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ABSTRACT

With limited resources in a continuously growing global Li-ion battery industry, the
recyclability of each component is paramount towards establishing a sustainable future. In this
study, one promising recyclable solid-state composite electrolyte, lithium magnesium lanthanum
strontium zirconium oxide (LLZO-SM, Lis.osMgo.15La2.75Sr0.25Zr2012) paired with polypropylene
carbonate (PPC, (CH(CH3)CH20CO2)n) and lithium perchlorate (LiClOa4), reprocessed via the
cold sintering process (CSP) was investigated. By applying uniaxial pressure and incorporating
transient solvents, the CSP allows for the use of lower sintering temperatures, between 25—
200°C, and thereby the addition of PPC and LiClOs4 to reduce grain boundary resistance. The
work below summarizes a viable processing method to recycle LLZO-SM and a method to

further increase ionic conductivity during reprocessing.
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INTRODUCTION

Currently, Li-ion batteries (LiBs) dominant the market due to their desirably high
volumetric and gravimetric energy density. However, since LiBs commercial debut in the 1990’s,
lithium metal batteries (LiMBs), having a higher gravimetric and volumetric energy density than
LiBs, have been at the forefront of academic and industrial research intertest [1]. Unfortunately,
when LiMBs are paired with traditional liquid organic electrolytes, LiMBs are thermally and
electrochemically unstable [2] and pose catastrophic safety concerns when temperatures exceed
60°C [3]. And with the market value of the current battery industry projected to increase to
upwards of $87.5 billion by 2027 [4], recycling at any stage of a batteries life is becoming
increasingly paramount towards establishing a more circular economy.

One promising solution to effectively utilize LiMBs with minimal safety concerns, as well
as shows recyclability potential are solid state electrolytes (SSEs). One such ideal SSE is cubic
LizLasZr2012 (c-LLZO), because of the materials intrinsically high operating voltage range (0
~5V) [5,6], excellent thermal stability (25 — 300°C) [7], high mechanical strength to suppress
dendrite growth [8], relatively high ionic conductivity (¢ > 10~* Scm™) [9], and low activation
energy (0.25-0.28eV) for Li-ion transport [10]. In addition, these properties can be further
enhanced through selective doping and/or adding additional materials (i.e., polymers and lithium
salts) to create superior composites [10-15].

The LLZO in this study, provided by Spark Plug Co., Ltd, has been doped with magnesium
and strontium (hereon referred to as LLZO-SM) to improve the ionic conductivity, reduce grain

boundary resistance, and act as a sintering and densification aid [15-17]. Additionally,
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polypropylene carbonate and lithium perchlorate salt were added to the composition to create a

polymer-salt matrix and serve as a polymer-salt highway for lithium diffusion along grain
boundaries. To achieve the desired SSE pellet for battery coin cell testing, the LLZO-SM powder
was prepared via cold sintering, a revolutionary sintering process that significantly reduces
traditional sintering temperatures by uniaxially applying pressure and heat to incite densification
[18].

The preceding chapters in this text will provide a brief overview of a batteries fundamental
components, their functions, and considerations, a materials science background on LLZO and
cold sintering, discuss the methodology and results of the experiments conducted, and conclude
the effectiveness of recycling a LLZO-SM composite utilizing the cold sintering densification

process.

Objective

The objective of this thesis is to optimize the processing of a solid-state ceramic-polymer-
lithium salt composite electrolyte, lithium magnesium lanthanum strontium zirconium oxide
(LLZO-SM,  Lis9sMgo.isLaz75Sro25Zr2012)  paired ~ with  polypropylene  carbonate
(CH(CH3)CH20CO2)n and lithium perchlorate (LiClO4) respectively, to achieve a safe, high
performance, recyclable solid-state electrolyte. The effectiveness of the synthesis process was
measured and characterized through calculating ionic conductivity and x-ray diffraction analysis.
The goal of this work is to gain fundamental insights as to how to maintain sufficiently high ionic
conductivity as the number of times a sample is recycled/reprocessed increases by modifying

physical parameters such as sintering temperature, pressure, and time.



