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Solid-state batteries with solid metal anodes would be a promising solution for improved energy
storage. However, the unstable behaviors of solid-solid interfaces impedes implementation.
Further study of these interfaces, both at the planar solid metal anode | electrolyte interface and
the grain | grain interface in solid electrolytes is necessary to elucidate practical engineering
techniques to improve cycling stability. We assemble three-electrode symmetric cells of Sodium |
Sodium B”-Alumina | Sodium to assess the voiding and dendritic behaviors of the sodium metal
electrode at varying cycling parameters and operating conditions. By modifying the applied
current density and fixing areal capacities at 0.5, 1.0, and 3 mAh cm™ and utilizing a sodium
reference electrode we demonstrate polarization on plate at high current densities. Modeling
comparisons with exhaustion strips, unidirectional current application to oxidize the sodium
metal electrode until a cutoff potential of 1 V, indicate extensive delamination of the sodium
electrode from the solid electrolyte. There is less observed delamination at lower current
densities as the cutoff voltage is reached at lower areal capacities. Further study of electrode

thickness and operating pressure on critical current densities, the highest achieved current



density before failure to 1 V or shorting observed, and achievable capacities show limited benefit
to increasing operating pressure beyond 2.0 MPa. We continue our investigation into interfacial
behaviors through the assessment of hot pressing effects on argyrodite sulfide electrolytes with
respect to morphology, ionic conductivity, and mechanical properties. We find that hot pressing
at 150 °C improves ionic conduction without any reliance on external operating pressure with
copper electrodes. Hot pressing resulted in smooth fused morphology distinct from the cold
pressed (20 °C) samples with an higher modulus. Finally, our efforts in the development of an all
solid-state battery database for laboratory scale single set of layer devices is discussed. We
identified from the literature the core characteristics and performance metrics for a solid-state
batteries and defined the ontology to capture the data for analysis. The ontology was tested and
refined through the collection of fifty cells with the target of assessing the state of research,
current achievements, gaps, and trends in the literature. The database now contains over 250 cells

with plans for further uploads and refinements to the ontology.
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Chapter 1: Background

- Usual spiel about batteries being promising next generation technology for energy storage
- Description of the limitations in solid state batteries arising from solid-solid interfaces

and the efforts to characterize and resolve them

Chapter 2: Reference Electrode Reveals Insights on Sodium Metal/Solid
Electrolyte Interface Cycling and Voiding Behaviors at High Current

Densities and Areal Capacities

Introduction

Distinct failure mechanisms of metal electrode / solid electrolyte interfaces include
dendritic growths and void formation"2. Both result from metal flux imbalances at the interface
when (1) plating current becomes sufficiently large in localized regions to exceed the movement
of metal away from the interface (dendrite) or (2) stripping current consumes metal faster than it
can move back to the interface (voids)®. While dendritic shorts lead to the cell voltage dropping,
sometimes to zero and sometimes to a non-zero value, void formation appears as cell area-
specific resistance (ASR) increase. Voids may be partially replenished on the subsequent plate,
but they are often observed to increase in number and size on each sequential strip*. A study of
the Li/LLZO/Li system with impedance tests interspersed during strip at 0.1 mA cm? estimated a
loss of 94% of the contact area due to voiding, without external mechanical stress’. Cycling and
failure behavior at high areal capacities (i.e., >4 mAh/cm?, to reflect current high-energy Li-ion
cell loadings) is of particular interest as the cycling parameters strongly influence stripping and

plating behaviors.
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Figure 2.1 Current focusing influences for the Na/NBA interface. a. Schematic of an Na/NBA/Na cell. The
schematic demonstrates phenomena that can lead to current restriction: surface geometry, surface contaminants,
grain orientation and grain boundaries, and alkali metal mechanical properties. White lines of the grains represent
the conduction planes whereas orange lines represent the spinel blocks of the NBA. b. Surface topology scan of the

NBA disc surface used in our study. c. Plot of the surface elevation along the indicated black line in panel b.

At least four important factors influence interfacial metal flux imbalances affecting voiding
behaviors, which we discuss in the following order:

1. Surface geometry

2. Surface contaminants

3. Grain orientation and grain boundaries

4. Alkali metal mechanical properties
These factors are depicted schematically in Figure 2.1. First, neither a solid electrolyte pellet nor

a metal electrode foil are atomically smooth. When they are pressed together the metal and solid
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electrolyte will not be in contact in some areas. It is necessary in some cases to apply pressures
up to 40 MPa to approach the expected contact resistance of a surface in full contact®’. EIS studies
indicate stack pressure improves contact but close SEM back scattering indicates contactless
regions even for low measured ASR*>#!!, Polishing the SE and using interlayers have been shown
to alleviate the surface roughness effects by enhancing contact between Na/Li and the SE'2.
Second, surface contaminants such as alkali carbonates and hydroxide groups create resistive
interfaces between the Na/Li metal and the SE. This is commonly reduced through heat treatments
and polishing methods to achieve interfacial resistance as low as 1 Q cm? =13, A third set of factors
that affect flux imbalances are grain orientation and ionic conduction pathways of the SE, as
determined by grain and grain boundary properties. Grain boundaries at the interface may create
ionic conductivity heterogeneities as those grain-grain interfaces exhibit different ionic
conductivity as opposed to the bulk grain''3. Further, 1D and 2D conductors exhibit grain
orientation dependence for ionic conduction pathways, which can contribute to current
focusing!'®!7. However, a systemic study of the influence of grain size and orientation on interface
plating/stripping stability is lacking. And fourth, alkali metal properties influence flux imbalances
at the anode-solid electrolyte interface. Sodium and lithium metal foils are typically used in solid-
state battery cell research4,5,9,10,19-21. Sodium metal is soft, with an elastic modulus of 4.6 GPa
at room temperature and yield stresses under compression of 0.16-0.24 MPa and 0.19-0.28 under
tension 2. Lithium metal possesses a larger 0.7-0.8 MPa yield strength under tension and an elastic
modulus of 7.82 GPa 2*%, While such low yield strength may be expected to indicate rapid alkali
metal flow to the solid electrolyte surface after plastic deformation, it is not observed
experimentally. Instead, deformation is dependent on the thickness of the metal foil at room

temperature, with Li metal foils 100 microns thick showing little appreciable difference in



deformation at 1, 5, and 10 MPa while 700 micron thick Li metal foils have significant deformation
at those same applied pressures24. Further, frictional and adhesive forces at the interface inhibit
the metal flow, suggesting the surface morphology of a solid electrolyte may also affect metal
deformation. Sodium metal adheres strongly to a clean oxide surface, resisting flow more than on
smoother surfaces or surfaces with less adhesion22. As such, applied pressures from 1 to 5 MPa
may be insufficient to ensure complete contact with a solid electrolyte at room temperature.

In addition to these four factors, cycling conditions including current density, areal
capacity, temperature, etc. affect the flux imbalances. In the sodium metal system, 1.0 mAh cm™
corresponds to a thickness of 8.84 microns, while the surface roughness of polished NBA surfaces
can reach up to tens of microns. Hence, an areal capacity of 1 mAh cm™ may not exceed the surface
roughness of some interfaces. Indeed, it is known that increasing the per-cycle areal capacity
during current density ramps (CDR) reduces the critical current density of a system?’. Further, in
reference 27 notable cell resistance rise was displayed well before the stated critical current density
(CCD) for the 3 mAh cm™ cell, indicating strong void behaviors well before defined failure at 0 V
7. From consideration of these numerous factors affecting flux imbalances, insofar as a metric
such as CCD can even be well defined, it is clear that it depends on many concurrent factors,
including the cycling parameters.

We also note that much of the work in this field uses two-electrode, symmetric cell
configurations (i.e., Metal/SE/Metal configurations, without a reference electrode). Three
electrode systems are a known and well used method for cycling investigations in Li-ion research,
2830 but we have identified less than a dozen papers on solid state three electrode cycling®?%31-38,
Two electrode system interpretations often presume cell polarization is only from the electrode

undergoing stripping (where voids are expected), and the plating electrode acts as a stable pseudo-



reference electrode, but this is often not investigated carefully. Adding a reference electrode, albeit
difficult to implement and not without its own limitations, can decouple the interface behaviors in
symmetric cells. The powerful insights on the individual electrode interface behavior can help
distinguish the mechanisms and influences of current focusing at the metal/SE interface during
plating and stripping.

In this paper, we perform cycling under a fixed external mechanical load of 100N (2.6
MPa) with four types of cycling protocols. Three of those protocols are current density ramps at
areal capacities of 0.5, 1.0, and 5.0 mAh cm?, and the fourth protocol is unidirectional stripping
at the working electrode to determine the fraction of the initial metal foil removed prior to the
voltage cutoff, again at a fixed 100N (2.6 MPa) load. For the current density ramps, 0.5 mAh cm’
2 is chosen for cycling conditions that do not exceed the surface roughness of our NBA SE pellets,
and to reflect a value commonly used in literature. 1.0 and 5.0 mAh cm? are chosen to reflect the
plating and stripping depth within the pores of a 3D porous metal electrode and a 2D planar cell
respectively®®. We find a strong dependence of the cycling behavior on the areal capacity,
emphasizing the importance of the cycling conditions on interfacial behaviors. We use a reference
electrode to enable interpretation of the electrochemical behavior in the context of physical aspects
of the stripping and plating reactions that occur at each Sodium metal / NBA interface. For the
purposes of this paper, the electrode on the same face of the NBA as the RE is considered the
working electrode and the electrode of interest. Our three-electrode system indicates much
different behaviors between the low (0.5 mAh cm™) and high (5.0 mAhecm?) areal capacity tests
during both stripping and plating. During plating at 5 mAh cm? and >3 mA cm™, we observe a
time-varying interfacial potential at the plating electrode, the first in the literature to our

knowledge, and potentially indicative of void formation on plating or another process. We



augment our experimental measurements with a model that relates the observed polarization with
the amount of electrochemically active contact area. Our data indicates a strong relationship
between the current density that can be sustained without dendrite or void formation and the areal
capacity. Further, our data and model suggest that sustained stripping of dozens of hours may occur

even with a modeled contact loss of >60%.

