energies used here, because the stoichiometric thermal
decomposition of different layered metal oxide cathode materials generates different
amounts of oxygen. In general, higher specific energy means more stored energy can
be released to generate heat as well as lower thermal stability. So as the cathodes
switch to higher specific energy materials such as high nickel content NMC cathodes,
the expected maximum temperature should increase, and the onset temperature of
thermal runaway should decrease.’® Some electrolytes also contribute to thermal
runaway by reaction with lithium which is another potential source of thermal
management concerns.'®

In the case of a 1:1 N:P ratio, lithium will be the limiting reactant for Li,O
formation oxygen evolved from the cathode, so it’s unclear how much the total heat
generated will increase if the electrolyte is also reactive. But in the case where lithium
is in excess for LiO formation, the increase in total heat generated should be
significantly higher with a reactive electrolyte than without. When changing the N:P
ratio, we assume no change in volume in the total cell stack. In other words, for an
N:P ratio > 1, the decrease in volume percentage occupied by the cathode is
accompanied by increasing the volume percentage occupied by the cathode in the
large format cell. We expect the maximum adiabatic temperature to reach a peak
value at ~1.3 N:P ratio where the anode and cathode are balanced so that neither
oxygen nor lithium is in excess for Li,O formation. Unlike the adiabatic temperature
rise, the observed temperature rise is dependent on more than the total amount of heat
release, such as the rate of heat release and the rate of heat transferred to the

environment. As the N:P ratio increases, the molar amount and surface area of lithium
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increases which could also increase the reaction rate. It could be that the observed
maximum temperature rise is at a higher N:P ratio than the expected maximum
adiabatic temperature rise due to these factors.

K is the most sensitive parameter in this model for both maximum temperature
and maximum heating rate. When « is 0.6, the maximum temperature is 1448°C and
asymptotically approaches the adiabatic temperature of 1481°C for the large format
cell. The maximum heat flow also increases by an order of magnitude to 245 W/gico,
however the total amount of heat produced remains the same. The only parameters we
tested that change the total amount of heat produced are N:P ratio and specific
energy. To reach close to the adiabatic temperature rise, the reaction between lithium
and oxygen must be near instantaneous with no transport or kinetic limitations in the
cell. If the reaction rate slows either by a lower k value, or by decreasing the molar
amounts of Li or O, available for reaction, then the maximum temperature and
maximum heating rate will decrease significantly. When « is set to 5x107, the
maximum temperature decreases to 532°C which is only 197°C higher than the oven
cutoff temperature. This corresponds to an order of magnitude decrease in the
maximum heating rate to 0.26 W/gico. The maximum temperature and maximum

heat rate in the model with changing k can be seen in Figure 3.3.
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Figure 3.3. Maximum temperature rise above the oven cutoff temperature of 335°C and maximum

heat flow vs. &

Due to the logarithmic behavior of maximum temperature with respect to
increasing k, decreasing the rate of reaction does not have a significant impact on the
maximum temperature until k is reduced to less than 0.005. One potential method to
achieve this is with a protective layer over the lithium that prevents or slows oxygen
diffusion to the lithium. In theory, if the lithium metal anode were completely
hermetically sealed from the cathode, then thermal runaway should not occur with an
electrolyte such as LLZO that does not generate heat with either electrode. With more

reactive electrodes such as sulfides and other ceramic oxides, the electrolyte itself can
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be the source of self-heating when in contact with the electrodes.!®* Another method
for reducing the maximum temperature and heating rate is by venting the O, before it

has a chance to react with lithium. We do not consider any venting in this model.
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Figure 3.4. Short circuit tornado plots showing the variation in a) temperature at a point inside of the
short circuit region, Py b) heat flow at P; c¢) temperature at a point outside of the short circuit region, P,
d) heat flow at P, The two quantities underneath each parameter on the y-axis correspond to the low

value and the high value for each parameter tested.

For the short circuit model, the base values at Py are a maximum temperature
of 858°C and a maximum heating rate of 4.94 W/gLco, and the base values at P, are
963°C and 8.70 W/gLco (See Chapter 2 for the locations of P1 and P2 in the short
circuit model). We swept the same parameters from the thermal ramp model through
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the short circuit model with the addition of short circuit rate. « is still the most
sensitive variable for P for increasing the maximum temperature but is nearly
identical to /. for lowering the maximum temperature. Convection is the most
sensitive parameter for reducing the maximum temperature at P». P» is closer to the
surface of the cell and if the convection is high enough it will prevent the outer
portion of the cell from entering thermal runaway. In this model, the upper limit
convective heat transfer coefficient is sufficient to prevent thermal runaway from
spreading. Increasing convective heat transfer with a larger 4. does not prevent P,
from entering thermal runaway due to the high rate of heat generation from the short
circuit. Increasing k increases the maximum temperature at both P and P2 more than
any other parameter. P> has a larger reduction in maximum temperature for the lower
value of ¥ compared to Py (553°C reduction in maximum temperature compared to a
399°C reduction in temperature) because the only source of internal self-heating at P>
is Li2O production while P; is also heated by the short circuit rate which is unaffected
by the value of k.

N:P ratio has the second highest impact on increasing temperature at both Py
and P>. N:P ratio sensitivity in this model is an important consideration because early
iterations of commercialized LiSSBs will likely have an N:P ratio >1, thus making
the thermal safety issue a greater concern. Similar to the thermal ramp, higher N:P
ratios lead to higher temperatures due to the Li,O equation formulation resulting in a
faster rate of reaction as the Li content inside of the cell increases. k incorporates

transport limitations in our model as well, so as the N:P ratio increases, the lithium
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surface area available for reaction also increases which would increase the rate of
Li,0 production even if the kinetic rate of reaction is not changing. Further
investigation into the reaction limitations of Li,O formation is required. When
sweeping specific energy, the maximum temperature does not increase much in the
positive direction (~70°C increase at both P; and P> compared to the base values) but
does decrease significantly at the lower specific energy (~280°C decrease at both P,
and P> compared to the base values). This is more due to the difficulty in substantially
increasing the specific energy of a LCO|LLZO|Li LiSSB. In order to increase the
specific energy of a LiSSB much higher than 400 Wh/kg, a high energy density
cathode such as high nickel content NMC cathode or reducing the mass of the
electrolyte would be necessary. We also explore emissivity down to that of mylar
(0.04), but in most single cell cases the emissivity will be higher (close to 1) as the
cells can be painted black to increase the emissivity. This parameter is relevant for a
thermal ramp test or nail penetration test, but the translation from these tests to
battery pack behavior is not necessarily clear cut as little to no radiation should be
present in a tightly packed battery back. The short rate has a surprisingly low
sensitivity in the model. Part of this could be the location of the short on the edge of
the cell. This location allows for higher heat transfer to the surroundings resulting in a
suppressed maximum temperature at P1. The temperature at P> also does not have
much of a sensitivity to the short circuit, but this is likely due to the time scale of heat
transfer from the shorted region to P>. P is far away from the short, so it takes longer
to reach the thermal runaway onset temperature resulting in a relatively consistent

maximum temperature despite the changing short rate. The sensitivity of short rate on
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maximum temperature at P, will likely change if the short is spatially closer to P> or if

the short region is larger.

