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SUMMARY

Rechargeable lithium metal batteries hold the promise to deliver high energy densities, though
their commercial application is hampered by challenges such as inhomogeneous lithium deposition
or capacity fading due to irreversible processes at electrode interfaces. Focusing on polymer-based
electrolytes, the importance of realistic benchmarks in energy density as well as key characteristics
governing the cycling reversibility of cells are thoroughly discussed, also evaluating projected
energy densities of lab-scale and multi-layered pouch cells. To facilitate meaningful comparison
of reported cell data, the average energy released per cycle is highlighted as a metric. In addition,
the electrochemical performance of polymer-based systems is compared to liquid- and ceramic-
based systems, covering recent advances while offering perspectives towards further advancement

of high performance and durable energy storage applications based on lithium metal batteries.
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INTRODUCTION

Polymers in lithium metal batteries — Scientific and technological milestones and potential
There is significant interest in realizing rechargeable lithium metal batteries (LMBs) owing to
promising energy densities and substantial advances in current materials development and
electrode interface engineering. Substitution of typical insertion electrodes such as graphite with
lithium metal requires new electrolyte materials that mitigate detrimental interfacial and
interphasial side reactions upon charging and discharging.* While novel electrolyte materials
have been introduced, challenges of sustaining reversibility of the lithium inventory upon
operation remain, which motivates exploration of unprecedented electrolytes. The selection of

electrolytes in systems containing Li metal is critical to the practical use of rechargeable LMBs.

Scientific and technological advances of polymer-based LMBs

While early technologies of LMBs with liquid electrolytes suffered from severe
reversibility and safety issues,® thus limiting their commercialization in the 1980s, recent
electrolyte advances from liquid, ceramic, and polymeric materials have enabled a renaissance in
LMB research and technology in the last decade (Figure 1a), rendering increased specific energy,
cycle life and Coulombic efficiency.®** Notably, specific energies of up to 350 Wh kg™ and cycle
life of 600 have been demonstrated using a 16-layer cell stack with a liquid electrolyte and Li metal
(20 pum) vs. LiNio.sMno2C00.20, cathode.® In addition, energy densities of up to 900 Wh L are
reported to be achieved using a solid-state electrolyte and Ag-C-based Li composite anode.®

These formidable advances® 2% have catalyzed further research and development of
polymer electrolytes for LMBs. Polymer electrolytes offer a variety of advantages to liquid and

ceramic electrolytes, including processability, abundance and operational safety provided that their



ionic conductivity and electrochemical stability could be made comparable to the state-of-the-art
electrolytes. Polymer materials are typically more processable, and form better interfaces with and
within composite electrodes than ceramic systems.?~2° In addition, they are adaptable and capable
of incorporating dopants, fillers, or any solvents as well as tunable molecular chemistry and
structure to access vast physicochemical properties. Polymer electrolytes based on polyethylene
oxide (PEO), pioneered by Wright®® and Armand,®! have been studied extensively and are being
utilized in commercial batteries.>'222> Some scientific and technological advances in these
electrolytes and implementation in LMBs over the past decades are highlighted in Figure la.
Hydro-Quebec has pioneered Li||V20s cells with a PEO/LITFSI electrolyte since the 1990s, which
afford a relatively high specific energy (100 — 200 Wh kg™ on a module level) and long cycle life
(250 — 600 cycles).° Bollore has further developed its “Bluecar” battery exploiting Li||LiFePOu,
with a PEO-based and Li-salt-based electrolyte, for application in electric vehicles, incorporated
into a 30 kWh battery pack.2? SEEO has subsequently built and tested lithium metal batteries
with NCA (nickel-cobalt-aluminum) cathodes and a nanostructured solid polymer electrolyte,
enabling a specific energy of 220 Wh kg'* on the cell level when cycled at C/3 (0.25 Ah capacity).*?
The major advance of SEEO technology comprises the fact that these all-solid cells with lithium
metal anodes for cycling and abuse testing were built using a pilot line with modified battery

manufacturing equipment (such as mixers, coaters, slitters, and so on).

Polymer electrolytes as flexible multi talents
Key properties of liquid, ceramic, and dry polymer electrolytes, as well as single-ion
conducting gel polymer electrolytes are shown in Figure 1b, extending previous comparisons from

literature.?-2%3233 _jquid electrolytes exhibit excellent wetting properties, as well as high ionic



conductivity, while suffering from low mechanical stability, and potentially reduced safety. On the
other hand, ceramic electrolytes provide high mechanical stability and potentially higher safety,
but are incapable of electrode wetting. Polymer-based electrolytes potentially fill the gap between
these contrasting properties due to their mechanical flexibility and stability, which provides great
variability in the overall performance of polymer electrolytes depending on the type of system,
including whether or not they operate as single-ion conductors and if they are gels (containing
some liquid solvent). A key hindrance of the further development of salt-in-polymer electrolytes
constitutes their limited ionic conductivity (~10“ S cm™ at 25°C) and Li* transference number
(~0.3). While yet to be realized commercially, a promising class of polymer electrolytes in recent
research include single-ion conducting gel polymer electrolytes. A single-ion conducting polymer
(SIC) leads to high lithium ion transference numbers close to 1, similar to that of ceramic
electrolytes, but in the dry state their conductivity remains very low.?”?® However, swelling a SIC
with a liquid solvent can significantly enhance the conductivity to values much closer to that of
the state-of-the-art liquid electrolytes without reducing the transference number.?”? Furthermore,
SIC gels maintain many of the convenient advantages of traditional salt-in-polymer
electrolytes,?”?8 including shape flexibility, processability, and safety, though with some trade-
offs. SICs just represent one new class of polymers that present alternatives to salt-in-polymer
systems, and polymer electrolytes can achieve desired properties after optimization. These
properties, such as conductivity and transference number, are typically evaluated in laboratory
settings before implementation into battery prototypes, and are often not tested with active
electrode materials. It is necessary to overcome the current challenges for polymer electrolytes in
practical implementation such as limited ionic conductivity, power output, and in some cases high

temperature operation.



Despite unprecedented demand for safe, durable, high-energy batteries, the LMB remains
in its infancy. Innovation in new electrolytes, particularly for polymers are crucial to enable future
LMB technologies. The following chapters will focus on criteria required for industrial-level
implementation of polymer-based LMBs, efficient evaluation of newly introduced materials in

relevant settings, and developments to date of promising polymer electrolytes for LMB systems.

DISCUSSION
Challenges of evaluating polymer-based LMBs

Evaluation of LMBs, and in particular polymer-based LMBs is not straightforward and
requires careful consideration of multiple aspects, including scale of single-layer vs. multi-layer
cells and relevant key parameters of the cell and individual components. In this chapter, we
demonstrate how energy density can be projected from academic single-cell systems to multi-layer

polymer electrolyte-based systems and briefly describe key parameters of polymer electrolytes.