Methods

A picture of the assembled experimental platform is shown in Figure 2a, and the electrode

arrangement is shown in Figure 2.2b.

b.
Na Working Unstressed Na
Electrode Reference Electrode
Lo
Na Counter
Electrode

| Na-B~-ALO,Disc

Figure 2.2 Experimental System a. Experimental platform configured in a two-electrode configuration for EIS

testing. b. Schematic of the platform with arrangement of the three sodium electrodes on the NBA.

Solid Electrolyte preparation. SE discs composed of Na — 3’—alumina (NBA) were purchased

from Ionotec with dimensions of 20 mm in diameter and 1 mm in thickness. The discs were heat



treated to remove surface contaminants using a ramp of 4°C min! from room temperature to a

hold at 850 °C for 2 hours in an MTI Muffler Furnace within an Ar-filled glovebox.

Na/NBA/Na Three Electrode Cell Assembly. Sodium foils were prepared from a sodium ingot
purchased from United Nuclear. Oxidized layers were trimmed from the ingot and a piece cut from
the ingot and laid onto clean aluminum foil. The foil was folded over the sodium metal and the
entire piece cold rolled to the thicknesses of 300 or 500 microns. The results shown in this paper
are all for 300 micron foils. The aluminum foil prevents the sodium metal from adhering to the
cold rolling device. Foil thickness was measured using calipers and the measured thickness of the
aluminum foil was subtracted to determine the sodium foil thickness. The aluminum foil was then
peeled off of one side of the sodium and the exposed surface of the sodium was polished with a
nylon brush. Electrodes were punched to 7 mm diameter discs with one side capped by aluminum
foil. The sodium foils were pressed opposite each other onto the NBA disc 2 mm from the edge of
the disc. Note that an area increase in the 300 micron foils during test was observed in some cases
to ~8.5 mm in diameter, a 21% increase in diameter. Throughout this work we use the original
diameter of 7 mm to for the area. The reference electrode was formed by wrapping a small (1 mm
diameter) piece of polished sodium metal around the end of a copper wire. The sodium covered
end of the wire was then pressed against the NBA disc and secured by copper tape. The disc with
electrodes was then placed for 30 seconds on an ~ 80 °C hot plate to improve the contact between
the sodium metal and the NBA SE; no pressure was applied during this warming step to avoid
spreading of the Na electrode. Each side of the disc was heated in this way.

The cell was loaded into the inset of a custom machined bottom die with a custom

alignment sleeve in place. The WE was aligned under the upper die protrusion for force



application. Both upper and lower die serve for force application and as electrical contacts. When
assembled, the RE is the sole unstressed electrode. Alligator clips were attached to copper foils
connected to the upper and lower die. Noise of 2-3 mV in magnitude in the potential response is

noted in the data and is attributed through trial and error to the electrical processes of the glovebox.

Electrochemical Characterization and Cycling: Two electrode PEIS using a Biologic SP-300
was performed to characterize the resistance of the grain boundaries, bulk, and interface. The
frequency range was from 7 MHz to 100 mHz.

The Biologic SP-300 was also used for galvanostatic cycling. Current Density Ramps
(CDR) were designed with ten-minute rest steps between each half cycle, with 0.25 mA cm2
increments, for a current density range of 0.25 to 20 mA cm™ (or until the cell showed shorting
or the test voltage limit was reached due to resistance rise). Uni-directional stripping at the WE
until the cell voltage limit was reached was performed at 0.3 and 1.2 mA cm™ at 100 N (2.6
MPa) to test the limits of the achievable areal capacity from 300 micron thick foils. All
electrochemical experiments and post-mortem pictures were done in argon chamber at room

temperature under 100 N (2.6 MPa) applied force.

Modeling. We conducted simulations using the finite element analysis software COMSOL
Multiphysics and the Secondary Current Distribution package. The working, counter, and
reference electrodes were treated as Na metal. The solid electrolyte was treated as NBA and
modeled as an isotropic material. We used the ionic conductivity reported by Ionotec, and provide
this value and other parameters in Table 2.1. The exchange current density was estimated from our

experiments, using the Butler-Volmer equation and assuming complete interfacial contact and the



as-fabricated interfacial area. The current distribution at the electrochemically active interfaces
was solved using the Butler-Volmer equation. Ohm’s law was solved in the electrolyte, as it is a
single-ion conducting material that does not generate concentration gradients. To simulate contact
loss resulting in the reduction of electrochemically active interface, a function was written in
MATLAB that sets the exchange current density of the WE/Electrolyte interface to zero for a
portion of the interface. The function allows the specification of the size of the regions where the
exchange current density is zero (i.e. void width) and the percentage of the interface where the
exchange current density is zero (i.e. number of voids).

Table 2.1. Modeling parameters for a temperature of 25°C.

Symbol Parameter Units Value
io Exchange Current Density mA-cm? 4
Sodium Electronic 1 5
Ona Conductivity S-em 2110
Electrolyte Ionic o 13
npa Conductivity S-cm 210




Results and Discussion

This results and discussion section will focus on the four main experiments done in this work,
including (1) current density ramps with a fixed areal capacity of 0.5 mAh cm™ per half cycle,
(2) current density ramps with a fixed areal capacity of 1.0 mAh cm™ per half cycle, (3) current
density ramps with a fixed areal capacity of 5.0 mAh cm™ per half cycle, and (4) uni-directional
stripping at the working electrode of an as-built cell. In addition, there is (5) a section on
modeling to provide a quantitative link between the amount of resistance rise on stripping and
the interfacial contact area. We note that while the following figures show results from a single
cell for each condition, we did at least three replicates for each cycling condition and chose a
representative cell to present. The 0.5 and 1.0 mAh cm conditions exhibited CCDs ranging
from 10-12 and 7-12 mA cm™ respectively. More importantly, the potential responses on half
cycles remained consistent through all replicates.

Cycling behavior during a current density ramp at 0.5 and 1.0 mAh cm?2 areal capacities
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Figure 2.3 provides results for a current density ramp at 0.5 mAh cm™, with specific
points of interest (S1, S2, P1, and P2) noted in panel a. Panel b shows pre-cycling PEIS
performed on the discs and indicated interfacial resistance on the order of ten Ohm cm? with the
regions (e.g., bulk grain boundary, interface) assigned based on the literature*®*'. The low
interfacial ASR is attributed to the heat treatment performed on the NBA before cell assembly
and is consistent with previous studies into the effect of heat treatment to improve interfacial
resistance'>. Warming the cell after applying electrodes is also known to enhance contact
between metal and electrolyte and reduce interfacial resistance, but the low interfacial resistance
is not assumed to be from “perfect”, intimate contact. Fig. 2.3 panels c-f show a polarization vs.
current density slope whose magnitude falls with rising current density (i.e., falling resistance
with increasing current density). This is expected for Butler-Volmer kinetics. We interpret
minimal deviation of S2 from S1 as the flux of Na" away from the interface not yet exceeding
the flux of Na metal to the interface to create significant contact loss. The separation of S1 and
S2 rises above ~2 mA cm™. As the current density increases beyond 2 mA cm?, the electrode
experiences a resistive increase we attribute to contact loss over the course of the strip half cycle.

P1 and P2, as with S1 and S2, do not deviate significantly before ~ 2 mA cm™. Reflecting
the higher resistive state at the end of the strip half cycle (S2), P1 increases in magnitude. As
shown in panel a, once plating begins the resistance drops in the first 0.05 mAh cm? and we
hypothesize the Na metal quickly grows from the edge of the voids inwards to reform the
interface contact with the electrode. Fig 2.3 panels d and f show results for WE-CE, which is
what most researchers measure. A comparison, for example, of panels e and f indicate that P2
and P1 (for WE-RE) separate more than Initial and Final (for WE-CE), which results from the

increasing polarization during stripping offsetting the decreasing polarization during plating.
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Moreover, on plating for the WE-RE data (panel e) the potential magnitude at the end of the half
cycle (P2) is smaller than at the beginning (P1), while for WE-CE (panel f) the potential

magnitude at the end of the half cycle is larger than at the beginning. This demonstrates that even
at 0.5 mAh cm™, a reference electrode provides additional insights not reflected in data without a

reference electrode.

Strip " ’ Strip
4 1.0 mAhcm? ¢ 1.0 mAh cm?
.
m 0.5 mAh cm? 0.04 | m 0.5 mAh cm?
.

= =
2 2 .
= - .-
@ 0.5 ; 7 .
(> o
(] (%]

¢ . y ;i
" 0.02 | S2-S1rise o
See Panel b. N .::_"_ begins 1"
i~ M
0 L ] L
0 5 10 15 20 0 1 2 3 4 5
Current Density [mA cm'z] Current Density [mA cm'2]

[ v T T—— d.

= 1.0 mAh cm? P2 4 = 1.0 mAh cm? P2

= 1.0 mAh cm?2 S1 i e 031 1.0 mAh cm?2 S1
- © 0.5mAh cm? P2 e - © 0.5mAh cm? P2
> © 0.5 mAh cm? S1 = 2, © 0.5 mAh cm? S1
w 0.5 o w 0.2
o« See Panel d. o
w o & w
g = ..’ . 3 0.1

- e
0 .
—e 0 lat
0 5 10 15 20 0 2 4 6 8 10
Current Density [mA cm'z] Current Density [mA cm'Z]

Figure 2.4 3-Electrode data for both 0.5 and 1.0 mAh em. A. The difference between the S1 and S2 WE-RE
voltage per respective current density of the CDR, including shorted regions, for 0.5 (blue square) and 1.0 (red
diamond) mAh cm. B. The difference between the S1 and S2 per respective current density of the CDR for WE-
RE, including shorted regions, for 0.5 (blue square) and 1.0 (red diamond) mAh cm for the lower (0.25-5 mA ¢m™)
current densities. C. P2 and S1 for the same current density cycle for 0.5 (circle data point) and 1.0 mAh cm~

(square data point). D. The same data from c. plotted from 0.25-10 mA ¢cm?.