Conclusions

In our model, k is by far the most sensitive parameter. According to this
model, the best way to either mitigate or prevent thermal runaway is by either
increasing transport limitations of oxygen to lithium or through some form of venting.
The importance of the reaction between lithium and oxygen for thermal safety of
LiSSB further reinforces the need for a more rigorous kinetic study of Li>O
formation, however this is very challenging due to the extremely exothermic nature of
this reaction. Our model also shows that in the case of a short circuit, water/glycol
mixtures in modern cooling systems could be sufficient to prevent thermal runaway
from spreading to other cells, however water/glycol coolant systems typically are not
designed to halt thermal runaway after it begins. These mixtures have very low
boiling points (~110°C) potentially resulting in the boiling off of the coolant during
thermal runaway. Our model also shows that is lithium foil is included in the
assembly of an LiSSB (N:P capacity ratio > 1) then there is more heat that is
generated and the maximum temperature increases. In this model, we did not consider
reactions with cathode additives. Future work will include the cathode additives into

our reaction system.
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Chapter 4: 0D Model for LCO and NCA all-solid-state cells
including cathode sheet additives

Introduction

We previously modeled a thermal ramp test and short circuit of a theoretical
large format LiSSB using differential scanning calorimetry heat flow data for an “all-
inclusive microcell.”'> We found that while the LiSSB thermal runaway onset
temperature is significantly higher than Li-ion (250°C compared to ~150°C), the peak
temperature and maximum heating rates are comparable. Our published work on this
model only considered the exothermic formation of Li>O and neglected the influence
that the presence of conductive carbon, binder or gas venting could have on the
thermal runaway behavior of a large format cell. However, our DSC work shown in
Chapter 5 suggests that modeling only the formation of Li,O formation and
neglecting other cell components may not be sufficient to capture the thermal
runaway behavior of our cell. In this work, we construct a 0D model that incorporates
CO2 evolution from oxygen reaction with conductive carbon as well as the pyrolysis
of PVDF binder and subsequent reaction of HF with lithium into the thermal runaway
reaction kinetics. We also model the higher energy density LiNio.8Coo.15Al0.0502

cathode without organic liquid electrolyte.

Modeling Methods

We model a 0D lumped model for a theoretical large format LCO| LLZO| Li
all-solid-state lithium metal (LiSSB) as shown in Figure 3.1. We model two different

large format chemistries: 1) 329 Wh kg™! Lig47C00: | LLZO | Li cell with a cathode
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sheet consisting of 90 wt% active material, 5 wt% PVDF binder, and 5 wt% carbon,
and 2) 419 Wh kg! Lio3Nio8Co0.15Alo.0s02 | LLZO | Li cell with a cathode sheet
consisting of 90 wt% active material, 5 wt% PVDF binder, and 5 wt% carbon. In both
cells, the cathode is at an equilibrium potential of ~4.2V, and the cathode and anode
are capacity matched. Further details about the construction of these cells can be
found in Table 4.4.

Equation (4.2.1) is the generalized Sestak-Berggren kinetic equation and was
used to describe the kinetic rate of decomposition of the cathode material. Table 4.1.

lists the parameters used in each of the cathode material variations. In the absence of
solvent, little to no heat is released by the cathode, so we neglected any heat
generation from the cathode material breakdown, and a single equation was sufficient
to estimate the release rate of oxygen.?*¢! In the case of the highly exothermic
decomposition of LCO and NCA in the presence of solvent, multiple equations would
be needed to capture the more complex heat flow.5?

dxp,;
dt

— 4, e miai(y b 4.1
= —Ap € xp,i( _xP,i) (4.1)

Because the decomposition of layered metal oxides with more than one
transition metal (such as NMC and NCA) can be a complicated multi-step process,
we estimate the stoichiometric amount of oxygen release in NCA to follow that of

LiNiQ,.%76
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Table 4.1. Parameters for equation (4.1)

Parameter LCO Decomposition®®> NCA Decomposition®?¢
Ap 3.78 x 108 s71 3.111 x 1012 571

Ep 1.14 x 10° ] mol™?! 1.35088 x 10° ] mol™?!
a 1.62 1.2629

b 0 0.4056

Equation (4.2.2) is a stoichiometric balance for the rate of consumption of Li.
The initial value of x.;is governed by the lithiation state of the cathode. In the case of
LiyNio.8Coo.15Al0.0502, we use y=0.3, so the initial value of xz; is set to 0.7. In the case
of LiyCoO», we use y=0.47, so the initial value of xz;1s set to 0.53.

dxp; deiZO dxpirp  dXpiyg
- Ta T Tat T a (4.2)

Equation (4.2.3) is a stoichiometric balance for the rates of production and
consumption of oxygen. The rate of production of oxygen is set by the rate of
decomposition of cathode shown in Table 4.1. and Equation (4.2.1). The rate of

consumption of oxygen is the summation of the rates of formation of Li,O and CO»,

as well as the rate of venting.

dt = Lvo, dt ~dt dt dt

deZ dxp 05 deizo _ dxco2 _ deZ,vent (4.3)

Equation (4.2.4) is the rate of production of Li>O we used in our previous
modeling publication.'?

deiZO

dt = H(T)KLiZOxLixOZ (4.4)
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Equation (4.2.5) is the summation of the rate of formation of CO, and the rate
of venting. The rate of formation of CO> is defined by power law kinetics and fit to

DSC data.®’

dxco, o 3 pT dXco,vent
= Kco,Xo, ' ——————
dt 22 dt

(4.5)

Equation (4.2.6) is used to estimate the rate of breakdown of PVDF based on
TGA mass loss during PVDF pyrolysis. Two equations are used to estimate this rate
of pyrolysis and the parameters are summmarized in Table 4.2.°® Note that these two
equations are defined in terms of mass relative to the intial mass of PVDF in order to
maintain conservation of mass, and we convert this value to moles per mole of active
material for use in all other equations.

dy ; EpyDF,i
PVDF,i = Cj
dt - APVDF,ie RT yPVDF,i (4' 6)

Table 4.2. Parameters for equation (4.6)

Parameter LCO Decomposition NCA Decomposition
Ap 6.0 x 1030571 2.6 x 10°* 571

Ep 4.66 X 10° ] mol™1 8.2 X 10° ] mol™1

a 1 1

b 0 0

Equation (4.2.7) is the stoichiometric balance of HF production from the
pyrolysis of PVDF with the consumption of HF through LiF and LiH formation as

well as venting.

dxyp _ ' dxpypr, — 05 dxpip — 05 dxpiy _ AdXyr vent
dt Yoodt odt odt dt

(4.7)
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Equation (4.8) is the rate of formation of LiF and LiH based on the reaction

system previously described.

dxpp  dxpp
dtl = dtl = —KLirXgrXLi (4.8)

We define the vent rate of each individual gas, i, by adapting a mass flow
choking vent model published by Coman et. al. and shown in Equations 9-13.%° The
vent only turns on after a critical vent pressure of 34.5 bar is reached, and it remains
open after bursting. Equation (4.9) defines the amount of gas that is ejected out of the
cell via venting.

dxi,vent _ Pi,ventVi,ventAvent

4.9
dt xXNpRTypent ( )

Equation (4.10) defines the pressure the vent is at when open as a function of

the internal cell pressure and the Mach number.

p.
Pi,vent = . (4.10)

(1+E7me)™

Equation (4.11) defines the gas velocity through the open vent as a function of

the temperature and Mach number.

YRT
Vivent = A M (4.11)
L

Equation (4.12) defines the temperature of the vented gas.