Design considerations from academic cells to multi-layered cell stacks

Developing advanced batteries is, in general, not only a problem of material optimization,
but also requires considering a range of scales from a single cell commonly operated in research
laboratories to industrially relevant stacked pouch cells. Representations of batteries at multi-cell
and single-cell designs are illustrated in Figure 2. Key factors at the cell level are interfacial
impedance, rate capability, capacity retention, and Coulombic efficiency. Key parameters at the
stack level comprise cycle life, volume expansion, and energy density. At commercial-level multi-
stack pouches, more prominent metrics include safety, processability, and cost per Wh kg?t. A

primary challenge in battery development thus comprises the translation of scientific progress in



academic research to system (industrially relevant) level performance. Recently, Tan et al. have
provided a perspective on scalability considerations and challenges for all-solid-state (ceramics
based) batteries and proposed baseline protocols for cell fabrication and evaluation of pouch-type
cells.®*

Performance criteria on a single-cell level are typically based on high Coulombic efficiency
(CE), rate capability and capacity retention (cycle life),% as well as relatively low overall
interfacial/interphasial impedances.®® It can be demanding to translate published results into
benchmarks for recognizing ‘good’ and ‘bad’ systems due to the variety of parameters influencing
the performance, and the selective lens through which certain material and cell design parameters
are used. For example, a system that runs for over 1000 cycles with high Coulombic efficiency
may be considered to have ‘good’ cycle life, but it is not necessarily a ‘good’ cell system if it
operates with a low cathode mass loading and a thick Li anode, thereby diminishing the advantage
of energy density.®” Moreover, reproducibility of cell performance is especially challenging, as
even minor changes in experimental procedures may have substantial impact on the Li surface (the
storage conditions, manufacturer, etc.) and thus the initial conditions inside the cells.

To effectively develop LMB technologies, promising results should be both reproducible
and scalable beyond individual cells. Transitioning to multi-layered cell stacks in pouch cells adds
further critical metrics such as volume expansion and specific energy of the battery as well as the
cost per energy ($ per Wh), the cost of manufacturing, and safety. Economic benefits are of crucial
importance for technological adaption, as the transition to extensive production of technologies
such as beyond Li-ion LMBs can come with enormous investment costs.*® Two parameters we
present to highlight the challenge in translating from single cells to multi-cell stacks are specific

energy (a performance metric) and required stack pressure for effective operation (an operating



parameter). The specific energy of a single cell is lower compared to the same chemistry in a multi-
cell stack, due to double-sided electrodes and higher percentage of cell housing relative to the
overall mass and volume. Additionally, the force necessary for a required stack pressure scales
linearly with electrode area which means, that going from 1 cm? of a single cell to 30 cm? for a
larger pouch cell (e.g. 1 Ah pouch cell®) would require a 30-fold increase in force and potentially
necessitates the use of heavy steel pressure plates and screws (lowering the specific energy).
Furthermore, minimizing excess lithium inventory is key to achieve high specific energy for
practical devices. A specific energy of 350 Wh kg in a 16-layer cell stack was achieved for an
LMB with a 20 um Li anode and liquid electrolyte.® The optimum ratio of anode and cathode
capacity (N/P) was found to be 1:1 in this case, where thinner lithium (lower ratio) would fail to
compensate for initial Li losses and thicker lithium (higher ratio) would cause excessive SEI
formation and consequently electrolyte degradation.® Thus, to advance polymer electrolytes in

LMB:s for practical use, further exploration of these metrics is required.

Projection of energy density and specific energy

The projection of specific energy at the multi-layer cell level can be estimated with few
input parameters. We show projections of both specific energy and energy density of a model
battery system based on a solid electrolyte, solid-(composite)-cathode and lithium metal in
Figure 3.

The model cell has a lithium thickness of 50 um, electrolyte membrane thickness of 50 pum,
composite cathode active mass loading of 7 mg cm and a cathode thickness of 65 um. Calculation
of the specific energy of a single-layered pouch cell, including all passive elements and an average

reversible cycling capacity of 175 mAh g (based on cathode active mass loading) at 3.5 V, results



in 66 Wh kg™ (90 Wh L), which is below that of Li-ion batteries. For the single-layered pouch
cell, the casing (100 um pouch foil) strongly affects the energy density. Upscaling to a 15-layered
pouch cell roughly doubles both specific energy and energy density (Projection I, 130 Wh kg™ and
184 Wh L), as the impact of the casing is reduced. Decreasing cathode mass loading, increasing
cathode density as well as decreasing lithium and electrolyte layer thickness can boost the cell
energy for practical applications. Adjusting the lithium thickness to 20 um, electrolyte thickness
to 25 pum, and the cathode thickness to 186 pum (20 mg cm) increases the specific energy to 250
Wh kg (392 Wh L, Projection I1), approaching those of commercially available systems based
on lithium metal and polymer electrolytes (Blue solutions), shown in Figure 3. Still, most targets
announced by commercial manufacturers are beyond our model system Projection 1. One critical
parameter for solid polymer electrolyte systems represents the composite cathode, which is
required to access active particles throughout the porous electrode. As such, the active mass ratio
in the polymer-supported cathode drops from > 90 wt% to 60-80 wt% to provide sufficient Li-ion
transport throughout the cathode,*®*’ thereby substantially lowering the overall specific energy.
Specific energy above the United States Advanced Battery Consortium (USABC)* target of 350
Wh kg at the (multi-layer) cell level and C/3 is reached with Projection 111, which consists of a
dense and highly loaded cathode (90 % active material, 25 mg cm™ active mass loading at a
thickness of 100 pm) and delivers a reversible discharge capacity of 200 mAh g*. However, the
current target of the Battery500 project*® of 500 Wh kg™ on (multi-layer) cell level is not reached
based on this projection.

Reversible charge/discharge capacity and operating voltage may also affect the specific
energy. Since a detailed analysis is beyond the scope of this article, a ready-to-use tool is provided

as a supporting file to this manuscript, which allows the inclined reader to calculate the expected



specific energy of a multilayered pouch cell with customizable parameters, such as lithium
thickness and cathode active mass loading. This tool is especially relevant at early stages of
academic research, when novel invented materials are sparsely available (mg scale) and only
small-scale battery tests (e.g. coin cells) are feasible. An extrapolation of specific energy in multi-
layered pouch cells may indicate whether further adaption of the newly developed material appears
meaningful and which steps should be pursued to boost the specific energy. However, this tool
does not project cycling performance, which might change upon transitioning from academic coin
cells to industrially more relevant multi-layered pouch cells. Adaption of this projection tool to
other battery systems can be achieved with minor efforts. In the following section, the variety of
performance parameters of LMBs and most important properties of polymer electrolytes are

presented.