BATTERY COMPONENTS AND FUNCTIONALITIES

A batteries fundamental components can be broken down into two overarching elements,

the active and the non-active, shown in Figure 1.

Current Collectors

/ Separator

@ — Case

Electrolyte

NON-ACTIVE

Electrodes

ACTIVE

Figure 1. Labeled active and non-active battery components in a traditional Li-ion battery.
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The active components consist of two electrodes, referred to as the positive and the

negative electrode. At the negative electrode, an oxidation reaction occurs (i.e., electrons are given

away as a product). An example of an oxidation reaction using graphite is provided, shown in
Equation 1.

LiCe —» 6C + Lit + e (1)

The complimentary reaction, a reduction reaction, occurs at the positive electrode (i.e., electrons

are accepted). A common positive electrode used in LiBs, lithium iron phosphate, is shown in
Equation 2.

Li* + e” + FePO; — LiFePO, (2)

There are two classes of electrode materials, metallic (also referred to as “blocking”)

electrodes and insertion type (“non-blocking”) electrodes, shown in Figure 2.
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Figure 2. Illustrates the charged to fully charged state of a (a) metallic electrode (e.g., lithium
metal) and (b) insertion type electrode (e.g., graphene).



5
A metallic electrode is defined by having the electrochemical reaction take place at only

the surface of the material, such as the lithium metal in LiMBs. An insertion type electrode is
defined by undergoing an electrochemical reaction at the surface and bulk of the material. For
example, graphene is a common negative insertion type electrode. These fundamental electrode
classes are highlighted within this text because all important electrochemical reactions occur at
electrode-electrolyte interface, and current research is still striving to gain further insights into this
regime to better improve current and future battery chemistries [19].

The non-active components of a battery, illustrated in Figure 1, consist of the electrolyte,
separator, current collectors, and casing. A typical liquid electrolyte used in LiBs chemistry
solutions are encompassed by one or more dissolved salts and physically contact all components
within the cell. The purpose of the electrolyte is to act as an ion conductor between electrodes. The
difference between a liquid electrolyte and a solid-state electrolyte is the presence of liquid content.
As the name implies, a solid-state electrolyte is entirely solid, which is where the diffusion occurs,
and a liquid electrolytes diffusion occurs through a liquid solution. Ensuring the electrolyte is not
electrically conductive, electrochemically stable within the applications desired voltage range,
non-corrosive to the electrode materials chemistries, has high interfacial contact, and has limited
side-reaction during cycling to ensure high coulombic efficiency in early cycle-life testing are all
important parameters to keep in mind when selecting/designing your electrochemical cell [19].

The separator in LiBs is typically a porous polymer placed between the negative and the
positive electrode, which acts as a barrier to prevent contact between electrodes (i.e., avoid short
circuiting the cell) as well as provides the pathway ions travel through the electrolyte during

cycling. How long it takes to sufficiently absorb the electrolyte to minimize internal resistance, the
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degree of porosity, the chemical stability, and the mechanical strength are all crucial factors to

consider when optimizing a separator [19-21].

The current collectors are what the electrode is coated onto, with the purpose of
transporting electrons during the electrochemical process through an external circuit,
charging/discharging the cell. Typical current collectors, such as copper at the negative electrode
and aluminum at the positive electrode, need to be light, highly electrically conductive, non-
corrosive in the electrolyte solution, mechanically robust, and capable of dispersing heat generated
during charging [19].

Finally, the case of a battery varies from cell format to format. A case is typically either
plastic(s), typically used in pouch cells, or metal, used in cylindrical, prismatic, and coin cells. The
purpose of the casing is to prevent the liquid electrotype from evaporating from the cell and provide
overall mechanical protection and strength to the encompassing components within. Figure 3
illustrates various conventional LiBs cell architectures, such as a coin cell, pouch cell, 18650 cell,

and prismatic cell [19, 22-25].
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(d) prismatic cell.