T
Tyent = ———— (4.12)

Y — ~me2
1+2M

Equation (4.13) defines the Mach number for the two scenarios where the

flow is either subsonic or choked. If the flow is choked, the Mach number is set to 1.
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If the flow is subsonic, the Mach number is a function of the total internal cell

pressure.

y-1 Y
Y

2 ( P) —1], Pamb>P(yL>y_1
M= (4.13)

2 1
1, Py <P (yj)

Equation (4.14) defines the rate of temperature change in the cell from the
summation of heat transfer to the environment from convection, internal heat
generation from chemical reaction, and cooling due to gas venting. We leave
emissivity out Equation (4.14) because emissivity should be 0 in a tightly packed
battery pack.

dr _ (Text - T)th + ZQl + dxi,vent mpT

dt C,m dt m (4.14)

Tex: 1s a linearly ramping temperature starting at 25°C and increasing at a rate
of 5°C min™! until a cutoff temperature of 335°C is reach. For the remainder of the
test, the oven will maintain at 335°C. Q; is the heat generation from exothermic and
endothermic events such as lithium metling, Li>O formation, etc. The general

equation for Q; can be seen in Equation (4.15), and the parameters are listed in Table

44.

Q; = AH,—n, (4.15)
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Results and Discussion
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Figure 4.1 Temperature and molar amount of all reactants/products present in an LCO|LLZOIL1 large

format cell without venting.

Figure 4.1. shows the thermal runaway behavior of an Lig47Co02|LLZO|Li

cell in the absence of any venting. When the cell temperature reaches ~200°C,

Lio.47C00O> decomposition begins resulting in the release of oxygen. There is an initial
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formation of a Li2O crust protecting pristine lithium from further reaction. The
development of higher pressures in the cell causes faster CO» formation kinetics
which corresponds to a higher order power law as seen in Equation (4.5). The
reaction enthalpy for Li>O formation is over 3x higher per mole of oxygen gas than
the reaction enthalpy of CO, (1213 kJ mol™! compared to 389 kJ mol™"). The presence
of conductive carbon causes a reduction in the total amount of heat generated than in
a case without conductive carbon, however this is still exothermic enough to cause
thermal runaway. With the inclusion of conductive carbon, exothermic reaction
begins self-heating in the cell the moment oxygen begins to release from the cathode.
This compares to a ~70°C delay between oxygen release and the self-heating onset
temperature from the model without conductive carbon present. After thermal
runaway is triggered, the pyrolysis of PVDF occurs within 30 seconds and completely
decomposes in under 1 minute. This rapidly releases HF into the cell which then
begins to react with lithium alongside oxygen. LiH and LiF are formed at the same
rate in this model. Note that lithium is left over at the end of this test as we do not
factor in any lithium uptake by the LLZO electrolyte.?® Ultimately, thermal runaway
lasts a total of 6 minutes from the beginning of thermal runaway until the peak
temperature is reached and the cell begins to cool back down with a maximum
heating rate of 323°C min'. The model shown in chapter 2 has a total time of thermal
runaway of ~10 minutes which is slightly longer without the carbon and PVDF
present. The total amount of heat released was reduced with a total temperature rise
of 599°C above the oven temperature compared to 705°C in the model from chapter

2.
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Figure 4.2 Temperature and molar amount of all reactants/products present in an NCA|LLZOILi large

format cell without venting.
Figure 4.2. shows the thermal runaway behavior of an NCA|LLZOILi cell in
the absence of any venting. In the case of LCO with no solvent present, the Co
transition metal will only reduce to Co®"/Co*" present in Co304 in the temperature

range that we test, but the Ni will reduce entirely to Ni** seen in NiO. This results in

greater oxygen loss from high nickel-content cathode materials than high cobalt
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content even in comparable lithiation states in all-solid-state cathodes. This results in
greater heat generation during thermal runaway as there is more oxygen present for
CO2 and Li2O formation as well as less lithium remaining after the test is done. In our
model, we see a maximum temperature rise of 1053°C which is 454°C greater
temperature rise than what is seen in the LCO model. The total time of reaction is
shorter compared to the LCO model at ~3 minutes with a maximum heating rate of
772°C min’!. About 30 seconds after thermal runaway begins, PVDF breaks down
and releases HF. At the end of thermal runaway, ~25% of the initial lithium present
remains despite the increased oxygen release from the high Ni cathode because of the
CO2z reaction, however we do slightly overestimate the amount of oxygen generated
in this model as we treat NCA like LiNiOs.

In both cases without venting, pressures on the order of 1000s of bar are
achieved assuming a headspace volume of 10% of the total cell stack volume. These
pressures are not realistic for a commercialized cell as no cell casing will be capable
of withstanding those pressures. Realistically, the maximum temperatures shown in a
cell without venting will likely not be observed. As most of the major heat generating
reactions are driven by gas-solid reactions, a vent could theoretically remove the
gaseous reactant before it has a chance to generate a significant amount of heat. As an
added benefit, venting gas allows for some cooling of the cell due to heat transfer

with the flowing gas.
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Figure 4.3. a) LCO|LLZOILi cell results and with venting at 34.5 bar and an oven cutoff temperature

at 335°C b) NCA|LLZOJLi cell results with venting at 34.5 bar.

Figure 4.3. panel a) shows the results of the solid-state Lig.47CoO2|LLZO|Li
cell model, but with a choked mass flow venting model. When the headspace pressure
reaches 34.5 bar (the burst pressure of an 18650 cell), the vent cap pops, and gas
flows out and cools the cell with it. Oxygen does begin to form CO> before it is
vented, so some slight exothermic heat generation does occur resulting in some self-
heating. When the vent pops at ~50 minutes, the temperature in the cell immediately
decreases by ~ 30°C at a rate ~150°C min™!. The same can be seen in the solid-state
Li03Nio.8C00.15Al0.0502|[LLZO|Li model in panel b) except the point at which the vent
bursts is at a lower temperature due to the lower thermal stability of
Li03Nio.8C00.15Al0.0502 compared to Lip.47C00.. The all-solid-state NCA cell also
begins to enter thermal runaway due to rapid oxygen released and CO, formation, but

the vent cools off the cell and removes oxygen preventing thermal runaway from
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progressing. In both cases, thermal runaway was stopped in our model because the
oxygen was vented from the cell which cooled the cell, and nothing remained behind
to react with the lithium cathode. When the oven cutoff temperature was set to 335°C,
the cell did not self-heat to a high enough temperature to pyrolyze PVDF and instead

equilibrated at the ambient external temperature.
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Figure 4.4. Composition of gases being vented at a venting pressure of 34.5 bar in a) LCO|LLZO|Li

cell results and b) NCA|LLZOILi cell results.

The main gas that will be ejected will be pure oxygen as seen in Figure 4.4.
Some oxygen does react to form CO; prior to venting, and this trend continues even
after the vent bursts, but the majority of the gas ejected is oxygen at >200°C. This
could introduce a further safety hazard for the battery pack as a whole if the ejected
oxygen were to react during venting. Not only does the amount of oxygen vented
increase with the less thermally stable Lio.3Nio.sCoo.15Alo.0sO2 because the Ni reduces

to NiO, but oxygen evolves at a faster rate than Lip.47C0O> resulting in a shorter
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residence time for CO, formation before the cell vents. In both of these cases, the

oven is set to a lower temperature than the onset temperature of PVDF pyrolysis

which results in no HF evolution, and no HF ejection. In a case where a cell is heated

beyond the pyrolysis temperature of PVDF, HF would also be vented along with pure

oxygen.