Performance parameters of polymer-based LMBs and polymer electrolytes

Beyond projection of specific energy, the evaluation of electrochemical performance is
crucial to advance polymer-based LMBs. The cell performance is not only determined by external
experimental conditions, but also by the design of the cell, including the mass loading of the
cathode and thickness of lithium metal anode as well as the ratio of electrolyte and active material.®
A wide range of cell designs, testing parameters, and polymer properties employed in published
polymer-based LMB studies is illustrated in Table 1, and dissonance in these conditions or absence
of their reporting in many studies has received increasing attention in recent publications.*6:°0-52
There is a high potential for misinterpretation and misjudgment of published data in contemporary
battery research of LMBs.>® Relevant properties such as required operating temperature and

mechanical stability are uniquely important for polymer electrolytes. While liquid electrolytes and

10



non-polymeric ceramic electrolytes exist in the liquid and solid state, respectively, polymer
electrolytes can be semi-crystalline, glassy amorphous, in a melt state, or even swollen with a
liquid solvent. Each of these states requires different considerations regarding the processing, and
mechanical stability of the electrolytes, which can be dependent on temperature. lonic conductivity
and transference number of the polymer electrolyte are also extremely variable among reported
studies, resulting in a significant impact on battery power and performance. Experimental
conditions can vary enormously, extraction of actual performance parameters is quite challenging.
In the following paragraphs, we elaborate on the characterization of key properties of polymer

electrolytes, focusing on their relevance for optimization and limitations.

lonic conductivity and ionic transport

lonic conductivity has long been reported extensively when improving polymer
electrolytes. Electrochemical impedance spectroscopy (EIS) is an established method to measure
ionic conductivity of polymer electrolytes, which is determined from the measured bulk resistance
and the polymer film geometry. Phase transitions, film expansion, and changes in interfacial area
are all changes the polymer can experience on heating and cooling,>* and strategies such as the use
of spacer rings are utilized to minimize these effects, and thus these changes need to be considered
and reported when testing these materials in full cells.>>? Notably, the ionic conductivity of liquid
electrolytes is often determined without a separator, which slows down bulk charge transport and
thus ionic conductivity.>® For fair comparison between liquid and polymeric electrolytes, the more
realistic conductivity of separators soaked with liquid electrolyte may be referred to. Polymer
electrolytes can have high transference numbers close to 1, particularly if they are single-ion

conductors, which means that the anion mobility is considerably lower compared to Li* and
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polarization effects upon charge/discharge processes are reduced.>® Quantification of transference
numbers is often performed based on the Bruce-Vincent-Method.>” Notably, the actual quantity
extracted from the Bruce-Vincent-Method is the steady-state current fraction p.., which resembles
the transference number only in the limit of a dilute solution where the salt activity coefficient is
unity.® For reasons of uniformity and simplicity, we refer to the current fraction throughout this
work as the transference number. It is important to precisely determine the initial current by setting
the sampling rate high, as it changes almost instantly within tens of milliseconds, whereas current
relaxation may take several hours.*® Typical values of cationic transference numbers range from

0.3 (relatively mobile anions) to 1.0 (immobile anions).5°6!

Limiting current density

The limiting (or sometimes critical) current density is the maximum current density
sustainable in an electrolyte®? and is an important parameter to be reported. As such, the critical
current density (CCD) is frequently reported in the all-solid state inorganic (ceramic) electrolytes
community.®384 A similar quantity is rigorously defined for a salt containing liquid or polymeric
electrolyte set-up, in symmetric Li||lLi cells, where concentration polarization occurs upon
charging the electrolytelelectrode interface.%® The limiting current density jj;,, is reached when the
anion concentration at the electrode of Li reduction converges to zero and creates a mass-transport
induced depletion zone. This effect was first described by Sand in 1901 and consequently the
“Sand’s time” was established, which describes the time until anion depletion likely forces onset
of Li dendrite growth, if the limiting current density is applied.®® This phenomenon was further

explored by Chazalviel in 1990, who discovered that the protrusion growth rate of Li is equal to
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the anion drift velocity.® Monroe and Newman advanced this model for the growth of Li

protrusions in polymer electrolytes and defined jj;,, as:®’

2 CbDF

Jiim = TR 1)

With ¢, as salt concentration in the conducting phase, the apparent salt diffusion coefficient D,
Faraday constant F, Li* transference number t, and L distance between both electrodes.
Determining the current limitations of polymer electrolytes can be done in symmetric Li||Li cells,
either by galvanostatic cycling or galvano- or potentiodynamic current/voltage sweeps. In
galvanostatic cycling experiments, both the shape and magnitude of the overvoltage curve
correlate with interfacial stability, rendering them important criteria for evaluating artificial SEI
layers. Notably, the limiting current density is particularly relevant for achieving high
charge/discharge rates and thus determines the time required to charge/discharge a battery to full
operational capacity. As such, high achievable Li-Polymer interfacial stability and limiting current
density constitute relevant conditions to enable high-mass loading cathodes. Cycling performance,
including Coulombic efficiency, is likely impaired when operating close to the limiting current
density, as inhomogeneous Li deposition/dissolution occurs. Further exploring the limiting current
density for polymer electrolytes is a key step in evaluating their viability for practical LMB

applications.

Mechanical properties

Mechanical properties are especially important when considering polymer electrolytes, as
a major advantage of polymer materials compared to ceramic electrolytes is their flexibility. In
addition, mechanical rigidity is considered to mitigate or limit the formation of Li dendrites by

mechanical suppression. For example, the seminal work of Monroe and Newman states that
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dendrites cannot occur if the modulus of Li is exceeded (~5 GPa) by the electrolyte.®® Reaching
this value with polymer materials, however, is challenging, as most polymer membranes exhibit
moduli of 0.1 — 10 MPa.%® Still, dendrite-free operation at current densities below the limiting
current density is possible for polymer membranes.”® Recent studies have exploited other strategies
including cross-linked polymers™ or SICs with low molar volumes of ions’? to reduce dendrite

growth, presenting possible alternatives to requiring a high modulus polymer electrolyte.