In Figure 2.4 we retain some of the CDR results for 0.5 mAh cm? from Fig 2.3, but now
add results for | mAh cm™. Panels a and b show the difference between S1 and S2 vs. current
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density. This value represents the polarization rise during the stripping half cycle. The cells
experience soft shorting at 10.75 and 10.25 mA cm™ for the 0.5 and 1.0 mAh cm™ cells,
respectively. For both areal capacities, S2-S1 begins to rise at about 1 mA cm™, and continues to
rise in a similar way until failure. As demonstrated in Figure 2.1, the average surface roughness
of our NBA discs is greater than that of the 0.5 mAh cm depth of strip (4.42 microns) with
some features of the SE exceeding the depth of the 1.0 mAh cm™ (8.82 microns). As the depth of
plate/strip of neither 0.5 nor 1.0 mAh cm clearly exceed the surface roughness, it is expected
that their polarization rises are similar.

One notable behavior that the three-electrode data reveal is the difference between P2 and
S1 for the same current density, as shown in Figure 4c-d. Because the physical state of the
interface at P2 and S1 should be very similar (one follows the other in the cycling protocol), we
expected P2 and S1 to match for the same current density. However, beginning at ~ 3.75 mA cm’
2, a disparity between the values begins, and S1 increases at a greater rate than P2. Several
factors may influence this behavior. Firstly, the data shown is for the WE-RE with the order of
operations strip-rest-plate. Hence, there is a 10 min rest between P2 and S1, and interface
relaxation (e.g., Na metal flow) could occur. Another possibility is that we collected data at fixed
one second intervals, which may not capture rapid (<1 second) changes in interface potential
associated with a rapidly changing presence of Na metal at the interface. Thus, the reference
electrode reveals further behaviors not displayed in a two electrode system.

Cycling behavior during a current density ramp at 5 mAh cm™ areal capacity
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At the 0.5 and 1 mAh cm? areal capacities shown above, the depth of strip/plate was
under 10 microns. We proceeded to assess the cycling response of these symmetric cells at 5
mAh cm, or ~ 42 microns of Na depth, as this is considered of greater relevance for commercial
applications. Figure 2.5 shows results for a 5 mAh cm™ CDR test, and significantly different
behaviors for both plating and stripping are observed compared with 0.5 and 1 mAh cm™ testing.
As shown in panel 2.5a, S2 has two different behaviors, differing from the steady increase with
current density shown by S1. In the first region from 0.25-2.75 mA cm S2 exhibits a small
deviation from S1 and a nearly linear rise. At 3 mA cm™ a hinge in the response is observed with
S2 rising quickly to reach the cutoff voltage. Panel 2.5b displays no separation of P2 from P1 in
the same current density range unlike the separation observed in the 0.5 and 1.0 mAh cm?
CDRs. A two-stage behavior on strip is shown in Panel 2.5¢. Upon the start of the strip the
potential jumps quickly before settling on a nearly flat voltage “plateau”. After 3 mA cm™, a
stage of polarization rise occurs. The inflection point for this potential rise decreases with
increasing current density. The WE-RE data in panel 2.5c¢ is similar in appearance to that of the
WE-CE data in 5d.

Next we turn to panels 2.5¢ and 2.5f, which shows results for plating at the WE. Just as
the stripping behavior experiences a two region polarization, so too does the plating. At <~0.5
mAh cm-2, the voltage magnitude falls, and then it begins to increase (at least for >3 mA cm-2),
which we interpret as dynamic interfacial recovery following the previous strip. It is also notable
that the voltage at the end of plate is similar to that at the start. The two-region polarization
appears on both plate and strip at 3 mA cm™. This may indicate that stable cycling up to 3 mA
cm? is possible for this system even at 5 mAh cm? or 42 micron depth of strip and plate.

However, further investigation of these hinge behaviors is necessary with evaluation at different
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applied forces and other cycling conditions. We also note that the two-region polarization
behavior during plating is masked in the WE-CE data because the stripping electrode dominates
the response. To the best of our knowledge this is the first time a resistive mechanism during
plate of this type has appeared experimentally, and again results from our use of a reference
electrode and also our exploration of high current densities and areal capacities.

What may account for the changing WE-RE polarization during plating at >3 mA cm? at
the electrode undergoing plating? One possibility is void formation on plating, as suggested in a
recent modeling work*?. Another possibility is that the void formation on the stripping electrode
leads to current focusing on the plating electrode that increases resistance. In other words, if
current is confined to a small number of points on the stripping electrode, that will also reduce
the area for plating because the current does not fully spread. This behavior would depend on

the separator thickness and other factors that govern secondary current distributions.

Working electrode behavior during a uni-directional current stripping experiment
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based on the lighting. The actual appearance of the remaining sodium was metallic gray.

While Figures 2.3 to 2.5 all show cycling results, in Figure 2.6 we show results for
unidirectional stripping at the WE interface, such that the effects on the interface from previous
cycles are absent. This test also allows us to estimate the fraction of the Na foil that can be
passed before failure in the form of dendrite formation or ASR rise. As shown in Figure 2.6a, the
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areal capacity achieved prior to the resistance rising and a cutoff potential being reached is well
below that available in the foil. At the lower current density (0.3 mA cm) the strip achieves a
higher areal capacity than the higher current density (1.2 mA cm). However, the 0.3 mA cm-2
test reaches at most ~25 mAh cm, ~10 mAh cm™ short of the total initial capacity with other
replicates further below this. The higher current density (1.2 mA cm™) showed increased sample-
to-sample consistency and a lower areal capacity. Of particular note is the 0.3 mA cm™ stripping
takes place even with >100 mV of polarization for tens of hours before the final rise to the
voltage cutoff is reached. In other words, rather than a sharp “knee” in which voids form and the
resistance quickly rises to the cutoff, the interface demonstrates substantial (>100 mV)
polarization for an extended (tens of hours) time.

Post-mortem optical assessment of several cells shown in Figure 2.6 displayed clear
differences between the 0.3 mA cm™ and 1.2 mA cm™ samples. At 0.3 mA cm™, the tests
spanned 3 to 4 days, and optical images of the working electrode showed very little physical
contact with the remaining foil at the end of the test. The foils readily peeled from the surface of
the NBA pellet with little Na metal residue to indicate strong contact at the interface. All 0.3 mA
cm samples had little physical adhesion between the remaining sodium metal and the NBA
surface as shown in Figure 2.6d and 2.6e. The 1.2 mA cm™ samples in Figure 2.6f and 2.6g,
conversely, had large sections of the sodium still in strong contact with the NBA to the point that
it could not be removed with a razor blade. This indicates a limit to the achievable areal capacity
at these conditions based on the current density applied. Future work will focus on elucidating
which of the four identified influences on current focusing most affect these results.

Figure 2.6c¢. presents the voltage evolution at the CE where plating is taking place, and as

seen in Figure 5, shows a rise in the potential of up to about 20 mV for 1.3 mAcm™. The 0.3 mA
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cm plating potential changes little even as the stripping electrode undergoes a large polarization
increase. While the polarization changes at the plating electrode are small compared to those at
the stripping electrode, we again point out that these changes are neither well identified nor
accounted for in the literature. Whether this indicates that current restriction at the WE
undergoing stripping is affecting that at the CE during plating is subject to future research. There
is a clear difference between the polarization changes during plating for the 0.3 mA cm? and 1.2
mA cm tests, indicating a rate dependence.

Model to relate interfacial polarization with contact area

To establish a quantitative link between the voltage rise (>1 V in some cases) and the
corresponding electrochemical contact area, we constructed a model of a Na/NBA interface,
including the placement of a RE to match our experimental setup. The model involves solving
the secondary current distribution with Ohm’s law in the electrolyte (kx = 2 mS cm™1) and the
Butler-Volmer equation at the interface, with electrochemically active area having i, =
4 mA cm™?and inactive area having i, = 0 mA cm™?). Figure 7 shows the modeling domain
and a representative case. Figure 2.7a_demonstrates the resultant potential and the current
distribution when using 10 pm voids that cover 50% of the interface and an applied current
density of 1 mA-cm. Regions where the interface is electrochemically active have a fixed value
of the exchange current density 4 mA cm™. Figure 2.7b shows the current distribution at the
WE/NBA interface for the same conditions. The reduction in electrochemically active interface
causes a number of regions where the local current density drops to 0 mA cm™, which in turn

increases the current density at active regions, with local current densities approaching 6 mA cm”

2
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Figure 2.7c demonstrates the polarization rise (WE-RE) as a function of the contact loss
for several values of applied current density. For each case, the polarization increases
monotonically, with more substantial polarization occurring beyond 80% contact loss. The
modeling results presented in Figure 2.7¢ can be compared to Figure 2.5¢ as an estimate of the
contact loss at various capacities stripped. The model indicates that for large polarizations,
electrochemically active contact loss exceeding 90% is required. Note that if during the initial
cell build there is inactive interface, that is not included.

This model has several limitations. Voids are assumed to be of uniform size, whereas
there is likely a distribution of void sizes as well as increasing void size as stripping continues.
The model is stationary, thus the dynamics of void formation and growth are not accounted for.
NBA is treated as an isotropic material despite the fact that it is a polycrystalline material;
therefore the effect of grain boundaries and grain orientation is neglected. The electrochemically
active interfaces are treated as homogenous and impurity-free with no spatial variation in

interfacial resistance or exchange current density.

Conclusions

We carried out cycling of a symmetric Na metal / NBA / Na metal cell with a Na metal
reference electrode. In current density ramps at areal capacities of 0.5 and 1.0 mAh cm2, we
observed cell shorting at ~10 mA cm™, however at an areal capacity of 5.0 mAh cm? we
observed resistance rise to a cutoff potential rather than cell shorting. This is further evidence of
how the cycling protocol, including both areal capacity and current density, strongly influence
the cycling results, including even the mode of failure (e.g., dendrites vs. voids). Our reference
electrode data shows that for the 0.5, 1.0, and 5.0 mAh cm areal capacities, up to about 3 mA

cm? the plating electrode demonstrates stable polarization and may be reasonably used as a
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pseudo-reference electrode. However, at higher current densities, at any of these areal capacities,
the reference electrode reveals significant time-varying interfacial polarization (with a magnitude
of 10s of mV) at the plating electrode that is not easily identified with a two-electrode cell. The
time-varying interfacial polarization at the plating electrode has not been previously observed
and may indicate void formation on plating, the current distribution at the stripping electrode
affecting the plating electrode polarization, or another process‘uH At the stripping electrode
during current density ramps, our reference electrode data reveals that interfacial polarization
rise during a stripping half cycle begins at 1 to 3 mA cm™, and for the 5 mAh cm™ capacity at
current densities over 5 mA cm can grow to and exceed 100s of mV. The use of a reference
electrode provides the quantitative separation of the time-varying interface polarizations that is
not possible in a two-electrode cell.