Figure 4.5. shows the same oven test, but with a vent pressure of 3 bar to

match that of the burst pressure of a pouch cell. Because the cells bursts and venting

starts within a few minutes of the cathode material first evolving oxygen, the initial

cooling from the vent is much smaller only cooling the cell by 1°C in the LCO cell

and by 5°C in the NCA cell, however continued cooling does occur as more oxygen

1s vented.
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Figure 4.5. a) LCO|LLZO|Li cell results with venting b) NCA|LLZO|Li cell results with venting at 3

bar. Oxygen and carbon dioxide can vent as soon as they are evolved right after the vent bursts.
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Figure 4.6. shows the total amount of each gas that is vented during the test.
Only about 0.003 moles of CO» per mol of active material gets vented in both the
NCA and LCO cells because oxygen is vented out of the cell before it has a chance to
react. This limits the heat generation within the cell, but this also means that the
ejected gas is almost entirely pure oxygen at a temperature >200°C. In both cells, not
enough heat generation occurs to reach the PVDF pyrolysis temperature, so no HF is

generated or vented.
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Figure 4.6. Composition of gases being vented at a critical pressure of 3 bar in a) LCO|LLZO|Li cell
results with venting and b) NCA|LLZOILi cell results. In both cells, the ejected gas is almost entirely

comprised of O, and no HF is generated.

Conclusions

The inclusion of reactions involving the PVDF binder and conductive carbon

in the cathode is an important addition to better model the thermal runaway behavior
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of a large format cell. By including reaction of oxygen with the conductive carbon,
the onset temperature of self-heating is reduced by ~70°C in the Lip47CoO> model,
and the maximum rate of temperature rise of 323°C min’! when no venting is
included which is ~75°C min™! faster than the maximum rate of temperature rise
without including HF and carbon reactions. Modeling the higher energy density NCA
resulted in even greater maximum temperatures with a temperature rise of 1053°C
above the oven temperature, and a maximum heating rate of 772°C min’!. However,
in order to achieve these temperatures, no venting can occur which generates non-
physical pressures >1000 bar. When venting at 34.5 bar is included, thermal runaway
is stopped entirely in both the Lig.47C00O2 and Lip.3Nio.8C00.15Al0.0502 cells, and the
majority of the initial self-heating prior to venting comes from CO; formation
resulting in almost no lithium reacting during the course of heating. Venting could be
a viable solution to prevent thermal runaway entirely in all-solid-state cells, however
the composition of the ejected gas will be >90% pure oxygen with the partial pressure
of CO» decreasing as the burst pressure of the vent also decreases which could result

in potential safety hazards if the oxygen reacts as it’s vented.
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Model Parameters

Table 4.3. Table of symbols

Symbol  Definition

T Cell temperature

R Ideal gas constant

Aij Kinetic frequency factor of reaction j for species i

E;; Activation energy of reaction j for species i

X; Molar ratio of species i relative to the initial moles of cathode active
material

P Total pressure

pi Partial pressure of species i

YPVDE,i Mass ratio of PVDF reactant in reaction i relative to initial mass of PVDF

Ui Stoichiometric coefficient of species i

K Kinetic and transport limitation coefficient for the formation of species
i

Pvent Vent pressure

Vvent Vent velocity

Avent Vent area

npe Initial moles of cathode active material

Tvent Vent Temperature

¥ Constant pressure to constant volume heat capacity ratio

M Mach number

M; Molar mass of species i

Pamp Ambient pressure outside of the cell

Text External oven temperature

Co,i Specific constant pressure heat capacity of species i

he Heat transfer coefficient

Q Heat from reaction and phase change

H(i) Heaviside function dependent on variable i

X; vent Amount of species i ejected from the vent relative to initial moles of
cathode active material

mp Mass of the cathode active material
m Total cell mass
AH; Enthalpy of reaction for the formation of species i
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Table 4.4. Table of cell properties

Parameter Value Reference/Notes
Cathode thickness 80 um
N:P Ratio 1
Electrolyte 10 um
thickness
Al and Cu S5um
Thicknesses
Cathode Active 0.70
Volume Fraction
Cathode volume 0.20
fraction of LLZO
Active Material 90 wt%
Loading
PVDF Loading 5 wt%
Carbon Loading 5 wt%
Cp average 0.84 L See Chapter 2
9K
he 3.56x 1073 —
cm<K
Specific Energy for 329 For a 3.9V average discharge voltage
LCO Cell Wh starting from Lig.47C00>
kg cell repeat layers
Specific Energy for ___wh  Fora3.7V average discharge voltage
NCA Cell kg cell sandwich  starting from Lig.47C0O>
KLi,0 0.0129 13
Treact 3 3OOC
AHLi mete 432.21 -1
gLi
AHp0 607 —X__ Corrected for 300°C
mol Li,0
AHpipirin 4642 —"  Corrected for 400°C
mol LiF or LiH
AHco, 389 —/ Corrected for 300°C
mol CO,
np for LCO cell 10.39 mol
n;; for LCO cell 5.51 mol
np for NCA cell 9.38 mol
n;; for LCO cell 6.57 mol
m for LCO cell 1.75 kg
m for NCA cell 1.56 kg
Y 1.4
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Chapter 5: Differential Scanning Calorimetry Measurements of Lithium
Metal Solid State Batteries to Determine Reaction Thermochemistry and

Assess Thermal Runaway Safety

Introduction

Inoue and Mukai provide a key work quantifying heat release by building an
“all-inclusive microcell” by placing an anode, separator, and charged cathode active
material inside of a differential scanning calorimetry (DSC) pan and heating it at
5°C/min. However, they used 1mg pressed LCO pellets delithiated to Lig.47CoO> and
Img of lithium metal resulting in an N:P capacity ratio of ~20:1; an ideal commercial
LiSSB should have a 1:1 N:P ratio, so it would be constructed with no lithium in the
anode initially.!> The only reaction observed in the Inoue and Mukai work is the
formation of Li>O as no conductive carbon, binder, or current collectors were
included, and at the N:P ratio used, lithium is in excess. For a 1:1 N:P ratio with an
LCO cathode, lithium is limiting for LiO formation. Many commercial cathodes use
a fluorinated binder such as poly(vinylidene fluoride) (PVDF) which results in HF
generation upon heating, as well as conductive carbon which can react with O, and
change the DSC heat flow results.*”%>7% Accurate DSC microcell data can be used to
predict thermal safety of a large format cell through modeling without performing an
expensive and dangerous test on a large format cell in the early materials-level stages

of battery development, although direct experimental testing of commercial cells is
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still required.'? There are some limits to using DSC data to construct a large format
thermal runaway model, including (1) the large format models predict uncontrolled
thermal runaway behavior causing temperature rise rate of ~250°C/min from a
controlled temperature ramp experiment at ~5°C/min, (2) there could be discrepancy
in the transport limitations on a ~1mg sample of lithium compared to a 30 cm x 10
cm Li anode, and (3) the kinetics of reaction in a high pressure hermetically sealed
DSC pan where O» partial pressures can reach ~40 bar is different than in a vented
commercial battery casing. However, the total amount of specific heat generated in a
carefully balanced microcell should reflect that of a large format cell assuming no
materials escape from the cell.