Interfacial and interphasial resistance

Interfacial/Interphasial resistance between the electrode and electrolyte is perhaps among the most
important parameters that govern charge transfer and overpotentials in a cell and therefore its
performance. Notably, it is seldomly reported consistently with all available data.
Interfacial/Interphasial resistances are typically presented in a Nyquist plot, which shows both real
and imaginary parts of electrochemical impedance at different frequencies. The resistances should
be normalized to the area (2 cm?), since the overall resistance of electrodes scales inversely with
the electrode area. While liquid electrolytes typically have low interfacial/interphasial resistances
(<100 Q cm?),” solid-state ceramics may sometimes exhibit rather high interfacial/interphasial
resistance (>100 Q cm?). A benchmark value for internal resistance in all-solid-state batteries has
been proposed to be around 40 Q cm? for a cell in order to achieve 5 mAh cm at a cycling rate
of 1C.” Polymer electrolytes have a large range of interfacial resistances in contact with

electrodes, ranging from below 100 Q cm? to over 1000 Q cm?.7>7®

Coulombic efficiency
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Coulombic efficiency (CE), i.e. the amount of discharge capacity over charge capacity of
an electrode, is among the most reported parameters for batteries and requires special attention in
case of Li metal-based cell chemistry. This is due to the highly reactive nature of Li metal and
associated interphase formation (i.e. loss of charge carriers), as well as the excess amount of Li on
the anode prior to first charge.* In conventional LIBs, the cathode CE mostly represents the overall
efficiency of the cells (typically there is no excess Li source in graphite), however, the source of
Li ions in LMBs is less clear. It is therefore good practice to not only determine the full cell
(cathode) CE, but also the Li CE, e.g. in a Li||Cu cell set-up. Suitable protocols for determining Li
CE were identified for example by Adams et al. that consider irregularities from different Cu
substrate surface conditions.”” Quantifying Li CE is especially relevant for developing future
polymer-based cells, as it is crucial for enabling thin Li excess anodes and cells with larger energy
densities.

Another key bottleneck of polymer electrolytes comprises the cell performance and
designs. Electrolytes with high conductivities may not be effective if charge transfer at electrode
interfaces is slow. Similarly, while cycling performance at room-temperature for more than 1000
cycles is impressive, it may be weak if thin cathodes and thick anodes were exploited. The next
section will compare in more detail frequently used metrics to evaluate polymer electrolytes for

LMB, and propose a new metric to meaningfully evaluate these systems.

Recent advances in polymer-based LMBs and how to evaluate them
Coulombic efficiency, energy efficiency, cycle life, capacity retention, and
interfacial/interphasial resistances are key parameters to evaluate LMBs. As previously discussed,

the ionic conductivity and transference number of the polymer electrolyte are also extremely
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variable among reported studies and can contribute to battery performance. The wide range of
these properties for a variety of polymer electrolytes in LMBs reported is shown in Figure 4,
including salt-in-polymer electrolytes (pure polymer + salt?>">76.78-81 'nolymer + salt composite
6082-85 and gels®2) and single-ion conductors (dry systems®*°° and gels®:%6-11%) and gels,
respectively. Most of the LMB-polymer systems identified in the literature contained LiFePO4
(LFP) as cathode material, some systems were presented with higher capacity active material such
as LiNixMnyCo,02 (NMC) or LiCoO2 (LCO). Details of each reference can be found in Table S2
in the Supporting Information. The electrochemical properties presented in Figure 4 show no clear
favorable active cathode material, thus it is not highlighted further. A larger data set could
potentially enable further insights in the future.

lonic conductivity and transference number do not seem to be correlated (Figure 4a),
though it can be seen that most salt-in-polymer systems are operated above 30 °C, whereas many
of the SICs are operated at room temperature and show similar ionic conductivity ranges.
However, nearly all of the SICs are blended with some kind of solvent, which leads to the high
conductivities at room temperature. The highest room-temperature conductivity seen in the
reported SIC gels is ~1.5 *10 S cm™ (polymers 38 1% and 39 % in Figure 4) are both based on
a network type lithium bis(allylmalonato)borate (LIBAMB) and pentaerythritol tetrakis(2-
mercaptoacetate) polymer. Some gel-based polymer-in-salt systems, such as, polymer 21 % (a
cellulose/PEO composite with added LiTFSI in DMSO), can achieve a room temperature
conductivity higher than 10 Scm?, though transference number is typically below 0.6. A
comparison of CE (averaged over the published cycle life of the cells) in LMBs with active cathode
materials, and the fraction of Li* conductivity (the conductivity multiplied with transference

number) is displayed in Figure 4b. There is no clear trend between CE and Li* conductivity,
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though we note that the SICs appear to have higher CE in general compared to the salt-in-polymer
system, partially reflecting higher electrochemical stability that has been reported for SICs.
Higher Coulombic efficiency exists in the systems with the longest cycle life, as seen in
Figure 4c, where materials with higher CE are able to last for more cycles prior to failure.
However, in most studies, the batteries are not cycled until failure, so it is possible that many of
the polymer systems could last much longer than their reported cycle life, or the authors may have
selected to stop reporting immediately before signficant capacity losses might occur. Similarly,
the capacity retention decreases as the number of cycles increases (Figure 4d), which is expected
due to regular capacity losses and CE of <100 %. To better understand the full capabilities of the
electrolytes in LMBs, additional insight could be gained if more studies reported capacity retention
until a definied failure point, such as for example Cinitiai/2. Reporting in this manner could also
prevent selective reporting of high CE’s from just a small number of cycles, as mentioned in
Chapter 2. There appears to be no clear trend for the relation between interfacial/interphasial
resistances of polymer electrolytes in contact with Li and liquid uptake, Figure 4e. Operation
temperature indicates that it may be beneficial for room temperature operation to add liquid
components, (though more data should be gathered to support such trends). We note that
interfacial/interphasial resistances and liquid uptake (for gels) are often unreported, and inclusion

of this data could significantly strengthen the assessment of polymers as effective electrolytes.

There is no electrolyte that clearly excels in more than one or two of the parameters
included in Figure 4. For example, the boron-based network gel SIC previously discussed
(polymers 38 %4 and 39 %) may have excellent conductivity and transference number (Figure
4a), but the capacity retention and number of cycles are more towards the center of the distribution
of systems examined (Figure 4d). Alternatively, polymers 35 (a polyimide based SIC polymer

17



electrolyte®? ) and 44 (an electrospun nanofiber es-PVPSI membrane with EC/DMC™?) have
some of the highest CE and cycle life (1000 cycles, Figure 4c), but this appears to be at the expense
of lower conductivity compared to polymers 38 and 39 (Figure 4a). This significant variety in
properties, which are often used to characterize ‘good’ or ‘bad’ polymer electrolytes for LMBs
highlights the necessity for improved methods of translating from published data to actual battery

performance.