LLZOs Structure and Properties

consisting of two polymorphs, cubic (c-LLZO) and tetragonal (t-LLZO), shown in Figure 4
[26,27], with a generic chemical makeup of LizLa3Zr2012. In c-LLZO, Li occupies tetrahedral 24d
and octahedral 96h sites, and La and Zr are eight- and six-fold oxygen coordinated respectively,
shown in Figure 4a. Further information about structural parameters have been provided in Table

1 [26]. In t-LLZO, Li occupies tetrahedral 8a, octahedral 16f, and octahedral 96h sites, shown in

MATERIALS AND METHODS

Lithium lanthanum zirconium oxide (LLZO) belongs to a class of garnet materials

Figure 4b. Again, further structural information has been provided in Table 2 [27].

Table 1. c-LLZOs site, occupancy (g), and coordinate parameters.

Atom

Site g X y z
Li 24d 0.94 3/8 0 1/4
Liz 96h 0.349 0.0959 0.6922 0.5731
La 24c 1 1/8 0 Ya
Zr 16a 1 0 0 0
O 96h 1 -0.0316 0.0538 0.0107

Table 2. t-L.LZOs site, occupancy (g), and coordinate parameters.

Atom Site g X y z
Li 8a 1 0 1/4 3/8
Liz 16f 1 0.0181 0.4313 1/8
Li3 32¢g 1 0.0796 0.0863 0.8099
Lal 8b 1 0 1/4 1/8
La2 16e 1 0.1272 0 1/4
Zr 16e 1 0 0 0
Ol 32¢g 1 -0.0355 0.0546 0.1528
02 32¢g 1 0.0534 0.8525 0.5366
03 32¢g 1 0.1499 0.0273 0.4454
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Figure 4. Garnet crystal structure of (a) c-LLZO and (b) t-LLZO.

While very similar in structure, only differing in Li distribution [15], c-LLZO is preferred
over t-LLZO because ¢-LLZOs ionic conductivity can range anywhere from two orders of
magnitude higher than t-LLZO [9]. This drastic difference in ionic conductivity is a result of

differing Li-ion migration arrangements within each phases structure, shown in Figure 5 [26].
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Figure 5. (a) c-LLZOs three-dimensional Li-ion migration pathway and loop-like Li atomic site
arrangement in (b) ¢c-LLZO and (c) t-LLZO.

For an 8 per formula unit cell, Li in t-LLZO can occupy a total of 56 occupational sites (8a,
16f, and 32g), stabilizing the structure and leaving no vacancies. While c-LLZO has a total of 120
occupational sites, thereby leaving 64 empty vacancies. This drastic increase in vacancies between
the two phases enables higher Li-ion mobility and thus is the reason c-LLZOs structure is more
desirable and better optimized for higher Li-ion conductivity for solid-state battery applications
[28]. Unfortunately, due to the increased thermodynamic stability from lack of vacancies, t-LLZO
is more stable at room temperature than c-LLZO. Thus, additional steps must be taken to stabilize
the cubic phase [27].

The most effective ways to stabilize the cubic phase and further enhance ionic conductivity

has been proven through doping LLZO. Substituting lithium with elements such as AI**,Ga**,Zn?",
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or Fe®" creates lithium vacancies for higher ionic conductivity. Substituting zirconium with

transition/post-transition metals such as Ge*",Nb>* Ta>*,Sc*" optimizes the size of ion migration
pathways and lithium concentration in the structure [12, 15, 28-31]. Lastly, substituting lanthanum
with alkaline earth metals such as Mg?*, Ca**, and Sr** has been shown to increase the content of
Li at the more mobile Li: site and decrease at the Liz site, illustrated in Figure 5(b-c) — leading to
overall improvement in ion conductivity and reduction in grain boundary resistance [15, 28-32].
In particular, Sr*" is uniquely beneficial to the system at large, as it also acts as a sintering aid [16,

17, 32]. In this work, LLZO has been doped with Sr and Mg (LLZO-SM).