In this work, we perform DSC heat flow analysis on “all-inclusive microcells”
with an LCO cathode, lithium metal anode, and a Lis.4La3Zri 4TaosO012 (LLZTO)
electrolyte. The LLZTO was kept in excess to prevent contact between the lithium
metal and cathode sheet, but because LLZTO does not participate in any reaction with
a significant enthalpy this should not increase our heat flow at all.'® In other words, it
is most important to get the correct ratios among reactive cell components, which for
the present study is primarily the Li metal and the cathode sheet. We use LCO
cathode sheets with 5 wt% Super P conductive carbon and 5 wt% PVDF binder with
a nearly capacity matched lithium metal anode. Including these extra cathode
components is an important delineation between our work and the work by Inoue and
Mukai as the fluorinated binder and conductive carbon will likely be present in a
commercialized large-format cell, and they do not remain inert during DSC

experiments or during thermal runaway. The present work focuses only on a
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Li0.43C00; cathode sheet. We also build our microcells at about a 1:1 N:P ratio as
lithium will be the limiting reactant. In other words, for a Lio43CoO> cathode and a
1:1 N:P capacity ratio, O is stoichiometrically in excess for the formation of Li,O
and all lithium in the anode should be consumed. This may lead to extra measured
heat than what would be seen in a commercialized cell as there would be more
lithium around to react with oxygen as well as other evolved gases in the cell such as
CO2 and HF. Performing DSC heat flow testing on a carefully assembled microcell in
correct material ratios can be an important method to assess thermal safety on the
materials level early in the cell development process. In summary, the contribution of
this work is to provide a quantified thermochemistry map for a Lig.43C0o0O> | LLZTO |
Li LiSSB materials set, by matching known reaction enthalpies with DSC heat flow
data, using carefully constructed microcells with commercially available materials

and capacity-matched electrodes.

Methods

Materials

Cathode sheets consisting of 90 wt% LCO, 5 wt% Super P conductive carbon,
and 5 wt% PVDF binder on 16mm aluminum current collectors were purchased from
NEI corporation. The areal capacity of the cathode sheet is 2.0 mAh/cm? for a
charged lithiation state of Lip43C00O2 which corresponds to a maximum cutoff voltage

of 4.3V. 0.7mm thick LLZTO electrolyte pellets manufactured by Ampcera were
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purchased from MSE Supply. Lithium ingots with a purity greater than 99.9% were

purchased from Sigma-Aldrich.

Cathode Preparation and TGA Analysis

Lithium half-cells were prepared in a 20mm split coin cell with 1M LiPFs in
ethylene carbonate/dimethyl carbonate and a polypropylene/polyethylene Celgard
trilayer separator. The cathode sheets were delithiated at a rate of C/10 and held at a
constant voltage of 4.3V until the current dropped below C/100. We define fully
charged cathode sheets as having a voltage of 4.3V vs. Li/Li*, which corresponds to
Lio43C00z. The cathode sheets were removed from the split coin cell after
delithiation, washed with diethyl carbonate solvent more than 10 times, and dried
overnight in a vacuum oven at 70°C. TGA of the LCO cathode sheet was performed
on a TA Instruments SDT650 in an alumina crucible at 2°C/min to match the ramp

rate of the DSC test.
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Microcell Construction and DSC Testing
- ..

LLZTO

Two Li, ,;C00,
cathode sheets on
Al

L1 metal

Stainless steel Sample ~ 15mg

Pan\

Pan ~ 900mg

A
v

7.0 mm

Figure 5.1. To-scale schematic of microcell built in a hermetically sealed stainless steel DSC pan. The
electrodes are capacity matched and the electrolyte has a large enough surface area to cover the lithium

metal anode entirely to prevent contact between the anode and the cathode.

All work with battery materials and microcell preparation was carried out in
an Ar-filled MBraun glove box. Cathode sheets were cut into 4mm circles (~0.25
mAbh per cutout) with a punch. We used two cutouts per microcell for a total of
~4.6mg of total charged cathode sheet (~0.50 mAh) including the aluminum current
collectors. Lithium ingots were stored in light mineral oil to prevent reaction with the
glovebox environment over time. We cut Lithium samples with a razor blade
carefully to prevent mineral oil contamination on the sample and weighed to ~136 £ 2
pug (~0.50 mAh).. We made sure the sample cut was from the center of the ingot

where lithium should be at the manufacturer’s listed purity. The LLZTO pellets were
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fractured to pieces with a mass between 8mg and 12mg. To assemble the microcell,
which is where the lithium, LLZTO, and cathode sheet are all present in the DSC pan,
the lithium layer was pressed on the bottom of the pan to ensure adequate thermal
contact between the sample and the pan; no copper was included in the DSC pan for
this reason. The LLZTO separator was placed over the lithium and pressed into the
lithium to ensure spatial separation between the two electrodes so no reaction from
direct contact of lithium with the cathode sheet could occur. The cathode sheets were
placed in the pan last. We are limited by the minimum mass of lithium that we can
accurately measure, so we use two cathode sheets rather than one to increase the
accuracy of measuring the i mass and thereby ensure the electrodes in the microcell
are capacity matched. The microcell was hermetically sealed in a 20 pL high-pressure
stainless-steel pan that weighs ~910mg. The hermetic sealing is a key point as we
have no gas venting in our microcell resulting in partial pressures of oxygen
potentially climbing to over 40 bar in our 20 puL pan assuming none of the oxygen
reacts and our microcell materials occupy ~4 uL of the pan volume. We used a
2°C/min ramp rate in the temperature range of 40°C to 500°C on a TA Instruments
Discovery DSC25 to ensure temperature gradients within the sample were kept to a
minimum despite the large sample and pan mass (~15mg sample in a ~910mg pan).
We did not pre-melt the lithium to ensure lithium did not react with anything in the
pan prior to the test because we observed Lio.43Co0O; decomposition beginning at
temperatures lower than the lithium melting point. After the initial run finished, we
first cooled and then ran the microcell again at 2°C/min between the temperature

range of 175°C and 190°C. The post-test enthalpy of lithium melting was compared
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to the initial lithium melting enthalpy to estimate how much lithium reacted during

the run.

Integration and Analysis

Due to the large mass of our pans (~910mg), thermal gradients have the
potential to develop throughout the sample pan. We started our testing at 4°C/min but
lowered the ramp rate to 2°C/min to minimize these potential thermal gradients, as
they can contribute to baseline drift. However, some baseline drift could be observed
even when an empty pan was used as the sample. To integrate the resulting heat flow
curves, we fit the empty sample pan heat flow with a polynomial to serve as a heat
flow baseline. Due to the high-pressure rating of the hermetically sealed DSC pan and
its method of sealing, we are unable to reopen the pan after testing. Therefore, we
cannot perform any materials characterization test on the sample after testing. We
instead opt for an approach where we use the known enthalpies of reactions that we
expect for the materials in the pan and align them with the DSC data. We adjust the
enthalpies of reaction for elevated temperature by using tabulated temperature-
dependent heat capacity data for the reactants and products in each reaction. We also
assess the Gibbs free energy of each reaction to ensure that they are

thermodynamically spontaneous in the temperature ranges we expect them to occur.
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Results and Discussion