Identifying “good” and “bad” systems

Early considerations in the late 1990s included the ‘energy throughput’ of batteries, which
describes the total energy released during cycling life,*2 and the lithium figure of merit,*** which
was defined as accumulated discharge capacity at the end of a cycle divided by the theoretical
capacity of the complete Li inventory in both anode and cathode. Risse et al. described several
figures of merit for Li-Sulfur (Li-S) cells, where the average capacity of the Li-S battery was
calculated based on the total accumulated charge output divided by the number of cycles at which
half of the initial capacity was reached.!* Here, we propose a related metric, the average energy
released per cycle:

Cinitiai+Crinal
Av. energy released per cycle = %ﬂ"a Voominal * Mace~ (2),

where Ciniriqr aNd Cring; denote the initial and final specific discharge capacities (in mAh g,
Voomina 1S the nominal voltage, and m.is the active mass loading of the cathode (in mg cm);
please see Figure S1 for further details (Supporting Information).

The total energy of the cell was calculated as the average energy per cycle multiplied by
the number of reported cycles). The energy per cycle is presented in units of Wh cm and not Wh

Lt or Wh kg, as the overall specific energy and energy density including all passive components
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(such as cell casing) was not available for almost all publications. Average power is calculated by
multiplying the average energy per cycle with the C-rate, in that way punishes slow charging rates.
Indeed, the proposed metric offers several advantages compared to conventional comparison of
data (typically based on cycling number and C-rate, or those metrics included in Figure 4). The
average capacity and operational (or nominal) voltage are, when combined, more meaningful to
describe the actual amount of energy stored in a cell per gram of active mass, and multiplication
with the active mass punishes the use of low (and unfavorable) mass loadings and in turn rewards
higher mass loadings. Furthermore, normalization of the energy to the electrode area by
multiplication with mass loading is independent on the type of battery and can be scaled up to
estimate the actual specific energy (in Wh kg?) of individual cells or cell stacks with variable
weight fractions of passive components (including casings). Since the technological adaption of
novel electrolytes in multi-layered cells cannot be performed at early stages of development, this
metric reflects a compromise between academic practicality (leaving out explicit calculations of
the energy density of multi-layered cell stacks) and technological relevance (expressing
performance in terms of energy density). We note that a key limitation of this metric is the fact
that it penalizes systems with high cycle number, because Cy;,q; is typically lower after a larger
number of cycles. However, this could be addressed in future studies by reporting the average
energy per cycle after a standard number of cycles (i.e. 100, 200, 300, ...), for a more equitable
comparison. Figure 5a compares the reported average Coulombic efficiency with the average
energy released per cycle in LMBs with a variety of types of electrolytes, with a comparison of
Coulombic efficiency and total energy (average energy released * number of cycles) found in

Figure 5b, as well as average power (Figure 5c).
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We compare the polymer electrolyte systems (index 1-44, discussed in Figure 4) to two
LMBs with liquid electrolytes,®’ two solid-state electrolytes with a Li-metal anode,*** a solid-
state electrolyte with a pSi-type anode,® and a hybrid ceramic/liquid/polymer electrolyte (a
cellulose based aerogel, with LLZO nanowires and LiPFe in EC/DMC), which we refer to as the
CGE (composite gel electrolyte).!*® The cells with liquid®"*® and solid-state®13!* electrolytes are
able to release much more energy than the considered polymer electrolytes while still maintaining
high Coulombic efficiency. Among the polymer electrolytes examined, there is not a clear
correlation between Coulombic efficiency, and energy released per cycle. Polymers 34 and 44
(both SIC gels with LFP cathodes) demonstrate comparatively high total energy and average
power, likely due to their high cathode mass loadings compared to the other polymer-based
systems. The references containing liquid/solid state electrolytes show higher power density than
most of the polymer systems, potentially indicating their capability of higher charge/discharge
rates. As there are multiple variables involved, more studies may need to be done to elucidate
specific trends of power.

Overall, the findings strongly suggest that the energy output of LMBs with polymer
electrolytes must be improved (while still maintaining high Coulombic efficiency and cycle life),

in order to become potentially competitive with liquid and solid-state electrolytes.

Toward higher cathode mass loadings

The cathode mass loadings of the liquid, solid-state, and CGE electrolytes are all higher
than those in case of the polymer electrolytes reported in Figure 5, which in part leads to the high
energy outputs. Cells that comprise thick cathodes with high mass loadings exhibit challenges for

the polymer electrolyte to fully access all the Li inventory, and thus limit energy density. On the
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other hand, systems with liquid electrolytes may benefit from straightforward infiltration of
electrolyte into the cathode, or in case of the demonstrated uSi-solid-state system, involve
processing of the inorganic electrolyte with the active NMC materials.® The lack of data indicates
that polymers may not be as compatible with mass loadings >20 mg cm, but it is also possible
that such high cathode loadings have not been prioritized upon testing with many of these
materials. While we have specifically used this to highlight the energy released from LMBs with
polymer electrolytes, this approach could be more broadly applied to other types of liquid and
solid-state electrolytes as well. We note that the presented cathode Coulombic efficiency is an
average value based on the available data, other representations of cycling efficiency, such as

accumulated Coulombic efficiency,*'! could not be extracted from most literature references.

Stack pressure matters

It is important to establish additional metrics to more broadly evaluate polymer-based
LMB:s for their suitability for practical usage. For example, stack pressure is an important external
factor that influences Li plating morphology, cyclability and propensity to form Li dendrites.
Increasing the stack pressure in liquid electrolyte based cells can yield improved Li cyclability.t6-
118 While the optimum stack pressure for liquid electrolyte cells is dependent on the types of liquid
electrolyte and separator used, Dahn et al. have reported that an applied pressure of 75 kPa was
sufficient to sustain 95% capacity retention at 50 cycles in a dual-salt lithium
difluoro(oxalato)borate (LiDFOB)/LiBFs liquid electrolyte based ‘anode-free’ cell.}® In a
polymer electrolyte-based Li battery consisting of a PEO/LITFSI electrolyte and Li metal, the
interfacial/interphasial impedance between the polymer electrolyte and Li anode decreases by 1-2

orders of magnitude with increasing stack pressure up to 400 and 200 kPa at 60 and 80 °C,

21



respectively.!*® In comparison to liquid and polymer-based cells, high stack pressure is required
for oxide and sulfide electrolytes to ensure contact between the solid electrolyte and the electrodes
and minimize void evolution. Sakamoto et al. have investigated the effect of stack pressure on the
Li plating and stripping through LLZO solid electrolyte.*?® A “critical stack pressure’ is needed to
enable effective Li plating and stripping, below which dramatic increases in the cell potential was
observed. The ‘critical stack pressure’ increased with increasing current density, from 0.4 MPa at
0.1 mA cm™ to 2.0 MPa at 0.4 mA cm.22° Meng et al. have discovered that a minimum stack
pressure of 5 MPa allows for reliable Li plating and stripping through the argyrodite-type solid
electrolyte LigPSsCI.*2! Many academic studies invoked much higher stack pressures than these
reported minimum values to mitigate challenges at the solid electrolyte|electrode interfaces. For
polymer electrolytes, much lower stack pressure is needed to form sufficiently good contact at the
polymer|electrode interface, though it is worth noting that investigations of the effect of stack
pressure on Li plating/stripping through polymer electrolytes are scarce. Further measurements
and reporting of stack pressure in polymer-based LMBs would be beneficial for better

understanding of their potential for practical applications.