Cold Sintering Process

Outside of doping, the ionic conductivity of LLZO-SM matrix can be further increased
through compositing with polymer and lithium salts [14]. Typically, the high sintering
temperatures of LLZO ~1100°C [33] would prevent this inclusion, however using the cold
sintering process enables simultaneous sintering at relatively low temperatures (25-200°C) [13,
14, 34].

Three stages have been proposed to occur during the cold sintering process, 1) particle
compaction, 2) dissolution-precipitation, 3) and sintering, shown in Figure 6, wherein the
densification and mass transport during sintering are enhanced via liquid-enhanced creep,
concentration gradients at liquid-liquid interfaces, and concentration gradients at liquid-solid

interfaces [34-36].
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Figure 6. The three stages of the cold-sintering process.

By far the most crucial component of the cold sintering process is selecting a compatable
transient solvent that enocuarges active dissolution of the particles in question. Considering LLZO-
SM 1is known to form Li2CO3 at its surface when exposed to the ambeint moisture, which exhibits
a signifcantly decresed ionic conductivity and thus considered an impurity, a non-aquous tranisent

solvent, such as di-methylformamide (DMF), should be selected [14].

Pristine Half Cell Assembly Methodology

A control polymer salt solution consisting of polypropylene carbonate (PPC) and lithium
perchlorate (LiClO4) was prepared by by dissolving 13.33 wt% PPC in 80wt% acetonitrile, stirring
for several hours. Then the remaining 6.67 wt% LiClO4 was added to the solution.

Next, in an Ar backfilled glovebox, 480 + 10 mg of LLZO-SM powder, supplied by NGK
Spark Plug Co., Ltd., was grinded into fine powder using a mortar and pestle. Then 120 puL of the
control solution and 40 pL of di-methylformamide (DMF) is added to the powder in the mortar.

Once again, the powder is grinded down while going through a breif transiton of paste to dried
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powder again. This dried wetted powder was then added to a 1.27 cm diamter stainless steel die.

Inside the die the powder is sandwiched between a piece of aluminum foil, contacting the powder,

and mylar, in contact with the stainless steel punch and aluminum foil, easily shown in Figure 7.

Figure 7. Cold sintering assembly.

The exterrior of the die is then surrounded by a heating jacket with a thermocouple in contact with
both the jacket and the die. The aparatus is then loaded onto a uniaxial press, followed by applying
80 MPa and 100°C for 1 hour. Afterwards the pressure was slowly released and the cold sintered
pellet was carefully removed from the die. The Myalr stuck to the sample was removed using
scotch tape, leaving only the Al current collectors. The smaple was then wieghed, and the thickness
measured. The density of the sample was determined geometrically determined using the mass and
volume of the pellet, subtracting the accounted thickness and mass of Al foil used. In an idealized
state, the pellet would have a mass slightly higher than 0.5000g due to the ~3wt% DMF retained
in the composite.

Afterwards, the cell is assembled into a CR2032 coin cell, using a spring, and a
combination of 0.5 and 0.2 mm spacers, shown in Figure 8, so that the toal thickness of the

electrode and spacers sumed up to 2.5 £ 1 mm. The cell was the crimped at 12.6 - 1071 T.
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Figure 8. Coin cell assembly.

Electrochemical Impedance Spectroscopy Methodology

Electrochemistry Impedance spectroscopy (EIS) is a powerful non-destructive
characterization technique that uses AC current, sweeping from very high to low frequency to
measure the impedance (Z) of electrochemical cells. EIS accomplishes this by establishing a
relationship to an equivalent circuit, shown in Figure 9a, and deriving the impedance from said
circuit elements (i.e., resistance (R), double layer capacitance (Cy;), and a Warburg element (IW)).
This generates a Nyquist plot, shown in Figure 9b, which plots the imaginary impedance (—ImZ)
vs the real impedance (ReZ). Using this information, the impedance for Li-ion diffusion can be
calculated in the LLZO-SM composite by looking at the “tail”/ W element of the Nyquist plot,
responsible for modeling Li-ion diffusion, and then extrapolating this slope to where it intersects
on the real impedance axis. Using ReZ, the ionic conductivity (g;,,) Was calculated in the cell by

obtaining the thickness (t) and the surface area (SA) of the LLZO-SM, shown in Equation 3 [37].
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—ImZ

ReZ

Figure 9. (a) Simplified EIS circuit model and (b) expected Nyquist plot.