Reaction pathways during DSC experiments

Below we have listed a possible set of reactions that would occur during our
DSC testing for a Lio43CoO2 | LLZTO | LCO cell. We have divided the reactions
taking place into 4 distinct peaks and temperature regions. Peak I (shown in Figure
5.2 a, b, h) is the melting point of lithium which is an endothermic peak that occurs at
~180°C. Region II (shown in Figure 5.2 £, g) is between 170°C and 250°C where
exothermic heat flow is mainly from Lio.43C0oO> decomposition (reactions 2.1 and
2.2) . Region III (shown in Figure 5.2 f, g) is between 250°C and 400°C and
comprises of reactions caused by oxygen released in reactions (2.1) and (2.2) and
then present in the microcell (reactions 2.3 — 2.5). Region IV (shown in Figure 5.2b,
c, e, f, g, h) is between 400°C and 500°C and comprises of reactions caused by the
breakdown of PVDF and subsequent HF formation (reactions 2.6 — 8). All enthalpy
values have been adjusted for temperature (i.e., the enthalpy of reaction values are
reported at standard conditions, and we correct the values based on the heat capacities
of the species in the reaction and the temperature of the reaction) and are for a

cathode sheet that is 90 wt% LiCOO2, 5 wt% PVDF, and 5 wt% Super P.
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Table 5.1. Microcell thermochemical reaction system with temperature adjusted enthalpies of reaction

Reaction # Reaction Temperature
adjusted enthalpy
. ) — 2x 1—2x
(5.1) Li,Co0, — xLiCo,0, + Co;0, + 0, AH, = —0.94 J/mAh
1 1

(5-2) LlCOzO4 i leCOOz + 560304 + 502 AHZ = 0.40 ]/mAh
(5.3) 0,(g) +4Li(l) - 2Li,0(s) AH; = —14.71 ] /mAh
(5.4) 0,(g) + C(s) = CO,(g) AH, = —4.74 ] /mAh
(5.5) Li, 0+ CO, - Li,CO; AHs; = —1.79 J/mAh
(5.6) [-C,H,F,—], = 2nC + 2nHF + H, AHg = —0.97 ] /mAh
(5.8) 2Li + HF — LiF + LiH AHg = —5.03 J/mAh

Reaction (5.1) is the conversion of LixCoO» layered metal oxide to an
unstable intermediate LiC0204 spinel. Reaction 5.2 is the decomposition of the
unstable intermediate spinel to form a stable Co3O4 spinel with further oxygen
release.%® Reaction 5.3 is the formation of Li>O from evolved oxygen and the lithium
metal anode. This is a highly exothermic reaction, but it should be more self-limiting
for lithium with a higher surface area to volume ratio (e.g. a spray of lithium droplets
will have less transport limitations than an ingot of lithium) prior to 300°C as it
occurs on the surface of lithium and forms a crust-like layer on lithium.* Reaction
5.4 is the reaction of oxygen gas with Super P in the cathode sheet. Reaction 5.5 is
the reaction between evolved carbon dioxide from reaction 5.4 and the Li2O surface

layer from reaction 2.3 forming a dense and stable surface layer of Li2COs. This
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reaction only occurs to a small degree with previous studies showing only a 6 wt%
increase from reaction after chemical sorption of CO, on Li>O up to >500°C."!
Reaction 5.6 is the pyrolysis of PVDF. This reaction may involve multiple steps
involving the generation of various organic intermediates. We estimate this heat of
reaction by assuming PVDF breaks down completely to HF and elemental carbon.
AH is small compared to the other reactions listed, so any error from this estimate
should be minimal. Reaction 5.7 is HF reacting with the Li>COj3 surface layer on the
lithium metal anode formed in reaction 5.5 giving off water and carbon dioxide. This
is also a relatively small exothermic reaction, but it is necessary for the remaining HF
to first react with Li2COj3 before it can reach Li for reaction. Reaction 5.8 is the
reaction of HF gas with the remaining Li in the anode. This is the most exothermic
reaction in region IV, and we expect most of the heat at >400°C to come from this

reaction.

Individual components and combinations of individual components heat
flow results and discussion

Before testing microcells, we collected DSC heat flow data on individual
components and combinations of components to better understand their behaviors and
interactions. The resulting heat flow curves of these combinations of individual
components are shown in Figure 5.2. Table 5.2 provides the enthalpies found in
these peaks and regions. In summary, there are 5 major interactions between the

individual components shown in Figure 5.2: 1) Li uptake by LLZTO without
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generating any significant heat, 2) PVDF pyrolysis to form HF, 3) Lio.43C0o0O; phase
transition and decomposition, 4) oxygen reaction with carbon to form CO», and, 5) HF
reaction with lithium to form LiF and LiH. As described below, for these reactions
our measured enthalpies are in good agreement with those expected from

thermodynamic reference data.
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Figure 5.2. DSC heat flow for individual and combinations of individual components present in a cell-
stack. This data has not been corrected to account for baseline drift. a) Li b) Li+LLZTO c¢) PVDF d)
LiCoO; powder e) LiCo0O, 0% SOC cathode sheet f) Lig43Co0O- cathode sheet g) Lio43CoO, cathode

sheet with LLZTO electrolyte h) Li+LLZTO+PVDF
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In panel a), Li demonstrates thermal stability with the stainless-steel DSC pan;
there is no noticeable heat flow apart from the lithium melting enthalpy in peak I, and
the enthalpy of the melting peak remains unchanged in a second run, indicating that
no lithium was consumed in the first run. In panel b), slight exothermic heat flow can
be seen above 350°C which we attribute to molten lithium metal up-take by electron-
rich LLZTO color centers potentially resulting in LLZTO fracture.!®* The amount of
lithium consumed per mg of LLZTO we found to be within the range of 1.2 to 2.9 pug
of Li per mg of LLZTO across three sample repeats. This value likely changes
depending on the surface area to mass ratio of the LLZTO as well as the surface
contact between the LLZTO and lithium. Different shapes of LLZTO shards could
cause a change in the amount of Li uptake observed. The heat flow in panel b)
indicates a small exothermic heat generation of -7.7x102 J/mAh or ~-5.9 J/gLLzr0. In
future calculations, we treat this heat flow as negligible, but the lithium consumption
can be between 7 and 26% of the lithium sample in our microcells. In panel c), PVDF
shows an endothermic melting point at ~170°C and an exothermic heat release in
region IV which is consistent with the literature.*”-’>"* These peaks correspond to
9.4x10 J/mAh and -0.65 J/mAh respectively. The size of the endothermic melting
enthalpy should change with the crystallinity of the PVDF polymer sample. Note that
we do not include the melting peak of PVDF in Table 5.3 as this peak is extremely
small and should have little to no influence in cell self-heating. The enthalpy of
complete pyrolysis of PVDF should remain constant regardless of the initial
crystallinity. However, there may be some variation in the measured enthalpy as well

as the onset temperature of pyrolysis depending on the pathway, polymer phase, and
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extent of decomposition the fluoropolymer goes through.”*’® We calculate the
enthalpy of complete pyrolysis of PVDF at 25°C from the heat of formation to be -
0.97 J/mAh, and we assume that PVDF decomposes entirely to carbon and HF; the
measured enthalpy of PVDF pyrolysis should be lower than our calculated value.
Panel d) shows no significant heat flow which indicates that LiCoO; powder is
thermally stable by itself. In panel e), the LiCoO, cathode sheet shows heat release at
about 400°C with an enthalpy of -0.72 mAh which should be due to PVDF
breakdown as LiCoO;, aluminum, and Super P should not generate any heat in this
sample. This compares to the value of -0.65 J/mAh for the same breakdown reaction
from panel c). A slight endotherm at ~170°C can be seen which is attributed to the
PVDF melting point. In panel f), the Lip.43C0O> cathode sheet shows heat release in
region II due to the beginning of the phase transition of Lip.43C0oO; during
decomposition which begins at ~170°C (below the melting point of lithium). The
enthalpy of the peak in region III is ~-4.4 J/mAh which compares to the calculated
value of -4.9 J/mAh for CO; formation. In a Lip.43C00O: cathode sheet with 5 wt%
Super P, carbon is stoichiometrically in excess for CO; formation assuming all the
carbon is available to react with O;. It is difficult to determine exactly how much of
the total Super P present in the cathode sheet will spontaneously react with oxygen at
300°C due to significant variation in the reactivity of different forms of carbon which
could lead to some variation in the heat flow in region III. 77 However, we think
carbon active sites are still in excess as the integrated enthalpy in panel f) is within
5% of the thermodynamically calculated heat of formation of CO,. The enthalpy of