In addition to cycling tests with fixed areal capacity and a ramp of the current density, we
also carried out unidirectional stripping experiments (i.e., without cycling) at 0.3 and 1.2 mA cm’
2 until cell failure due to voltage rise. Prior to the voltage cutoff, even at the low current density
(0.3 mA cm?), ~30% of the initial Na foil cannot be stripped, and at 1.2 mA ¢cm™ about 60%
cannot be stripped. Our 3-electrode cell shows that the voltage rise that drives cell failure is at
the stripping electrode, as expected, but we again observe time-varying polarization at the plating
electrode at the 10s of mV scale. Our data also directly shows that at 1.2 mA cm™ hours of cell
operation occurs with stripping electrode polarization at 100s of mV, and at 0.3 mA cm™ tens of
hours of operation with stripping electrode polarization at 100s of mV occurs. These
observations provide direct quantitative insights on Na flux at a stripping electrode at high

interfacial polarization conditions.
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Finally, we developed an interfacial contact model to quantify the expected relationship
between interfacial polarization and interfacial contact in our three-electrode cell. This model
shows that an interfacial polarization of 100s of mV (as observed in several of our experiments)
indicates >80% loss of the initial electrochemically active contact area. This substantial loss of
electrochemically active contact poses important questions for the overall contact mechanics at
the Na metal/NBA interface, and in particular the extent of the electrochemically inactive
mechanical contact, and how the electrochemically active and inactive contact areas interact. We
expect that the expanded use of a reference electrode in cells with metal/solid electrolyte
interfaces, the careful design of cycling protocols, and additional interfacial modeling work, will
further our understanding of the processes and quantitative limits of both metal electrode plating
and stripping. We continue our analysis by addressing the operating pressures, surface

roughness, and foil electrode thickness in the next chapter.

Chapter 3: Assessing Pressure and Electrode Foil Thickness on Voiding

Behaviors in All-Solid-State Batteries

Introduction

Combating void initiation and growth requires methods that do not impede the electrochemical
processes while minimizing the manufacturing and energy density costs. Efforts to mitigate
voiding include 3-D structures, alloying the alkali metal, temperature and pressure.**~*¢ Of these,
pressure does not require any additional material within the cell to be added, preserving the
energy density advantage of the metal anode without requiring high temperatures to operate.

Pressure is beneficial in promoting stable cycling and increasing critical current density (CCD)
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and achievable capacity from metal anodes.*s*® The improved performance is attributed to
increased contact area between the two solid interfaces of the alkali metal and the solid

electrolyte by enhanced alkali metal flow to the interface.*>

Exploring the limitations of pressure is of interest, especially at low operating stack
pressures. High operating pressures induce mechanical failures of the solid electrolyte and
promote dendrite formation at the interface.’®*! As such, it is important to pursue understanding
of the metal anode at lower operating pressures. Recent studies have studied the lithium behavior
against various solid electrolytes with overall less focus on the sodium metal anode.®!%-38:52-5
Here we focus our efforts again on the solid sodium metal anode. Using the same experimental
configuration used in Chapter 2, we assess the effect of applied operating pressure on the
polarization behavior of the Na | NBA system. Utilizing varying foil thicknesses, we show the
system has a linear dependence on pressure for CCD between 0.5 and 5 MPa of applied stack

pressure. Achievable capacity per pressure conditions is assessed with exhaustion strips as

utilized previously and the overall overpotential during the strip recorded.

Methods

Sodium B” Alumina solid electrolyte pellets of 20 mm diameter and 1 mm thickness were
purchased from Ionotec. The discs were heat treated to remove surface contaminants using a ramp
of 4°C min™ from room temperature to a hold at 850 °C for 2 hours in an MTI Muffler Furnace
within an Ar-filled glovebox as in done in our previous work.%’ For polishing, alumina particles
suspended in isopropanol with progression of solutions from 500 nm to 0.5 nm were used with
polishing cloths purchased from MSE Supplies to polish the surfaces of the pellets. The pellets

were then rinsed in isopropanol and dried in the furnace at the above heating regime.
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Sodium foil of 150 um was purchased from MSE Supplies. The plastic backings were
stripped from it and the foil polished using nylon lab brush and affixed to aluminum current
collectors. 7 mm diameter electrodes were punched out and placed opposite to each other on
either side of the NBA pellets 2 mm offset from the edge of the pellets. The pellet with CE and
WE was warmed on a hot plate at roughly 70 °C for 5 minutes on either side before a RE was

fixed onto the pellet. The RE was manufactured as in our previous work.*

Cycling was carried out using a Biologic SP-300. PEIS measurements were performed
before and after CDR and exhaustion strips at 10 mV perturbation potential from 7 MHz to 100
mHz at a sampling rate of 6 points per decade. CDR and exhaustion strip follow our previous
methods with an exhaustion strip current density of 0.3 mA cm? calculated off of the nominal
electrode area. Pressure was maintained using a load frame with custom split cells to hold the
cells with the WE and CE electrodes centered. Pressure was monitored by a U-93 load cell with a

ClipX data amplifier.
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Results and Discussion
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Figure 3.1 a. Plot of CDR profiles for 150 micron thick Na foils at different operating pressures (0.5 MPa not
shown). b. Plot of CDR profiles for 300 micron thick Na foils at 2 and 5 MPa operating pressures. ¢. Plot of the
critical current density for the 150 and 300 micron thick foils against operating pressures. d. plot of the overpotential
from the 0.75 mA cm strips of the CDRs calculated by subtracting the initial potential measured from the steady

state potential of each curve.

Figure 3.1a-b shows the result of the CDR cycling of the 150 (a) and 300 (b) micron foil
electrodes at varying operating conditions at 5 mAh cm™ per half cycle. Consistent with Chapter

2 results of our previous work, the main mechanism of failure was catastrophic polarization to
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the 1 V cutoff. Per our previous report, this is associated with delamination of the working
electrode in extreme voiding at the interface. This can approach >90% contact loss between the
sodium metal and the NBA even at the greater operating pressure of 5 MPa. This voiding is
delayed at higher stack pressures but shows in both 300 and 150 micron cells. Indeed, Figure
3.1c shows the achieved highest current density until failure at 1 V is linearly dependent on the
operating pressure and in all but one case is voiding the main mechanism. Moreover, the
thickness of the electrode does not provide higher achievable current density in this study (Figure
3.1c), indicating that the stack pressure and areal capacity are more determinative of the
operating stability. We attempt to assess how the increasing pressure improves achievable current
density in Figure 3.1d. Here we compare the overpotential, represented by the absolute
difference between initial potential measured by the galvanostat upon first current application on
the 0.75 mA cm™ oxidation (strip) and the average value of the plateau observed in the stripping
profile (so called “steady state). Though widely varying in response, it appears there is a small
trend of overpotential decreasing with increasing pressure. This could be a result of increasing
operating pressure reducing the number of nucleating voids through enhanced sodium metal

deformation and pressure induced creep to the interface.
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Figure 3.2 a. Plot of the exhaustion strips for the 150 micron thick sodium foils at the different operating pressures
of 0.5 (black), 1 (green), 2 (red), and 5 MPa (blue). b. Plot of the achieved capacities (Q) normalized to the loaded
capacity (Qo) of the 150 micron thick foil (7.14 mAh cm?). ¢. Plot of the average potential from initial until 0.50

mV of each exhaustion strip to represent the respective overpotential of stripping at each pressure.

To further assess the impact of operating pressure on the performance of all solid state
metal anodes against solid electrolytes, we performed exhaustion strips at 0.3 mA cm™ at varying
operating pressure. For this experiment we used only the 150 micron foils. Each cell was
fabricated at 5 MPa and held there for one hour before being lowered to the desired operating
pressure as needed. Figure 3.2a displays the stripping profiles of the cells at each operating

pressure condition. For pressures 1 MPa and greater, the profile is consistent with a small initial
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polarization in the first 0.15-0.20 mAh cm™ before plateauing until a final sharp polarization
indicative of large voiding at the interface. In the 0.5 MPa case a sharp polarization is observed
far earlier in the half cycle with small shoulders indicating some possible short lived recovery
before another rise reaching the 1 V cutoff. In both cases the achieved capacity was much

reduced compared to the higher stack pressures.

Figure 3.2b shows the ratio of achieved capacity at each operating pressure against the
loaded capacity of the 150 micron foil. We observe the achieved capacity has a logarithmic
behavior for the operating pressures used in this study. The greatest dependency on operating
pressure is observed in the low pressure regime with a quadrupling of the achieved capacity as
the operating pressure increases from 0.5 MPa to 2 MPa. However, this trend appears to change
after 2 MPa, with little notable improvement in achieved capacity at the 5 MPa case (the upper
pressure limit of our study). This pattern is reflected in the overpotential of the exhaustion strips
as shown in Figure 3.2c. Here the potential of the system, average of all measured values up to a
measurement of 50 mV, decreases considerably from the 0.5 MPa to 2 MPa strips before leveling
off. Of interest is that all pressures used here lie above the measured yield strength of sodium
metal. As the metal behaves in a non-Newtonian manner.®! As the average potential changes
little between the 2 MPa and 5 MPa case, we theorize the operating pressure has a local limit to
effectiveness. It is possible that foils <100 microns would exhibit stiffer behavior and play a

larger role in voiding and dendrite behaviors leading to less achievable capacity.