Tion (i) - ReZt-SA (3)

Reprocessed Half Cell Assembly Methodology

After conducting EIS and calculating the ionic conductivity of a sample, the coin cell was
disassembled to recover as much LLZO-SM composite powder as possible in the same Ar
backfilled glovebox using two pairs of pliers. The recovered powder was then weighed, and a
weight lost (W;) was calculated for the following procedural steps, where the recovered powder
was divided by the original mass, shown in Equation 4.

Wl — Myecovered (4 )

Mpyristine

The recovered powder then underwent a similar procedure outlined in “Pristine half Cell Assembly
Methodology”, however instead of adding control solution and DMF, only 40 uL* W, of DMF and
80 uL* W, of acetonitrile were added — keeping the effective formulation of LLZO-SM consistent

with respect to the LLZO-SM and PPC mass recovered.
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Figure 10. Recyclability loop of reprocessing LLZO-SM.

Li-ion Transport Activation Energy

To determine the activation energy (E,) of Li-ion transport in LLZO-SM, the Nernst-
Einstein relationship for conductivity was utilized, shown in Equation 5, wherein A is a pre-
exponential factor, kg is the Boltzmann constant, T is temperature in Kelvin, and oy, is Li-ion
conductivity in S*cm™. g;,, was calculated using Equation 3. Two tests were conducted, one from
-50°C through 100°C held for 30s at 25°C intervals, followed by the second from -60°C through
120°C held for 5 mins at 20°C intervals. The latter was performed as it was deemed 30s was not
enough time for the furnace to thoroughly heat the contained system homogeneously.

Eq1

ln(aT) =InA — E; (5 )
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X-ray Diffraction of LLZO-SM Powder Methodology

LLZO-SM powder was prepared for X-ray diffraction (XRD) to determine the purity of
the composition and illustrate the effect environment (i.e., humidity and air) has on LLZO-SM.
First, the powder was finely grinded using a mortar and pestle. Then said powder was transferred
into a silicon zero background holder (ZBH) mount, and leveled using a glass substarte. Any
excess powder not level with the inslit on the ZBH was bruhsed away. The mount was then
transferred to a Malvern Panalytical Empyrean III XRD, wherein using a divergence slit of 1/4°, a
primary mask of 14mm, and a secondary mask of 14mm, the intensity vs 260 data was collected at

operating conditions 45kV and 40mA.
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RESULTS AND DISCUSSION

The Viability of using Cold Sintering

The viability of using the cold sintering for reprocessing of LLZO-SM was determined
using electrochemical impedance spectroscopy (EIS), shown in Figure 11. Figure 11a shows that
the ReZ impedance of the pristine and reprocessed sample remained within the same order of
magnitude, and therein illustrated, using Equation 3, the 1% reprocessed 0;,,’s only exhibited an
<11% decrease. Further reprocessing revealed an overall decrease in the g;,, as a function of
reprocessed cycle, up to the third time, while maintaining consistent relative density — suggesting
the cold sintering process is capable of densifying composite materials on a consistent basis. The
relative density (RD) was calculated using Equation 6, where the p, is the geometrically calculated
density and p is 4.59 g/cm?, the theoretical density of the composite (ignoring DMF), calculated

in Equation 7.