the peak in region IV of panel f) is -0.70 J/mAh which is comparable to the integrated
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value of -0.65 J/mAh for PVDF pyrolysis measured in panel c). The heat release in
region II appears as a slight double peak. We attribute this to an overlapping
exothermic peak for the formation of an LiCo0,04 intermediate with small amounts of
oxygen release and the subsequent endothermic decomposition of LiC0204 to release
more oxygen. This peak has an integrated enthalpy of -0.66 J/mAh which compares
to the calculated value of -0.54 J/mAh for the two-stage decomposition shown in
Equations 2.1 and 2.2. The measured value is slightly larger than the calculated likely
because the reaction between oxygen given off during decomposition and carbon as
well as the reaction between oxygen and lithium are spontaneous at 230°C resulting
in overlapping peaks. Other lithiation states may not go through the same
decomposition pathway which could delay oxygen evolution and have a smaller
reaction enthalpy for lower states of charge.®*%*7® In panel g), the Lio.43C00> cathode
sheet and LLZTO electrolyte show some level of reactivity. The cathode breaks down
to form oxygen and CO» as it does in the absence of LLZTO at around ~200-250°C,
and PVDF breaks down to form HF at ~400°C, but there is a third peak between
300°C and 400°C that is not seen in the cathode sheet or PVDF data. We think that
this peak could be partially due to a direct surface reaction with CO; and LLZTO
which occurs in dry carbon dioxide at room temperature.”=3! In panel h),
Li+LLZTO+PVDF sample shows a heat release of -2.8 J/mAh compared to
calculated -5.03 J/mAh for Equation (5.8) at 400°C. We had an expected lithium
consumption of 52% from Equation (5.8), and we observed lithium consumption of
58%. The discrepancy in lithium consumption can be attributed to the uptake of Li

into LLZTO color centers which occurs at ~350°C with little to no heat generation.
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Table 5.2. A summary of the integrated enthalpies for each combination of individual materials shown in Figure 5.2. All values shown are in J/mAh for a 160

mAh/g (Lip.43C00,) LCO cathode sheet consisting of 90 wt% active material, 5 wt% PVDF, and 5 wt% Super P. A dash is present in boxes where no reaction is

Peak I

Region II

seen in that region.

Region III
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Measured
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Calculated
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0.11

0.11

0.11
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0.11
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-0.66
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0.07
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Figure 5.3. a) DSC heat flow of three replicates of a Lip43C00O; microcell with capacity matched

electrodes taken at 2°C/min in a closed pan (top) with thermogravimetric analysis (TGA) of the
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individual Lip43C00> cathode sheet taken at 2°C/min in an open pan (bottom). The DSC data is offset
by £2 mW/mAh for visual clarify. (b) TGA result on a Lip43C00; cathode sheet. Oxygen release
begins at ~235°C according to Reactions 1 and 2, and HF release from PVDF breakdown (reaction 6)

begins at ~400°C. Note that positive heat flow is exothermic in this figure.

Table 5.3. Summary of integrated results for each peak in each of the three microcell replicates shown

in Figure 5.3. Note that negative enthalpies are exothermic

Peak 1 Region II | Region III | Region IV Post-Test Li
Melting Enthalpy
Microcell 1 0.12 -0.65 -7.39 -4.15 0
Microcell 2 0.12 -0.66 -9.16 -6.43 0
Microcell 3 0.11 -0.79 -7.74 -5.03 0

In Figure 5.3, we show the heat flow data for three Lio.43CoO> microcell
replicates assembled with nearly capacity matched electrodes along with the mass
loss for a Liop.43C00; cathode sheet by itself. There are four different distinct heat flow
peaks and regions: peak I with an integrated value of 0.12 J/mAh, region II with an
integrated value of -0.65 J/mAh, region III with an integrated value of -7.39 J/mAh,
and region IV with an integrated enthalpy of -4.15 J/mAh. These results are
summarized for multiple microcell replicates in Table 5.3. Our cathode sheet shows
mass loss starting at ~230°C which is in good agreement with stoichiometrically
predicted mass loss from O; evolution during Lio43Co0O> decomposition. We see a
second region of mass loss starting at ~400°C which aligns with the
stoichiometrically predicted mass loss due to HF evolution from PVDF pyrolysis.
Therefore, all the reactions in region III should be driven primarily by oxygen, and
most of the reactions in region IV should be driven by HF. We hypothesize a possible

reaction system for thermal runaway of an LCO| LLZTO| Li battery shown in
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Equations 5.1-5.8. The predicted enthalpies for of these reactions adjusted for
elevated temperature are shown in Figure 5.4. We calculate all the reactions listed to
be thermodynamically spontaneous between 200°C and 500°C.

Region I1 : Region I11 Region IV

Li,0 formation

15

<« Measured total !

PVDF Breakdown

1
|
|
|
|
|
heat: 13 J/mAh ! | HF HF
= i LiF + LiH formation !
<3 O 4
E CO, evolution [ 2 J
= } I 1 ‘
= I I
S 4 I I B L.CO Cathode Sheet
g I I LLZTO
- | : Li
g 3 Li,CO, formati : ! = Li:0
£ 1 ormation i
s b SO ' 1 W Li,CO;
= | I LiF + LiH
18]
S I : HF HF
£ 2 : AN
I
|
|
|

""""""" Breakdown

300°C 400 °C 450°C

Temperature (°C)

200°C 250°C

Figure 5.4. Map of the theoretical heats of reaction of thermochemical reactions within our microcell.

All theoretical heats of reaction assume that lithium or the lithium containing reactant are in excess and

have been adjusted for temperature.
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Enthalpy Analysis and Reaction Thermochemistry

In Figure 5.4 we present a map of the theoretical temperature-adjusted

enthalpies for Equations 5.1-5.8. We used the reactions and enthalpies in Figure
5.4., along with our measured values from Figures 5.2 and 5.3, to determine a

reaction path or pathway. If 26% of the oxygen from Lio.43C00O2 decomposition
(reactions 5.1 and 5.2) goes to Li,0O formation (reaction 5.3), the remaining 74% of
oxygen goes to CO; evolution (reaction 5.4), and all other reactions go to completion,
the calculated heat for region Il is -0.65 J/mAh compared to the measured -0.65
J/mAh, the calculated heat for region III is -7.64 J/mAh compared to the measured --
7.39 J/mAh for Microcell 1, and the calculated heat for region IV is -4.60 J/mAh
compared to the measured --4.15 J/mAh for Microcell 1. Figure 5.5 presents a
visualization of the reaction path most consistent with our experimental results in the
form of Sankey diagrams showing the mass balance and heat release.