Conclusion

We continued characterizing the failure mechanism of sodium metal against sodium " alumina
at high areal capacity with reference electrode. Here we vary the operating pressure and foil

thickness to discern the dependency of the critical current density on either. We observe that the
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critical current density shows no discernable variance between the 150 micron and the 300
micron electrode sodium foils, indicating that the thickness of the foils involved does not impact
operation at these conditions and for these thicknesses. Pressure reduced the overpotential
development associated with voiding until higher current densities. Further assessment of
achievable capacity at 0.3 mA cm™ shows a strong pressure dependency from 0.5 to 2 MPa with
little change beyond 2 MPa to 5 MPa. Of note is that the achievable capacity reaches on average
65% of the loaded capacity at 5 MPa. This is roughly the same amount as the 300 micron foils at
the same current density at 2.6 MPa from our previous work. Thus the achievable capacity at
pressures greater than 2 MPa may more be a function of aspect ratio than the operating pressure
itself. We will continue to explore the effects of polishing and chemical interlayers on the
achievable capacity to better understand what influences dominate at the alkali metal and solid

electrolyte interface.

Chapter 4: Hot pressing argyrodite solid electrolyte powders results in

>2 mS cm-1 ionic conductivity at 20°C and <1 MPa operating pressure

Introduction

Sulfide solid electrolytes are promising for all solid-state lithium batteries.®*%* They
possess relatively high ionic conductivity (10> — 102 S cm™! at 25 °C) and their synthesis and
processing compare favorably to oxide solid electrolytes.®%° Of the crystalline sulfide
compositions, argyrodite-type may have lower manufacturing costs than LijoGeP2Si2 (LGPS)
while maintaining lower synthesis temperatures than oxides.®®-% Synthesis can occur via manual
grinding solid-state reactions, wet chemical reactions, and high speed mechanical ball milling
and requires few steps to achieve the final composition.®>%”-° The formation of pellets from
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argyrodite powders typically involves room temperature compaction at pressures of 100s of
MPa, and operation at 10s to 100s of MPa.”®7* In contrast, oxide solid electrolytes like LLZO
garnet typically require high temperature (often >~1000 °C) calcination and sintering steps to
form pellets, with some sintering steps including applied pressure.’*’® Unfortunately, the
advantage for the sulfides of low-temperature compaction are balanced by the reliance on the
aforementioned large fabrication and operation pressures to achieve competitive ionic
conductivities and cycling results.’!*>778 Several studies have shown a clear correlation
between fabrication pressure and pellet density, with higher density generally resulting in higher
ionic conductivity.” Pellet porosity and microscopic gaps between particles are identified as
limiting ionic transport, with operation pressure reducing these limitations. Because the cost-
effective operating pressure limit for a cell in an electric vehicle battery pack is ~1 MPa, the
required performance metrics (e.g., ionic conductivity), need to be achieved near or below this
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Figure 4.1 a. a schematic of different argyrodite compaction and compaction methods with (1) representing the
typical high-pressure compaction at TFabrication = 20 °C (i.e. “cold” pressing) followed by pressure-free sintering,

(2) representing typical “cold” pressing, and (3) representing the approach in this work with a single compaction
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step with both pressure and elevated (i.e. “hot” pressing). b. a plot of literature results of ionic conductivities and
their associated fabrication temperature and pressure.22-27,28-34 Here, the fabrication temperature shown is the
highest temperature used for in either the sintering or pressing steps. ¢. Schematic of our proposed mechanism for
the differences in grain morphology, ionic conductivity, and mechanical properties for pressing at 20°C (“cold
pressing”) vs. 150 °C (“hot pressing”). Potential surface contaminants, either from unreacted precursors or moisture

degradation products, are represented by the shading around the grains.

Typically, efforts for improving ionic conductivity and cycling focus on increasing pellet
density and improving grain-grain fusion, with processing methods incorporating high pressures
and post pressing sintering. Three routes to achieve this are shown in Figure 4.1, with different
combinations of pressure and temperature steps. A summary of the ionic conductivity achieved
with a range of pressure and temperature fabrication conditions is shown in Figure 4.1b.6>8-84
To achieve the ionic conductivities shown in Figure 1b, an operating pressure of 10s of MPa is
typical, with few lower than 10 MPa.3*% In a previous report, we compacted commercial
argyrodite powders using hot pressing methods and foil electrode contact materials and found the
pellet ionic conductivity to be nearly operating pressure invariant, including with a high ionic
conductivity at <I MPa.®® Here, we replicate this result with our own argyrodite powders and
study additional properties of the samples pressed at 150°C, as well as the grain-grain fusion

mechanism we hypothesize leads to these results.35%

To quantify how the fabrication conditions (pressure and temperature) and operating
conditions (pressure and temperature) affect the pellet (including grain morphology, ionic
conductivity, and mechanical properties), we synthesize LisPSsCl powders using mechanical
milling techniques from a previous report.®! Then, we compact those powders at a fixed pressure
of 300 MPa and at two temperatures, 20 °C (by which we mean room temperature) and 150 °C,
to form pellets. These temperatures are chosen for comparison with a previous work that used a
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commercial argyrodite powder rather than the custom-synthesized powder here.” Next, to
further explore the differences between the pressing at 20°C and 150°C we evaluate pellet
density (which is nearly identical for each temperature), grain morphology, and the ionic
conductivity at a range of operating pressures. We assess the pellet mechanical properties
through nanoindentation. Through these, we demonstrate that the 150 °C pressing procedure
results in retention of the argyrodite crystal structure and chemical composition, a grain
morphology (assessed with SEM) that shows enhanced grain-grain fusion, much higher ionic
conductivity at <1 MPa operating pressure, and an ionic conductivity with little dependence on
operating pressure Nanoindentation experiments indicate the elastic modulus of samples pressed
at 150°C is ~2x higher than those pressed at 20°C, while the hardness of each sample is similar.
Figure 4.1c presents a schematic attributing the differences in ionic conductivity and mechanical
properties to enhanced grain-grain fusion for the 150°C compaction process. We hypothesize that
at 150°C, with the argyrodite grains softened due to the elevated temperature, there is enhanced
mechanical deformation of grain surfaces and grain volumes, resulting in greater grain-grain
fusion. The 150°C processing may also redistribute and reduce the presence of any surface
contaminants on the initial argyrodite powders at grain-grain interfaces. The enhanced grain-
grain fusion for samples pressed at 150°C remains when the pellet is cooled, and results in the
changes in the grain morphology, ionic conductivity, and mechanical properties we report in this
work. Overall, our demonstration of >2 mS cm! ionic conductivity at <I MPa operating
pressure with foil electrodes indicates the need to further map the influences of both fabrication
temperature and pressure on argyrodite microstructure and properties, and the mechanisms that

can result in property retention at commercially relevant operating pressures.
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Methods

Synthesis of LisPSsCl

Li6PS5Cl solid electrolyte was synthesized using a mechanical milling technique.’! Anhydrous
precursors Li2S, P2S5, and LiCl were used as the starting materials to synthesize the Li6PS5C1
solid electrolyte powder. Li2S, P2S5, and LiCl were purchased from sigma Aldrich and was used
as received. The molar ratio of Li2S, P2S5, and LiCl is maintained 5:1:2 in their stoichiometric
proportions. A mixture of these powders was placed into a ZrO2) ball mill jar (80 mL) in an
argon glove box. The solid precursor to ball ratio was maintain 1:4 (by weight). After that the
sample was ball mill at 550 rpm for 12 hrs (20 min run 10 min rest). During the process of ball
milling the jar was open after every 1h in the glove box and scratch the sample from walls of the
ball mill jar. The final powder after ball milling was calcinated in a tubular furnace in Ar
atmosphere to 550 °C at 180 °C/h using a custom stainless-steel Swagelok reactor (ID = 6.3 mm,

length = 70 mm). Contradictory to the previous report®>3

where continuous ball milling for 18-
20h was used, we stopped the ball milling process after every 1h interval and scratched the
precursors which results in more energetic impact on the precursors. We hypothesize that this
could be the potential explanation for our success in synthesizing highly crystallized LisPSsClI
powder, which results in high ionic conductivity during pressing at 150°C and chemical stability.
The particle size distribution of the LisPSsCl powder is 0.93 pm with a standard deviation of

0.57 pm. These powders were then packaged and sealed in argon and shipped to the

collaborators.

Compaction of the LisPSsCl Powders

As synthesized LigPSsCl powder was pressed into pellets between two Cu foils (~15 pm

thick) using different amount of powder using a hydraulic press and a temperature-controlled die
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set (range 20 °C-250 °C, MTI Corp.) with a diameter of 12.7 mm in an Ar-filled glove box
(MBraun). For the hot-pressed pellets, the die set was heated to 150°C then the heating program
was turned off to let the die set cool. 300 MPa pressure was used for pellet pressing and it was
maintained until the temperature of the die set was below 60 °C. The total time the “hot-pressed”
pellets were under pressure was roughly 45 minutes. Cold-pressed pellets were compacted at
room temperature (~20°C) and 300 MPa pressure, and the total time the cold-pressed pellets
were under pressure was ~5 minutes. The following parameters were used in the fabrication of
LigPSsCl pellets. For pressing temperature control, 20 °C and 150 °C were chosen and referred to
as cold and hot pressed respectively. The thickness of each pellet was precisely measured with a
micrometer. We measured ionic conductivity using a blocking electrode configuration with a
Cu/LigPSsCl/Cu symmetric cell configuration. The Cu foils were first cut into 12.7 mm in
diameter discs then sonically washed in ethanol and fully dried at 80 °C overnight. The Cu foils
were included in the pellet pressing step, by first placing a Cu foil at the bottom of the die set,
then placing the LigPSsCl powder, then placing the second Cu foil on top. Hence, the Cu foil

electrodes were also included in the pellet compaction process.