RD =%22+100% (6)
p

P = Pc-11z0 *VOl%_1170 + Pppc * VOl%ppc + PLicio, * VOl%1icio, (7)

However, from the 3™ to 4™ and 5™ reprocessing in Figure 11b, an unexpected increase in gy,
was observed. This increase in g;,, was speculated to be a result of a non-uniform sample
thickness, thereby measuring lower impedances at decreased thickness across the composite,

superficially increasing g;,,. The procedural data for sample 1 is presented in Table 3.
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Figure 11. Sample 1 LLZO-SM composite (a) pristine vs reprocessed EIS curve and (b)
reprocessed ionic conductivity (S/cm) and relative density (%) trend up to the fifth reprocessing.

Table 3. Sample 1 amount of acetonitrile (ACN), di-methylformamide (DMF), weight loss (W),
thickness (t), mass (m), geometric density of the sample (po), relative density (RD), real impedance
(ReZ), and ionic conductivity (Gion).

Reprocessing 0 1 2 3 4 5

ACN (uL) 120 (control soln) | 69 57 51 47 44

DMF (nL) 40 35 29 25 23 22

Wi (%) N.A. 86.46 71.58 63.70 58.16 54.50

t (mm) 1.123 0.851 0.737 0.65 0.625 0.568

m (g) 0.5201 0.3992 0.3383 0.2995 0.2797 0.2488
pPo (g/em®) 3.49 3.54 3.46 3.47 3.37 3.30

RD % 76.06 77.04 75.38 75.67 73.49 71.93
ReZ (ohm) 621.8 525.6 459.1 467.9 226.6 241.7
Gion (S/cm) 1.43E-04 1.28E-04 | 1.27E-04 | 1.10E-04 | 2.18E-04 | 1.86E-04

Additional samples made following the same method of procedure also showed the same trend of

increased conductivity during later cycles and consistent RD, shown in Figure 12 and Table 4,
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giving stronger credence to the cold sintering process dependably sintering the composite, and

indicating a homogeneously thinner SSE will offer a more optimized performance.

Conductivity (S/cm)

100

1 95

1 %

1 85

1 80

175

170

0.0E+00
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1 65
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2 3

Reprocessing Cycle

60

Relative density (%)

Figure 12. LLZO-SM composite sample 2 composite reprocessed ionic conductivity (S/cm) and

relative density (%) trend up to the fourth reprocessing.

Table 4. Sample 2 amount of acetonitrile (ACN), di-methylformamide (DMF), weight loss (W),
thickness (t), mass (m), geometric density of the sample (po), relative density (RD), real impedance
(ReZ), and ionic conductivity (Gion).

Reprocessing 0 1 2 3 4

ACN (nL) 120 (control soln) | 70 66 55 46
DMF (uL) 40 40 31 27 23

Wi (%) N.A. 86.46 71.58 63.70 58.16

t (mm) 1.074 0.902 0.823 0.661 0.669
m (g) 0.5131 0.4088 0.3654 0.2977 0.2776
P, (g/cm?) 3.60 3.58 3.51 3.56 3.28
RD % 78.46 77.99 76.40 77.50 71.40
ReZ (ohm) 285.3 746.2 2022 234.8 150.3
Gion (S/cm) 2.97E-04 9.55E-05 | 3.21E-05 | 2.22E-04 | 3.52E-4
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Improving Ionic Conductivity

The initial decrease observed in early cycles of Figure 11b and Figure 12 was hypothesized
to be caused by the formation of less conductive impurities, such as t-LLZO and Li2COs. Other
known impurities of LLZO are shown in Table 5 [38].

Table 5. Common LLZO reactions when exposed to ambient conditions.

Reaction (assuming x = 1/8) AG/kJ mol '’
LiseLa,Zr;4006 + HyO(g) — LissHLa,Zr,6006 + LIOH —33.0

LiOH + JCO,(g) — 3Li,CO; + ;H,0(g) —33.6
LisgLayZr16006 + HyO(g) — LisgH,La54Z116066 + Li,O +21.5

Li,O + CO,(g) — Li,CO; —147.6
LisLaysZri6006 + HyO(g) — LissLasyZr, 005 + 2LIOH +82.8
LiseLa,Zr:6006 + CO,(g) — LisglayaZr¢0os + Li;CO;s +15.6

. [ . 1 1 +66.6
LissHLaz4Zr 60096 + §L12C03 — LisgLayaZri6096 + EHzo(g) -+ ECOz(g)

To thermodynamically reverse the reaction of these phases, LLZO-SM powder was pre-heated
prior to following the reprocessed methodology. The powder was transferred into half of a coin
cell lid and placed on a hot plate for 1 hr at 150°C to induce an endothermic reaction to remove
any LiOH or Li2COs. The results of reprocessing up to the fourth cycle are shown in Figure 13 and

Table 6.