Exothermic heat flow from reaction (2.1) starts at ~170°C, but oxygen release begins
at ~230°C which is consistent with the literature.”®%? Based off of first principles
calculations previously reported in the literature, we initially assumed that any LCO
cathode with a lithiation state less than 0.5 would go through equations 5.1 and 5.2 as
a 2-stage decomposition. However, the delay in mass loss after the initial exotherm
onset seems to suggest a multi-stage decomposition where no oxygen is released
initially.%® Given the decomposition of LixCoO> is inhomogeneous, the decomposition
may vary locally and eventually follow equations 5.1 and 5.2 as the decomposition

progresses.®*%3 We predict that initial oxygen released during LCO decomposition
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reacts on the surface of molten lithium as well as with lithium vapor in a pool-fire
method per Equation (5.3) to form an Li>O crust-like surface layer via equation (5.3)
which slows, but does not completely stop further reaction. Li,O forms a semi-porous
surface layer on lithium which is quantified with a Pillings-Bedworth ratio less of
than 1 which indicates that the metal oxide molar volume is less than the metal molar
volume resulting in a porous metal oxide.>***%” The combined estimated heat for
these two reactions is -0.54 J/mAh compared to the measured value of -0.65 J/mAh.
During LCO decomposition, the lithium melting point of 180°C is reached and peak |
occurs with a measured enthalpy of 0.11 J/mAh which compares to the literature
lithium melting enthalpy of 0.11 J/mAh. Due to transport limitations impeding further
reaction with lithium from the initial slowly growing Li>O crust, oxygen reacts with
Super P in the cathode shown in Equation (5.4), and most of the heat release in region
11T comes from CO> formation.!>?° The evolved COx then participates in a surface
reaction with the Li,O crust to form Li2COj3; by Equation (5.5) which acts as a more
dense and stable surface layer than Li»O.”"*> The total enthalpy for peak III is --7.39
J/mAh which is 50.5% more than the expected heat from only CO, formation but
34.3% less than the expected for Li2O formation indicating that both Li,O and CO-
formation are occurring simultaneously. In a 1:1 N:P ratio, lithium is the limiting
reactant for Li,O formation in an Lip43CoO; LiSSB. If lithium and oxygen were in
stoichiometric balance for Li,O formation (N:P ratio of 1.29), the expected heat from
Li20 would be -14.71 J/mAh. In a 1:1 N:P ratio, this expected heat release decreases
to -11.51 J/mAh. Lithium carbonate and lithium oxide remain as a surface layer on

lithium until PVDF decomposes to form HF by Equation (5.6) at ~400°C, and the HF
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reacts with lithium carbonate per Equation (5.7). At this point, the HF and remaining
lithium react to form LiF and LiH through Equation (5.8). Region IV integrates to an
enthalpy of -4.15 J/mAh compared to the calculated value of -4.60 J/mAh from a
summation of calculated heat from PVDF pyrolysis, Equation (5.7), and Equation
(5.8). We estimate the expected heat from PVDF pyrolysis and subsequent HF
reaction by assuming that PVDF decomposes entirely to carbon and HF. The
decomposition of PVDF is a much more complicated, potentially multi-step, process
that forms carbon chain intermediates.”*” It is also likely that not all of the fluorine is
liberated from the polymer chain by 500°C.%¥ In our predicted reaction pathway, after
these reactions, there should no longer be any lithium or oxygen in the cell; but HF,
water, argon, and carbon dioxide should remain in the gaseous state. We are unsure if
and what these products react with in the cell after this reaction sequence. Upon
holding the microcell at 500°C for 45 minutes after testing, we do not observe any
further heat flow peaks. We plan to perform post-mortem chemical characterization
on the microcells and in-situ gas analysis in future work to answer this question.
LLZTO uptake of lithium shows no significant heat release despite consuming nearly
25% of the available lithium. LLZTO consumes a significant portion of the lithium
anode at 350°C prior to HF evolution reducing the amount of lithium that participates
in highly exothermic reactions.?> In a commercial cell where the mass ratio between
LLZTO and lithium will be smaller than what we use in our microcells, the potential
heat release could be higher per mAh than what we see. LLZTO is one of the most
stable solid ceramics against lithium; other oxide ceramics and sulfide ceramics such

as LAGP, LATP, LGPS, and LPS would also react with the lithium anode resulting
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in potentially more heat release compared to LLZTO with measured rates of
temperature rise reaching >10,000 °C/min.?**° Even though we estimate that Super P
reacts with 74% of the oxygen in system, the CO; formed continues to generate heat
by reacting on the surface with the Li>O crust on the lithium anode. Li>CO3
breakdown by HF consumes twice the number of moles of HF per mole of Li but
produces 12% of the heat (464.28 kJ/mol HF vs. 56 kJ/mol HF). HF likely will react
with the stable LioCO3 and Li>O crust initially which will expose pristine lithium to

reaction with HF.
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Li,0 + CO,
Li,CO5

LiH

LiF

b)

0.43LiC00, + 0.19C050, + 0.190,

Region II

i,C0; + 2HF — 2LiF + CO, + H,0

Figure 5.5. Sankey diagram showing a) the mass balance of lithium, carbon, and oxygen during our
DSC testing and b) heat flow generated with each reaction. Note that the bar heights are proportional to

the mass of each species in panel a) and the heat of each reaction in panel b).

85



Conclusions

Because the active materials themselves store and release energy in a battery,
replacing the combustible organic electrolyte with a solid electrolyte does not
automatically make a battery “safer”, especially considering the push for lithium
metal anodes. Ceramics like LLZTO can increase the onset temperature of self-
heating (170-190°C for an LCO| LLZTO| Li cell compared to 80-100°C for modern
Li-ion). We do not know when thermal runaway in a large-format cell will actually
occur as our DSC heat flow data does not necessarily directly translate to heating
rates (which have been traditionally used to define thermal runaway), but oxygen
release occurs at ~230°C for LCO which is a required reactant for the highly
exothermic Li2O formation. This temperature of oxygen release will change for
different cathode materials potentially resulting in lower onset temperatures of
thermal runaway in cells made with high energy density cathode materials with lower
thermal stability. This could make thermal management for thermal runaway
prevention easier as higher temperatures (<170°C for LCO) may not lead to
catastrophic thermal failure. However, other sources of heat generation capable of
causing thermal runaway are still present such as oxygen evolution reacting to form
Li,0 and CO», as well as fluorinated binder breakdown evolving HF at ~400°C.
Molten lithium and oxygen do not react to completion when Super P is present in the
cathode due to transport limitations imposed by an initial Li2O layer which allows the
carbon in the cathode to scavenge oxygen. The CO: produced participates in a surface

reaction with the Li>O crust on the lithium anode to form Li,CO3; which acts as a

86



more stable protective layer than Li>O encouraging further oxygen scavenging by
carbon. Additionally, the LLZTO consumes a significant portion of the lithium anode
through lithium uptake with very little heat generation. Oxygen evolution from
cathode decomposition is the principal driver of thermal runaway at temperatures
<400°C for an LCO| LLZTO| Li battery. If oxygen is vented from the cell before it
can react with lithium, carbon, or PVDF, then there is no other reaction between the
cell components that can generate enough heat to cause thermal runaway prior to
400°C. The heat generation effects of fluorinated binder in particular can be
problematic for lithium metal safety as highly reactive HF gas is the main driver of
heat generation in region I'V. This can significantly worsen thermal safety as HF
reactions account for ~35% of the total heat generated in our DSC data. If the cell
temperature reaches 400°C, self-heating can still occur due to binder breakdown

generating HF, albeit to a lesser extent than if oxygen had not been vented.
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