Safety and sustainability

Additionally, seldomly reported criteria comprise safety and sustainability (e.g. ‘green
chemistry’) of lithium metal-based systems. The lack of reporting of these criteria may also be due
to less quantifiability of such parameters. Common safety experiments include flammability tests,
flexibility tests and piercing or cutting of cell stacks. Here, polymer electrolytes can be beneficial
for safety in LMBs, as they potentially enable flexible cell stacks and may consist of flame-

retardant materials.'?> Regarding sustainability, materials and their production have to be
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reasonably affordable and environmentally acceptable (e.g. abundant, non-toxic), rendering efforts
for recycling as crucial source of materials necessary, particularly to establish a trade-off between
using materials of high value (high recycling potential) and materials that are rather abundant (low
recycling potential). In the following (and last) chapter, explicit polymer design considerations are
presented, highlighting the most recent advances in the development of polymer electrolytes for

LMB:s.

Design considerations for the next generation of polymer electrolytes for LMBs

As the technical requirements for viable polymer LMBs come into greater focus, several
directions have been proposed to take advantage of the substantial chemical tunability, interfacial
compatibility, and high safety of polymer electrolyte materials, while also increasing conductivity,
transference number, and general stability in LMB settings. However, the vastness of the polymer
design space necessitates focus in experimental efforts. When practically infinite polymer
chemistries can be accessed in many architectures, eventually doped with any number of solvents,
nanoparticles, or other additives, experimenter time becomes the limiting factor. Progress towards
an industrially viable LMB requires cognizance of many performance requirements
simultaneously. With this in mind, we highlight several trends that show exciting promise to
further advance the design of polymer electrolytes for lithium metal batteries: aggregates for
decoupled ion transport, addition of molecular and ionic dopants for phase separated
nanochannels, and network polymer structures (Figure 6).

The use of polymer materials has long been proposed to mechanically discourage Li
dendrite growth in response to electrode volume changes or uneven lithium deposition through a

combination of interfacial compatibility and viscoelastic resistance to cracking. However, many
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of the most conductive coupled systems are essentially viscous liquids,'?

that may risk cell leakage
and are unlikely to depress dendrite formation. Balsara and coworkers have demonstrated the great
promise of all-solid-state polymer electrolytes, particularly block copolymers of conductive and
glassy monomers, which are highly effective at maintaining structural durability while achieving
ionic conductivities comparable to homopolymers of their conductive block.*?* These materials,
including both single-ion conducting and salt-in-polymer systems, cannot only supply high
transference numbers essential for lithium dendrite suppression, but can also demonstrate tunable
modulus, yield strength, and adhesion to electrodes, all of which are salient to dendrite
suppression.’%124127 These approaches have been effective in increasing cell lifetime in thin films

based on LiF in microporous polymers’? as well as plasticized semicrystalline polyethylene/PEO

networks.”*

Decoupled ionic transport

Attempts to decouple ionic conductivity from any structural relaxation to benefit from a
more inorganic-like ion hopping conduction mechanism as advised by Sokolov*?®1% and
Winey!3¥133 have advanced to include dedicated ion-channels in dry SIC polymers, in which the
large ionic aggregates can quickly transfer ions via exchanging counterions in their corresponding
solvation shells. lonic aggregates are also common in polymer-in-salt electrolyte systems. Liu et
al. present a polymer-in-salt system featuring a micro-structured electrode material which displays
excellent conductivity, cycling, rate, and safety characteristics.’** Jones et al. show an ionic
conductivity comparable to PEO in self-assembled zwitterionic assemblies when LiTFSI is added,
with transference numbers above 0.5 due to the sluggish dynamics of larger TFSI anions through

the dense ionic channels.’® This conductivity is shown to be superionic and localized in the
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ordered ionic aggregate phase, though investigations of electrochemical stability and exploitation
in full galvanic cells are not provided. These results are similar to previous decoupled salt-filled
neutral polymers based on highly rigid phosphine sulfide monomers,*3® but the transference
numbers and full cell performance remain unknown. Polyanions like PSTFSI-Li%, and a-TFSI-Li
analogs'®~*4 incorporating PEO as a block copolymer or blend, as well as other chemistries
exhibit reasonably good mechanical properties resulting from microphase separation while
demonstrating promising electrochemical performance in LMBs. Transference numbers are high
(~0.9) in accordance with their single-ion character but the achievable ionic conductivity is still
somewhat coupled to the segmental dynamics in the conductive phase, limiting application in
batteries to elevated operating temperatures. More efforts for the investigation of highly decoupled

ion-aggregating materials in LMBs appears warranted.

Molecular and ionic dopants

Adding molecular and ionic dopants has recently been shown to facilitate nanophase
separated channels for improved transport properties. Such channels can form in previously
discussed SIC gels, which in many cases have a polar phase of ions and solvents to facilitate ion
transport, with a nonpolar backbone phase to add mechanical stability.2%-%° Addition of suitable
amounts of structural solvent enabled room-temperature operation of gel polymer electrolytes
based on a sulfonamide backbone.®®4* An alternative approach was recently taken by Yang et al.,
in which Cu(ll) and Li salts were added to expand the fibrillar structure of oxygen-rich natural
polymers such as cellulose for decoupled lithium transport.?® Cu?* cations are shown to move
sluggishly in these Li-Cu-cellulose nanofibril (CNF) materials, but play an integral role in

loosening the fibril bundle to allow reversible lithium infiltration and hopping. By blending this
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material into an LFP cathode and casting a film as an electrolyte, an LMB showed relatively stable
cycling performance with 94 % capacity retention over 200 cycles and reasonable performance
with high voltage LMO and NMC cathodes. Similar materials have since then been invoked as
hydroxide conductors for fuel cell applications.#?