Chemical and Morphological Characterization of the Pellets

X-ray photoelectron spectroscopy (XPS) data were collected using a Kratos Ultra DLD
XPS system using monochromated Al Kalpha radiation with a photon energy of 1487 eV.
LigPSsCl pellets were transferred directly via UHV transfer from an Ar-filled glovebox to an
XPS (Kratos Axis Ultra DLD) system for surface chemical analysis to prevent any air exposure.
Survey spectra were collected using a 12 kV monochromatic Al Ka X-ray source in hybrid lens
mode with a step size of 1 eV and pass energy of 160 eV. High-resolution spectra were collected

using a 12 kV monochromatic Al Ka X-ray source in hybrid lens mode with a step size of 0.1 eV
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and pass energy of 20 eV. XPS data were analyzed using the CasaXPS software with
quantification performed using peak areas normalized by standard photoionization cross sections
corrected for our instrument geometry and a Shirley background for all high-resolution peaks.

All spectra were calibrated to the C-C/C-H peak at 285.0 eV.

Scanning electron microscopy (SEM) was done using a Hitachi SU-70 SEM in secondary
electron (SE) mode using 10 kV acceleration voltage in the AIMLab at University of Maryland.
The samples were hand fractured and transferred to the SEM via Ar-filled glove bags and were

only briefly exposed in the air during sample loading for less than 20 s.

The X-ray diffraction spectroscopy (XRD) patterns were measured from 5° to 80° 26 with step
size 0.02° and exposure 0.75 s per step (effective expose was 135 s per step) using Bruker D8
Advance powder diffractometer equipped with Cu anode sealed X-ray tube (CuKa wavelength

1.5418 A), 0.25° soller slits, Ni p-filter, and LynxEye position sensitive detector.

Ionic Conductivity of the Pellets

The argyrodite pellets with the Cu foil electrodes that were included in the pellet
fabrication process were loaded into an MTI Split Coin Cell (Product Code PSC20P). This split
cell was assembled with insulating separators and a load cell (HBM U93) into a load frame.
Springs purchased from McMaster-Carr (Product #9657K322) were tightened down with the
bolts to apply the external load. Spirit levels were utilized to aid in uniaxial application of the
mechanical stress. A Biologic SP-300 potentiostat was used to apply potentiostatic
electrochemical impedance spectroscopy (PEIS) from 7 MHz to 100 mHz with a 10 mV
perturbation potential, taking the average of two points per frequency. The sampling rate was six
points per decade. Each PEIS was taken at an initial operating force of 15N, followed by
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ascending forces at 50 N increments from 50 N to 1000 N, with the same manner for descending
forces. The 15N of force corresponds to just the stainless steel upper die on the sample with no
other mechanically induced force on the sample, equivalent to ~0.12 MPa of pressure (the
sample diameter is 12.7 mm). Four 20 °C pressed pellets were tested in this manner; three 150°
C pressed pellets were also tested, and a fourth 150°C pellet was tested at 15 N followed by 50 N
to 950 N at 50 N ascending increments without a subsequent descending measurement. The total
time for each measurement and adjusting pressure was roughly 8-10 minutes, resulting in
roughly 6 hours to fully test each sample. Each pellet’s thickness was measured after the pressure
ramp using a VINCA digital micrometer with the Cu foils removed. The ionic conductivity of the
pellet system was calculated from the real impedance contribution estimated from the local
minima in the spectra before the large tailing associated with the blocking electrode interface and
the measured thickness of the respective pellet. Ionic conductivity measurements were done at

room temperature (~20°C) unless otherwise noted.

Mechanical Property Characterization

The 150 °C and 20 °C pellets were tested for their Young's modulus and hardness using a
Bruker TI Premier nanoindenter inside an Ar glovebox with less than 0.1 ppm O and H>O.
Copper foil that was used in the pressing process was removed from the surface of each pellet
and the pellets were glued on to magnetic mounts to minimize tilt and slip during measurement.
The pellets were glued on to magnetic mounts to minimize tilt and slip during measurement. A
high load transducer with a diamond Berkovich tip was used for all measurements. A maximum
load of a 100 mN was used for indentation. This value is much higher than the <5 mN maximum
load that is typically used in nanoindentation tests done for sulfide electrolytes **. This was done
to ensure that surface effects do not influence the nanoindentation behavior, especially because
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the pellets were not polished prior to mechanical testing. Several arrays with indents spaced 200
pum apart were used to obtain a total of 66 indents for 20°C and 33 indents for 150 °C pellet.

Outliers with a contact depth greater than 5 um were not included in the analysis.

Results and Discussion

Chemistry and Structure Assessment of the Argyrodite Pellets — XRD and XPS
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Figure 4.2 XRD of LisPS;sCl pellets. a) Stacked and b) overlaid normalized XRD patterns of LisPSsCl pellets

pressed at 20 °C and 150 °C.

We performed X-ray diffraction spectroscopy (XRD) measurements to examine the cold pressed
(at 20 °C) and hot pressed (at 150 °C) LisPSsCl pellets for comparing the crystal structures.
Figure 4.2 shows the normalized XRD patterns of the 20 °C and 150 °C samples. As can be seen
from both the stacked and overlaid figures, all the characteristic argyrodite peaks match between
the 20 °C pressed pellet and 150 °C pellet match, with Figure 4.2b notably showing that the

backgrounds and normalized peak heights of the 20 °C and 150 °C pellets are nearly identical.”
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Since the samples that were examined were very similar in terms of sample dimensions, we
conclude that the 20 °C and 150 °C pressed LisPSsCl pellets have the same crystallographic
structure. Hence, the differences in the properties of the pellets pressed at 20°C and 150°C do not

result from differences in the crystallographic structures.

X-ray Photoelectron Spectroscopy (XPS) Analysis
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Figure 4.3 XPS of LisPSsCl pellets. a) P 2p, b) S 2p, and ¢) CI 2p high resolution XPS spectra of LicPSsCl pellets
pressed at 20 °C, and d) P 2p, e) S 2p, and f) CI 2p high resolution XPS spectra of LisPSsCl pellets pressed at 150

°C. Both pellets were made of 0.24 g of LigPSsCl powder and pressed at 300 MPa.
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We used X-ray photoelectron spectroscopy (XPS) to investigate if the near-pellet-surface
chemical composition and bonding of LisPSsCl differed for the samples pressed at 20°C vs.
150°C. Figure 4.3 shows the P 2p, S 2p, and CI 2p high resolution XPS spectra of LisPSsCl
pellets pressed at 20 °C (a), b), and ¢)) and 150 °C (d), e), and f)). All 2p spectra have spin orbit
splitting. As can be seen, there are no additional chemical species or differences in oxidation
states between the 20 °C and 150 °C LisPSsCl pellets. The existence of PS4*, Li,S, and LiCl
peaks also agrees with the Li*(PS4>")S>CI" ionic formula of LisPSsC1.%® In addition, the 2p 3/2
peaks of S, P, and Cl regions are consistent with the binding energies of these constituent
elements with shifts of at most 0.1 eV. Hence, pressing at 20°C vs. 150°C did not result in
detectable (i.e., >0.1%, the XPS detection limit) differences in the properties of the pellet

surfaces measured by XPS.

Morphological Differences in Grain-Grain Contact Assessed with Scanning Electron

Microscopy (SEM)
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Figure 4.4 SEM cross-sectional images of hand-fractured pellets. Images of 150°C pressed pellets near the pellet

surface with scale bars of (a) 500 um, (b) 10 um, and (¢) 5 pm. Images of 150°C pressed pellets near the pellet
center with scale cars of (d) 100 pm (e) 30 pm and (f) 10 pm. Images of 20°C pressed pellets near the pellet center

with scale bars of (g) 500 um (h) 30 um and (i) 10 um.

We used scanning electron microscopy (SEM) to examine the fractured cross sections of pellets
pressed at 150 °C and 20 °C . The powders from which the pellets were made had an average
particle size of 0.93 um and a standard deviation of 0.57 um. Figures 4.4a to 4.4c show cross-
sectional images near the pellet surface of pellets pressed at 150 °C, while 4d to 4f show images
near the pellet center. Figures 4.4b and 4.4¢ show that the morphology resembles a compressed
and entangled web structure with grain-grain fusion. Notably, panels 4.4a to 4.4f do not appear

to show a significant share of grains that retain the morphology of the initial, individual LisPSsCl
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powders. This indicates that the LisPSsCl grains were largely “fused” with other grains. On the
contrary, Figure 4.4h and 4.4i, which show cross-sectional SEM images of the 20 °C pressed
pellet, show a large fraction of grains that appear to retain the original powder morphology, with
much less of the web-like structure and grain-grain fusion noted for the 150°C pellets. Overall,
the SEM cross-sectional images provide direct visual evidence of enhanced grain-grain fusion

for the pellets pressed at 150°C.

Relative Pellet Density

The thickness of each pellet was measured by calipers and the volume calculated from the
diameter of the die press (12.7 mm) and the measured mass of the powder. The relative densities
of the pellets pressed at 20°C averaged ~88% +/-1.57% (4 samples) and that of the pellets
pressed at 150°C averaged ~90% +/- 5.05% (3 samples). We obtained these values using a
density of crystalline LisPSsCl as determined by XRD of 1.83 g cm™.®’ Hence, the 20°C and
150°C samples have a relative density sufficiently similar that relative density cannot plausibly
account for the differences in morphology, ionic conductivity, or mechanical properties. We note
that some authors use a crystallographic density of 1.63 g cm™ for LisPSsCl; this value comes
from DFT calculations rather than XRD experiments. If we used 1.63 g cm™ for the
crystallographic density we would obtain average relative densities of 98 to 100%, which is not
consistent with the SEM images in Figure 4, which indicate some remaining porosity in the

samples.®’

TIonic Conductivity vs. Operating Pressure
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Figure 4.5 Tonic conductivity of pellets at room temperature (~20 °C). a. Nyquist plot at 0.8 MPa increments
ascending from ~0.12 MPa to ~8 MPa for a pellet pressed at 150 °C b. Nyquist plot at 0.8 MPa increments
ascending from ~0 0.12 MPa to 8 MPa for a pellet pressed at 20 °C ¢. Ionic conductivity of pellets pressed at 150°C

vs. operating pressure d. Ionic conductivity of pellets pressed at 20 °C vs operating pressure.