4.5E-04 100

4.0E-04 95
= 35604 | 00 &
ﬁ 3.0E-04 85 .E'
P 2.5E-04 5 §
£ 2.0e-04 >
€ 1se04 s %
'g 1.0E-04 70 o
O  5.0E-05 65

0.0E+00 60

0 1 2 3 4 5

Reprocessing cycle

Figure 13. 150°C preheated LLZO-SM reprocessed ionic conductivity (S/cm) and relative
density (%) trend up to the fourth reprocessing.

Table 6. Pre-heated LZO-SM samples amount of acetonitrile (ACN), di-methylformamide
(DMF), weight loss (W1), thickness (t), mass (m), geometric density of the sample (po), relative
density (RD), real impedance (ReZ), and ionic conductivity (Gion).

Reprocessing 0 1 2 3 4

ACN (nL) 120 (control soln) | 70 66 55 46
DMEF (uL) 40 39 37 35 33

W (%) N.A. 97.80 91.50 87.32 82.52

t (mm) 1.091 1.010 0.963 0.915 0.833

m (g) 0.5146 0.4696 0.447 0.4239 0.3956
P, (g/cm3) 3.56 3.50 3.50 3.49 3.58

RD % 77.46 76.36 76.23 76.08 77.99
ReZ (ohm) 226.1 203.1 183.9 203.7 4191
Gion (S/cm) 3.81E-04 3.93E-04 | 4.14E-04 | 2.46E-04 | 1.57E-05
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From Figure 13, it is clear there is an initial benefit to pre-heating the LLZO-SM powder, as the

ionic conductivity up to the second cycle increases above its starting point, but soon after rapidly
declined — the reverse trend of LLZO-SM composites with no heat treatment. To compare all three
samples, the relative conductivity (g,,;) was calculated, by treating the pristine (i.e., 0 cycle)
assembled conductivity as 100% and taking the ratio of a reprocessed cycles conductivity, shown

in Equation 8.

Orol = —2 % 100% (8)
Opristine

When the thicknesses and relative conductivities of each sample were compared, illustrated
in Figure 14, the non-heated samples relative conductivities inflection points, at 0.650mm and
0.823mm respectively were thinner compared to the pre-heated samples final thickness of
0.833mm. From this observation, the reason the heated sample conductivity significantly
decreased after initially increasing was inferred to be because the thickness of the sample was still

too large for any significant contribution towards decreasing the overall impedance.
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Figure 14. Comparing non-heated and heated LLZO-SM composite samples relative
conductivity (%) and thicknesses (t) per reprocessing cycle.

Li-ion Transport Activation Energy

To ensure the LLZO-SM composite SSEs ionic conductivity was following the expected the
Nernst-Einstein relationship regardless of whether the sample was heat treated or not, EIS was
performed over two temperature ranges outlined in the Li-ion transport methodology. The results
of a heated and non-heated LLZO-SM composite reprocessed conductivity as a function of

temperature are shown in Figure 15a and 15b respectively.
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Figure 15. LLZO-SMs reprocessed conductivity as a function of temperature for a (a) heat
treated and (b) non-heat-treated reprocessed sample.

Using Equation 5, the E,of the heated sample was calculated to be = 0.32 eV, which falls slightly
higher than the expected range stated by Wu et al., and the non-heat-treated samples was
= 0.19 eV. Nevertheless, the fit of the line is still highly linear, proving with high confidence that

both processes of reprocessing samples follow the expected Arrhenius behavior.