Notably, ~2 % water and ~5-10 % ethylene carbonate are present in the material in bound
form. Water should be generally avoided in LMBs due to its reactivity with Li metal. Also, the
leakage, flammability, and toxicity risks associated with carbonates, other bulk organic solvents,
and gel polymer electrolytes that may contain them have motivated a push towards all-solid
systems. However, it is clear that the remarkable performance of this system is predicated on these
small molecule additives and it is likely that the properties and stabilities of these species are
moderated by the salts and the polymer hosts, similar to effects observed in solvate ionic liquids
(SILs) which display high electrochemical stability and miniscule vapor pressure despite
nominally containing small molecule ‘solvents’.}*® As the Li-Cu-CNF material demonstrates,
mechanical properties are not compromised by this solvent, though additional investigation on its
safety is necessary. Thus, while truly dry highly conductive polymer electrolytes have been a
longstanding goal of the field, a transformational technology such as a viable LMB must be
prioritized. It seems likely that the next generation of polymer electrolyte materials will contain

small molecule plasticizers or dopants, whether they act as bulk solvents or not, while still

maintaining operational safety.

In-situ polymerization
Another promising approach to high-performance electrolytes takes advantage of in situ

polymerization or crosslinking of small molecules to produce polymer (network) membranes with
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exceptional wetting of the electrode materials and high conductivity. These membranes may be
plasticized by residual monomer and oligomeric species after crosslinking, or may contain other
additives such as ionic liquids,** deep eutectic solvents (DES)* or others, thereby decoupling
ionic conductivity from the relaxation of the polymer network and creating largely vehicular
transport. By virtue of the in-situ solidification process, the liquid precursor infiltrates the cathode
materials, ensuring excellent interfacial compatibility of the resulting electrolyte membrane. When
properly designed, these materials typically are nonflammable, do not leak, and show strong ability
of Li dendrite suppression. High-performing membranes have been reported, using dioxolane
(DOL) polymerization in conjunction with poly-dopamine in a PVdF-HFP matrix. 4 This class of
materials affords excellent cycling stability over 800 cycles even at 2C, losing just 0.021 %
capacity per cycle on average. Hydrogen bonding between poly-dopamine and dioxolane within
the PVdF-HFP host creates a robust network structure with good mechanical properties and
excellent wetting and Li dendrite suppression, enabling pouch cells to function even when cut.
Similar strategies have shown promise with poly(vinylethylene carbonate) membranes,*” cross-
linked polyTHF materials which show weaker Li* binding and higher transference numbers,4®

and lignin particle-derived branched polymers.*4°

Polymers as artificial interphases

Besides being utilized as electrolytes, polymers can serve as engineered interphasial layers
between Li metal (or current collector) and solid or liquid electrolytes to promote rather uniform
Li deposition/stripping while preventing side reactions. As such, polymers can also take the role
of an artificial SEI to improve interfacial contacts, Li compatibility, and reversibility of the Li

inventory. Several design strategies have been proposed. Bao et al. have introduced a series of

27



polyurethane-based soft and flowable polymers as an interphasial layer between Li metal and
liquid electrolytes to improve Li cyclability and reversibility of the Li inventory.*5! Guo et al.
have fabricated a lithium polyacrylate (LiPAA) layer with high elasticity which can stretch up to
580 % to accommodate Li deformation during plating/stripping processes and reduce Li dendrite
growth.*®? Kang et al. have shown that PVdF (polyvinylidene difluoride) as interphasial layer with
high dielectric constant can promote uniform Li deposition.’>® The polymer layer can also be
applied underneath Li or current collector. It’s been demonstrated that the polymer layer
underneath the current collector can effectively reduce the plating stress, thereby avoiding stress-
driven dendrite growth.'* We note that understanding SEI chemistry and engineering of an ideal
SEl is of crucial importance for all types of batteries,'>>% and especially challenging in case of
Li metal due to its reactive and dynamic nature.®™” While specific benchmarks for properties such
as mechanical stability or exchange current densities of SEI layers are yet to be identified, an ideal
SEI should exhibit both high and uniform Li conduction, as well as thermodynamic stability.*>® A
combination of advanced characterization techniques and simulation is likely required to develop
mechanistic understanding of SEI formation and deposition/dissolution processes.'>® Wu et al.
recently demonstrated how simulation and theoretical prediction of the SEI constituents derived
from poly-e-caprolactone-based polymer electrolytes in contact with Li metal anodes could
potentially contribute to more knowledge-driven development of polymer electrolytes, that is
exploiting the complex interplay and reactivity of degradation products on the Li metal surface.'%

Given the many performance requirements of solid and pseudo-solid electrolytes in LMBs,
it is perhaps unsurprising that the complexity of such materials is increasing, including multiple
polymer chemistries or architectures, small molecule dopants, additional salts, and inorganic

particles to increase electrochemical stability, decoupling, durability, or wettability. While these
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additions often boost the demands and difficulty of material synthesis, particularly on scales of
industrial relevance, a modular approach of tackling performance requirements one at a time, each
with a dedicated material component, has proven fruitful. Whether or not such modularity persists
in the field, rigorous testing is clearly key to reproducible, comparable, and transferable results.
This motivates interest in high-throughput automation and machine learning based approaches,
where experimental efforts by humans can be streamlined as much as possible. Whatever the
approach, the ability of polymer electrolytes to form thin, durable, highly-wetting layers should be

retained, as these traits are important to the rate capability and cycling stability of LMBs.

CONCLUSION AND OUTLOOK

Polymer-based electrolytes offer unique opportunities to combine mechanical strength and shape
flexibility with sufficient charge carrier transport. However, despite substantial research efforts,
challenges regarding reversibility of the Li inventory and achievable energy density remain.
Extrapolation of academic cells to multi-layer pouch cells impressively demonstrates the
importance of realistic benchmarks: even with optimized film thickness, advances in achieving
higher cathode mass loadings and reversible discharge capacity are required to meet industrial
demands. Evaluation of electrochemical cell performance and material properties is prone to
misinterpretation, not least due to the high dependence on the test conditions and large variation
thereof. Instead of conventional evaluation of systems based on transport properties (e.g. ionic
conductivity) and performance properties (e.g. discharge capacity), a new metric is proposed, that
denotes the average accessible energy per cycle. This metric includes cathode mass loadings and
operating voltage and shows a system’s potential to be considered for larger scales. An outlook on

the latest advances in material development illustrates the ever-increasing complexity of developed
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materials, including multiple polymer chemistries and small dopants. The future of polymer
electrolytes in lithium metal batteries can most likely be predicted by strongly focusing on their
main advantages: high versatility and straight-forward processability. Hybrid combinations with
inorganic solid or liquid electrolytes are reasonable cases, where polymers either can act as both
flexible and mechanically robust components, or can stabilize interfaces towards anode and

cathode, respectively.
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Figure 1. Scientific milestones and technological advances of lithium metal batteries.