We measured the ionic conductivity of the pellets pressed at 20°C and 150°C vs.
operating pressure by placing the pellets in a split cell (Cu foil blocking electrodes are included
during the pressing process, so are present on the pellets), and placing the split cell in a load
frame with a load cell. We measured at room temperature (~20°C). At each pressure increment
(~ 0.4 MPa) the impedance was measured via potentiostatic electrochemical impedance
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spectroscopy (PEIS). Each PEIS lasted approximately five minutes with a total time at each
pressure of ~10 minutes. Each sample began at ~0.12 MPa, ascended to ~8 MPa at 0.4 MPa
increments, and then descended to ~0.12 MPa at equivalent intervals. An implied equivalent
circuit model of Rg(QgbRgb)Qme indicates the local minima value’s real impedance before the
tailing behavior represents the combined contributions of the grain (Rg) and grain boundaries
(Rgb). We present the comparison between the equivalent circuit model derived values and the
local minima derived ionic conductivities in the Supporting Information (Figure S3). As there is
little difference in the calculated ionic conductivity from local minima and the equivalent circuit

model results, we conclude that this calculation method is reasonable.

Figure 4.5a-b. displays PEIS at ascending 0.8 MPa increments for a 150 °C pressed
sample (Figure 4.5a.) and a 20 °C pressed sample (Figure 4.5b.). Each sample set displays
semicircles in the high frequency region of the impedance spectroscopy (7 MHz to 100 kHz for
the 20 °C, 7 MHz to 1 MHz for the 150 °C) before exhibiting large tails indicative of the
blocking Cu electrodes. The 150 °C sample PEIS behavior remains nearly invariant with
operating pressure, shifting by ~4% in total impedance using the local minima, as well as the
impedance at 7 MHz. We hypothesize this is due to the “fused” grains that result from this
processing condition. The 20 °C pressed sample (Figure 4.5b.) behavior at ~0.12 MPa shows
impedance of ~4500 Ohm cm? at the local minima, or roughly a 90x increase over the 150 °C
pressed sample. The impedance of the 20°C pressed sample strongly depends on the external
pressure, falling by ~90% as the pressure increases to 8 MPa. The 7 MHz data point, however,
only decreased 37% in impedance from ~0.12 MPa to 8 MPa. This may indicate that a reduction
in the grain-grain interface impedance plays a major role in the overall system impedance

decrease for the 20°C pressed sample (as shown in Figure 4.1¢).
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The ionic conductivity of the 150 °C pressed samples is higher than that of the 20 °C
pressed samples as seen in Figure 4.5¢-d. Among all samples tested, at ~0.12 MPa the ionic
conductivity of the 150 °C pressed samples is ~30x to ~60x greater than that of the 20 °C pressed
samples. The ionic conductivity of the 150 °C pressed pellets did not exhibit a strong dependence
on the operating pressure whereas for the 20 °C pressed pellets the ionic conductivity increased
by ~10x as the operating pressure was increased from ~0.12 MPa to 8 MPa. This behavior was
reversible in both the ascending and descending pressure ramps and exhibited a semi-linear
response in the 20 °C pressed pellets. Additionally, the semicircle regions associated with grain-

grain interactions are greatly reduced in the 150 °C pressed samples even at ~0.12 MPa.
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Figure 4.6 Initial and final ionic conductivities at ~20°C and ~0.12 MPa operating pressure across samples (the

numbered columns) for the a. 20 °C pressed samples and b. 150 °C pressed samples.

The reversibility of the ionic conductivity vs. operating pressure results are shown in
Figure 4.6a-b for four 20 °C and three 150 °C samples. The 20 °C pressed samples do not return

to the initial ionic conductivity values, but have ionic conductivities that are 30 to 40% higher
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than the initial values. This indicates that during the pressure ramp the grain-grain fusion had a
slight improvement, although the values for the ionic conductivity for the 20°C pellets remain at
>20x lower than of the 150°C pellets. The 150 °C pellets, conversely, showed little change from
their initial ionic conductivity to their final ionic conductivity, indicating the grain-grain fusion in
the pellets was unaffected by the additional operating pressure ramp for testing ionic

conductivity.

The relative densities of the pellets processed at 20°C and 150°C, and the ionic
conductivity results in Figures 4.5 and 4.6, reinforce the role of a grain-grain fusion mechanism.
In particular, while a number of authors have correlated the ionic conductivity of argyrodite
pellets with their relative density, in the present case the relative densities differ by only ~2%,
which is far too small to account for the >10x difference in ionic conductivity between the 20°C
and 150°C pellets based on those published correlations.®” As shown in the schematic in Figure
1c, we attribute the results in Figures 4.5 and 4.6 to differences in how the argyrodite grains are
brought into contact, and the potential role of surface contaminants. In particular, for the 150°C
case we attribute the higher ionic conductivity, and the lack of dependence of ionic conductivity
on operating pressure, to the fusion of adjacent argyrodite grains, which results in direct ionic

pathways through the pellet.
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Figure 4.7 Temperature dependent ionic conductivity results at an operating pressure of 0.6 MPa with a. the Nyquist
plots of the pellets pressed 150 °C and tested at 0 to 40°C at 10°C increments and b. the Arrhenius plot of the ionic

conductivity vs 1/T. A line is regressed to the data with the slope giving the activation energy.

In addition to our measurements of ionic conductivity at room temperature (reported in
Figures 5 and 6), we also measured the ionic conductivity of a 150°C pressed pellet at a fixed
pressure over a range of temperatures. We calculate an activation energy of 0.373 eV from the
impedance spectroscopy and provide an Arrhenius plot in Figure 4.7. The activation energy here
is similar to other works that find values in the range of 0.3-0.4 eV for fabrication pressures up to
500 MPa and sintering temperatures from 300 to 400 °C 88385979 Qur results are also similar
to some cold pressed methods (e.g., 0.44 eV reported at 670 MPa, 0.31eV for 500 MPa, and 0.40
eV for 340 MPa).!%1% The spectra in Figure 4.7a. may give some insight into the influences
contributing to the improved ionic conductivity. As seen in Figure 4.5b. the EIS spectra at room
temperature of the 20°C pressed pellet has a distinct semicircle feature that is not reflected in the
room temperature data of the 150 °C pressed sample. However, as Figure 4.7a. shows, this

semicircle feature appears at 0 °C. We attribute this semi-circle to grain boundaries
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impedance!%, and this indicates the contribution of grain boundaries only becomes apparent for
the 150°C pressed sample below room temperature, while the sample pressed at 20°C has this

feature present at room temperature.

Mechanical Properties Assessed with Nano-indentation
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Figure 4.8 Young’s modulus and hardness results for a 20 °C and 150 °C pressed pellets measured at ~20°C. A set
of 33 indents were done for testing the 150 °C pressed pellet and 66 indents were done for the 20°C pressed pellet.

a. Load-displacement nanoindentation curves from all indents performed at 100mN for the two cases, b. Cumulative
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probability functions of the modulus and hardness values. The shape of the fitted curve denotes variation over
multiple measurements arising from non-'"homogeneity in the samples. ¢. Schematic of portions of the pellets
directly under the nanoindenter tip showing differences in hypothesized elastic grain-grain sliding during
nanoindentation. d. Representative nanoindentation curves showing the plastic and elastic deformation in the two
cases. d, is the total or maximum deformation and d, and d, are plastic and elastic deformations, respectively. The
shaded area under the load-displacement curves denotes the total deformation energy and elastic deformation energy

(W,). Subscripts ¢ and h represent 20°C and 150 °C pellets respectively.

To further understand the effect of the pressing temperature on the pellet properties we
measured the mechanical behaviors using a nanoindenter. The Cu foil electrodes were removed
prior to the indentation experiments, and no polishing was done. Figure 4.8a shows load-
displacement curves taken at room temperature for all indents on one pellet pressed at 20°C and
one pressed at 150°C. Interestingly, indents on both 20 and 150 °C pressed pellets have similar
final displacements at the end of the loading curve (i.e., d,, , = d,, , see panel d) for more
details), which has implications for the calculated modulus and hardness. The elastic modulus

measured though nanoindentation here is the reduced elastic modulus of the sample.

The results in Figure. 4.8b show the cumulative probability density (red and blue circles)
for the modulus and hardness values obtained from the load-displacement curves shown in
Figure 4.8a. A normal cumulative density function was fit (shown by solid curves) to the data to
evaluate the mean and standard deviation. Significant differences were found in the average
elastic moduli for the two pellets. The major difference between the load-displacement curves in
blue (20 °C pressed pellet) and red (150°C pressed pellet) shown in Fig. 8a is the slope of the
unloading curve which is representative of differences in the elastic behavior of the two pellets.

For 150 °C pressed pellet we measured a mean modulus of 22.1 GPa (SD 4.9 GPa) and for the
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pellet pressed at 20 °C we measured 10.6 GPa (SD 3.7 GPa). A previous nanoindentation study
reports a value of 30 GPa for a hot-pressed LisPSsCl pellet with a conductivity of 2.9 mS cm™!.%*
A first principles analysis also reports a calculated value of 22 GPa for LicPSsCl. '%7 These
values of elastic modulus and ionic conductivity are closer to those we measured for the 150 °C
pressed pellet.”* We believe that the 50% lower observed modulus in the 20°C-pressed pellets vs.

the 50°C pressed pellets is indicative of differences in grain-grain fusion.

To elaborate on the role of grain-grain fusion on our results, we note that elastic
deformation in polycrystalline materials can arise from differences in the a) intrinsic elastic
properties of the grains and grain boundaries, b) relative density (i.e., amount of remaining void
volume) and c) grain-grain interactions. **!%:1% Ag our XRD results in Figure 4.3 indicate no
differences in pellet crystallinity we conclude that grain elastic properties do not influence the
differences we observe. We also know that the relative densities of the two pellets are similar
(within 2% on average), therefore, we can also rule out density differences. Instead, our
observations here are consistent with previous studies observing grain-grain fusion during
sintering in sulfide electrolytes.!!® The grain-grain fusion mechanism can explain the mechanical
and electrochemical responses we observe in this work. Grain-grain fusion, in the case of 150 °C
pressed pellets, results in reduced elastic grain-grain sliding leading to the observed differences
in elastic moduli of the two pellets as shown in the schematic in Figure 4.8c. We also note that
the average grain size obtained from particle size distribution of the pre-pressed LigPSsCl
powder is 0.93 pm (SD 0.57 um) and the average maximum displacement (d,) of all indents
obtained at 100mN is ~2.5 um, so the actual indent size (i.e., size on the surface) is likely to be
15-20 um. In other words, the indenter tip will mechanically interact with 10s of grains and

grain-boundaries. This implies that the 20 °C pellet deforms more elastically via grain-grain
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sliding compared to the 150 °C pellet. The observation that grain boundaries decrease the elastic
modulus of polycrystalline materials is commonly reported in literature.!'""!'> Our work, and the
related observations of other authors, indicates more mechanically independent grain boundaries

and grain-grain sliding in the 20°C pressed pellets vs. the 150°C pressed pellets.