X-ray Diffraction Analysis

To emphasize the effect of LLZO-SMs environmental sensitivity and the thermodynamic
reversibility of impurity phases, XRD was performed on pristine LLZO-SM powder, LLZO-SM
powder exposed to 75% relative humidity (RH) for 92 hrs, LLZO-SM powder previously exposed
to RH additionally exposed to ambient (STP) air for 118 hrs, and LLZO-SM powder exposed to

RH and STP heated as described above at 200°C for 19 hrs, shown in Figure 16 below.
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Figure 16. XRD analysis of LLZO-SM powder exposed to relative humidity (RH), RH and
ambient conditions (STP), and RH, STP, and heat-treatment.

As illustrated in Table 5, LLZO-SM powder is sensitive to moisture, and studies have shown the
formation of LiOH and Li2COs3 have detrimental impacts on the ionic conductivity of ¢-LLZO
[38]. In this experiment, we emphasize the spontaneousness of both LiOH and Li2CO3 reactions
in a humid environment and ambient conditions respectively, stressing the importance of ensuring
these contaminants are not present in c-LLZO. First, the provided LLZO-SM powder was
confirmed to be c-LLZO, shown in Figure 16. Then, after 92 hrs of exposure to 75% RH, the
presence of LiOH(H20) was confirmed, most notably at 30° 26. Afterwards, the LLZO-SM
powder containing LiIOH(H20) was exposed to ambient temperature and pressure for 118 hrs,
resulting in the formation of Li2CO3, illustrated predominantly at 21.5° 26, with the presence of
LiOH(H:0) significantly decreased, as can be seen with the disappearance of the 30° 20 peak. The
decrease in LIOH(H20) was expected, as it is a reactant used in forming Li2COs. Finally, the

contaminated powder was then heat-treated following the same procedure used above.
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Unfortunately, the presence of both LiOH(H20) and Li2COs still remained. Furthermore, we

conclude that while heat treating the LLZO-SM powder at 150°C when never directly exposed to
RH or ambient conditions did increase ionic conductivity during initial reprocess cycling, the hot
plate heating methodology is insufficient in diminishing the bulk presence of contaminates when
deliberately introduced. Moreover, to achieve the desired results of no LIOH(H20) and Li2COs3
contaminants, we suggest using an oven in a non-oxidizing environment with a more uniform

heating profile.
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CONCLUSIONS

In this study, the viability of using cold sintering to recycle/reprocess the composite
material system LLZO-SM-PPC-LiClO4 for SSE battery applications was reported. Given the
provided data, we conclude that cold sintering is an effective process for maintaining consistent
relative density, however further improvements in maintaining consistent ionic conductivity still
need to be explored.

One such method suggested in this study was heat treating the LLZO-SM powder prior to
cold sintering to remove unwanted, less conductive phases. The conductivity data shown on this
approach when the powders history was only in an Ar environment, heated to 150°C, demonstrated
an increased ionic conductivity in the early reprocessing cycles, ranging between 3 —
4x107*S/cm, compared to the non-heated powders performance ranging from 1 —
2 X 107* S/cm. However, the heat-treated powders ionic conductivity dramatically decreased
shortly thereafter the early reprocessing cycles. Further analysis of the samples revealed that the
thickness of the pellet is hypothesized to play a key role in achieving a desirably low impedance,
and therefore additional studies need to explored pertaining to cold sintering and optimal pellet
thickness to achieve consistently high ionic conductivity. Additionally, XRD analysis confirmed
that the same heat treatment process did not effectively remove deliberately introduced impurities,
such as LiOH and Li2COs3, from contaminated LLZO-SM powder even after 19 hrs of treatment,
due to insufficient heat transfer to the bulk powder. It is therefore recommended that future studies
involving heat-treating contaminated LLZO-SM powder should not be conducted on a hot plate,
which lacks sufficient thermal insulation to ensure the LLZO-SM powder is uniformly being

heated.
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