(a) (top) Selected scientific milestones of rechargeable lithium metal batteries. (bottom) Plot of
the number of publications related to “lithium metal anode”, overlaid with some examples of
technological advances of LMBs, including their reported gravimetric energy densities. The
polymer-based advances have an orange border. Scientific and technological advances were
obtained from recent literature: Scientific advances- Polymer electrolytes,*® PEO-based
electrolytes and composites, 1® thin-film solid-state LMBs,'” SEO block co-polymers,*® highly
concentrated electrolytes,'® anode free interface designs,?® high voltage cathodes in LMBs;%
Technological advances- Li|Liquid[TIS, (Exxon Enterprises),?! Li|Liquid|MoS; (Moli Energy),?

Graphite||LiLiCo; (Sony LIB),2

Li|Polymer|V.0s

(Hydro-Quebec/Avestor),2
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Li|Polymer,|LiFePO4 (Blue Solutions),>? Dual Polymer electrolyte with Li metal anode (SEEQ),*?
anode free design with solid-state separator and catholyte (QuantumScape)® (b) Radar plots
comparing key properties of liquid, ceramic, and two classes of polymer electrolytes: traditional
dry salt-in-polymer, and single-ion conducting gels. While these plots are qualitative comparisons,
examples of ranges of the metrics presented are conductivity: 104-102 S cm™ at 25°C; Li*
transference number: 0 - 1; Oxidative stability: maximum 5.0 V vs. Li|Li"; mechanical strength:
elastic modulus of 1-500 GPa.
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Figure 2. Key output parameters of lithium metal batteries.

While each output parameter is important at multiple levels of a battery system, they have been
grouped into scales in which they are most often considered or are most relevant. The interaction
of these parameters goes beyond the linear scaling of a single cell, and these considerations should
be accounted for, when designing a full system.
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Figure 3. Projection of specific energy and energy density.

Projections of a model pouch cell (green) consisting of a lithium metal anode, solid polymer
electrolyte and polymer composite cathode, compared to announced target values of commercial
manufacturers (orange). The initial academic model cell has a lithium thickness of 50 um,
electrolyte membrane thickness of 50 um, composite cathode active mass loading of 7 mg cm
(60 wt% active material) and a cathode thickness of 65 um. The cell delivers a reversible discharge
capacity of 175 mAh g at 3.5 V. Projection | comprises 15 layers of anode|electrolyte|cathode
stacks without any further changes, whereas Projection Il has the same number of layers, but a
reduced lithium thickness of 20 pum, electrolyte thickness of 25 um, and thicker cathode (186 pum)
affording a mass loading of 20 mg cm at unchanged voltage and discharge capacity. Projection
111 consists of a dense and highly loaded cathode (90 % active material, 25 mg cm active mass
loading at a thickness of 100 um) and delivers a reversible discharge capacity of 200 mAh g at
3.5 V. Further parameters and details of the calculation are provided in the Supporting Information
(Table S1). Also shown in the plot for comparison are targets from commercial manufacturers:
Blue Solutions,*® Tesla,*® Licerion,* QuantumScape,® Solid Power,*? SES,* Prologium,* and
Factorial.*
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Figure 4. Electrochemical data for single-cell lithium metal batteries operated with polymer

electrolytes.

(a) Conductivity vs. transference number (b) (Cathode) Coulombic Efficiency vs. Li*

Conductivity. (c) (Cathode) Coulombic Efficiency vs. number of cycles reported (d) capacity

retention vs. number of cycles reported (e) Area interfacial/interphasial resistance vs. liquid
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uptake. The electrolytes are labeled as: M polymer + Li-salt?®>">76788! (index 1-9); ® polymer
ceramic composite + Li-salt®®82-8 (index 10-14); A polymer gel + Li-salt®2 (index 15-24); @
Dry SIC%%(index 25-27); O SIC gels®::%110(index 28-44). The data are from selected references
from Table S2, and the label on each point is the index number from Table S2. References were
used if the plotted data was reported. Points are black if data was collected at room temperature
(20— 30 °C), purple if the data was collected between 35 —55 °C, and red if data was collected >
60 °C. The presented Coulombic efficiency was calculated from the available data of cycle number
and capacity retention at the end of cycling, as other representations of cycling efficiency, such as
accumulated Coulombic efficiency,** could not be extracted from most references.
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Figure 5. Critical data comparison of various cell chemistries.

Average (cathode) Coulombic efficiency vs. (a) average energy released per cycle, (b) total energy

released during cycling, and (c) average power for different polymer electrolytes in single-cell

LMB full cells in literature (index 1-44). The electrolytes are labeled as: B polymer + Li-salt; A
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polymer gel + Li-salt; ® Dry SIC; O SIC gels. Each point is also labeled with the index from
Table S2, with the active mass loading of the cathode (units of mg cm) in parenthesis. The data
is from select references from Table S2. References were used if all necessary metrics required to
calculate average energy released per cycle were reported. Recently developed liquid (%), solid-

state (@), and a combined 4 liquid/ceramic/polymer electrolyte data is presented for comparison
(index 45-50): LiFSI in DMTMSA,’ LiFSI in TEB/BTFE,® a system with a Li anode and LZC
solid-state electrolyte,'® a system with a Li anode and LGPS solid-state electrolyte,'* a system
based on a Si-anode and a LisPSsCl solid-state electrolyte,® and a cellulose based aerogel, with
LLZO nanowires and LiPFs in EC/DMC. Points are black if data was collected at room
temperature (20 — 30 °C), purple if the data was collect between 35 — 55 °C, and red if data was
collected > 60 °C. We note that the presented Coulombic efficiency is an average value based on
the available data, other representations of cycling efficiency, such as accumulated Coulombic
efficiency®! or lithium figure of merit,***%4 could not be extracted from most literature references.

43



Decoupled
ion transport

Design Strategies for Polymer
Electrolytes

Polymer network structures

Phase-Separated
Nanochannels

Figure 6. Design strategies for polymer electrolytes.

Schematic illustrations highlighting design strategies for polymer electrolytes, including polymer

network structures, decoupled ion transport and phase-separated nanochannels.
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Table 1. Select parameters of single-cell LMBs and polymer electrolyte properties.
The data was collected from the literature, ranges are the maximum and minimum values reported
in references listed in Table S2 (Index 1-44).

Parameter Range

Cathode mass loading 0.8—23mgcm?
Lithium thickness 20 — 500 pm
Initial specific capacity 80 — 270 mAh gt
Voltage window 3.2-39V
Cycle number shown 8 —1400
Operating temperature 20-100 °C
lonic conductivity 10°-102Scmt
Li* transference number 0.25-1
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