Figure 4.8d compares the extents of plastic and elastic deformation using a
representative indentation load-displacement curve. We observe that the elastic deformation in
the 150 °C pressed pellet denoted by d, j, is ~0.5x of the elastic deformation in the 20 °C pellet
denoted by d, ., whereas the plastic deformations (non-recoverable parts of the load-
displacement curves) denoted by d,, , and dy, . have a similar value. This implies that the 20 °C
pellet deforms more elastically through the grain-grain sliding mechanism compared to the 150
°C pressed that has a lower elastic contribution to total deformation. Marx and Blake introduced
the use of deformation energy to quantify elastic and plastic deformation, and found that for most
elastic-plastic materials the ratio of the elastic deformation energy (obtained by integrating under
the unloading curve, shown in Fig 8c as W, ;, and W, .) to the total deformation energy (obtained
by integrating under the loading curve) is proportional to H/E, where H is hardness and E is the
modulus.!% The ratio of the elastic deformation energy to total deformation energy is 0.2 for the
20 °C pressed pellet and 0.38 for the 150 °C, which is close to the 2x factor observed between
the average elastic moduli of the two pellets. Given the ratio of elastic deformation energy to
total deformation energy is proportional to H/E, the H values of the two cases studied here must
be similar. This is consistent with the calculated hardness shown in Figure 8b. In particular, the
20 °C pressed pellet has a measured hardness 0.72 GPa (+ 0.16 GPa) while the 150°C pressed

pellet has a value of 0.78 GPa (+ 0.25 GPa). Further nanoindentation testing at a range of strain
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rates and indentation depths will help to further quantify the mechanical properties of both 20°C
and 150°C pressed pellets.

Conclusions

Achieving >2 mS cm! at <1 MPa operating pressure at room temperature and with foil rather
than sputtered electrodes is a demonstration of major significance for practical use of LigPSsCl
argyrodite. To achieve this, we fabricated LisPSsCl pellets at temperatures of 20°C and 150°C
and a pressure of 300 MPa to understand the impact of pressing temperature on pellet
morphology, ionic conductivity, and mechanical properties. XRD and XPS measurements
confirmed that the structure and composition of the LisPSsCl remained the same between the
150°C and 20°C samples. SEM imaging showed morphological features resembling smooth,
fused structures in the 150 °C samples while pellets pressed at 20 °C did not, instead appearing
to retain more un-fused grains. The difference in relative density between pressing conditions is
too small to explain the distinct difference in ionic conductivity and modulus. PEIS
measurements to determine ionic conductivity and conduction mechanisms showed a reduced
impedance associated with the grain-grain interface in the 150 °C samples vs the 20 °C samples.
The ionic conductivity of the 150 °C pressed samples does not depend on the operating pressure
during testing and is significantly greater than the 20 °C sample as both ~0.12 MPa and at 8
MPa. Nanoindentation results show similar hardness values for each pressing temperature but
increased elastic modulus in the 150°C method which is consistent with modulus measurements
reported in several studies.''3 We interpret this as reduction of grain sliding through grain fusing
in the 150 °C samples. We propose that pressing at 150°C results in more grain fusion than
pressing at 20°C, which in turn results in the more fused grain morphology, higher magnitude

and operating-pressure-invariant ionic conductivity, and higher elastic modulus. Hence, the “hot
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pressing” method studied here is a promising method for argyrodite powder compaction, and
additional work to map the pressure-temperature-time-contacts fabrication space that results in
high ionic conductivity at <1 MPa operating pressure, and the mechanisms that result in these
properties, is recommended. Additional work on how microstructural evolution during
fabrication affects grain morphology and properties such as dislocation density and site disorder

are promising avenues of exploration.

Overall, a fabrication approach that results in dense samples with high ionic conductivity at <1
MPa operating pressure and foil electrode contacts is a key technological objective, both for
separators and cathodes, and our work furthers the measurement of and mechanisms behind

LisPSsCl powder compaction.
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Chapter 5: Defining an Ontology for an All Solid-State Battery Database

Introduction

As research scales in response to both demand and influx of additional funding there
remains a gap in the research process. The process of meticulously reviewing the literature for all
solid-state devices consumes precious time, slowing the pace of research. Review papers are
valuable and provide deep insights into the state of the field. However, they are, by nature, static
and can be outdated in report in just a few years. This then requires another careful review of the
literature and yet another report produced. Further, data science analysis requires a collection and
sorting of battery data in one, coherent place. The process of analyzing the state of the solid-state

battery research is then impeded by the lack of coherent presentation of the relevant data.

Efforts have arisen to address this issue in other fields and in the realm of electrochemical
storage. The U.S. Department of Energy and the European Union both sponsor initiatives in the
development of comprehensive battery ontology for lithium-ion technology in the forms of The
Battery Data Genome (BDG) and The Battery Interface Genome — Materials Acceleration
Program (BIG-MAP), respectively.!'*!!5 These systems seek to comprehensively collect all
information regarding the lithium-ion battery life cycle, from material mining and refining to end
of life recycling of the spent batteries. By compiling all relevant information into a single

system, they seek to increase the rate of battery research and development.
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In this there is room for further development. All solid-state batteries are considered
promising next generation in battery technology, allowing energy densities not currently possible
in traditional liquid electrolyte chemistries.!'%!!” As funding increases in this area of technology

so too does the rate of publication.
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Figure 5.1 Plot of number of battery papers published with “solid electrolytes” from 2001 to 2022, source Web of
Science

Figure 5.1 shows the number of publications with the keywords of “solid electrolyte” published
from 2001 until 2022. The increase in publications mirrors the increase in funding for batteries
by western nations.''® However, there is, as yet, no solid-state battery analogue to the
aforementioned BDG and BIG-MAP systems to capture this growth in research. If the hoped for
advances enabled by genomic capture of the field holds true for the Li-ion technology then an
analogue must be developed for all solid state chemistries. Here, we discuss our efforts in the
design and development of such a system and the challenges inherent to it from the solid-state
battery field.
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Ontology Layout and Design

The design of our ontology mirrors that of a perovskite database.!'® It is based on the FAIR data
principles of Findability, Accessibility, Interoperability, and Reusability. The schema of our

system is laid out in the following figure.
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Figure 5.2 Schematic of the ontology layout

Figure 5.2 shows the layout of our proposed ontology. The Findability of the system is
represented in the collection and proper reporting of the appropriate metadata of each solid-state
battery publication in the system. The first author, journal, publication date, and corresponding
Dol are listed for every cell entry. As the system is organized by cell entry and not Dol, this
results in multiple entries utilizing the same metadata. Accessibility to the data is ensured
through membership in the database, given by our partners in MaterialsZone. The
interoperability of the data is preserved as the regular user cannot access or change the data once

submitted, allowing extraction, comparison, and analysis as needed without violating the
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integrity of the system. Finally, the reusability of the data is ensured through detailed definitions

and explanations of the required information for each section of the ontology.

The metadata, named reference data in our system, is but one of five subsections
representing the overall electrochemical device. The cell is then made up of the reference data,
electrode data (anode and cathode), the separator data, and the performance data given the “Full
Cell” section. Each section is composed of multiple subsections, each containing many points of
data deemed necessary from the literature.'?’ Therein lies a key challenge in designing the
ontological framework for the database: useability balanced against exhaustive description. We

give one electrode layer as an example.
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Figure 5.3 Example Schematic of the Cathode layer of the cell, further subdivided into composition, preparation

methods, and layer properties.

Figure 5.3 shows a simplified schema of an electrode layer, in this case the cathode. It consists of
three subsections, each consisting of further constituent parts. These subsections contain multiple

defined data elements and, though simplified, could easily be expanded to dozens more elements
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for a more exhaustive description of the electrode layer. Preparation alone requires untold
numbers of elements corresponding to the numerous methods by which the cathode layer could
be prepared, e.g. hot pressing, doctor blade, etc. While these methods are relevant for
understanding in the entirety the performance of the full cell, it is a difficult and daunting barrier
to scientists when it comes to data entry. We determined to simplify the system for both data
entry purposes and data curation. Currently, the entire ontology exceeds 260 elements for a user

to fill out when extracting and uploading data from a paper.

Limitations, Insights. and Future Work

A significant impediment to the extraction of data is the inconsistent reporting practices
of the battery research field. As noted by Randau et al., key information vital to contextualizing
the performance of the cell is often left unreported in the literature at large.!?’ This includes basic
information such as the mechanical operating conditions, cell geometries, or even the loading of
lithium metal in the full cell configuration. Vargas-Barbosa coordinated an interlaboratory study
of argyrodite full cells that noted even the variance in hold times at fabrication pressure resulted
in large variance in performance.!?! We observe extensive lack of reporting in many of the same
metrics mentioned by Randau et al. and concur with Puls et al. that explicit reporting of all
fabrication and operating values be done. Even when certain information is required by journals
it is not always enforced by the editors.!'*!?> Compounding the issue, there is no standardization
in the manner of which data is to be reported. Data is presented in mixed formats of plots, tables,
and in the body of the manuscript text. This adds time to the data extraction process as the

extractor

We are currently preparing a manuscript detailing our efforts, the observations we made
from >250 cells uploaded for analysis, our plans to further improve the database and the user
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interface by which data is uploaded. Future iterations will contain robust material list options
with the potential to connect with other established databases such as material crystallographic
sources. We plan to release the system to the wider battery community to increase the rate of data

extraction from the existing literature.
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