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Toward High-Energy-Density Lithium Metal Batteries:
Opportunities and Challenges for Solid Organic Electrolytes
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With increasing demands for safe, high capacity energy storage to support
personal electronics, newer devices such as unmanned aerial vehicles, as
well as the commercialization of electric vehicles, current energy storage
technologies are facing increased challenges. Although alternative batteries
have been intensively investigated, lithium (Li) batteries are still recognized
as the preferred energy storage solution for the consumer electronics
markets and next generation automobiles. However, the commercialized Li
batteries still have disadvantages, such as low capacities, potential safety
issues, and unfavorable cycling life. Therefore, the design and development
of electromaterials toward high-energy-density, long-life-span Li batteries with
improved safety is a focus for researchers in the field of energy materials.
Herein, recent advances in the development of novel organic electrolytes

are summarized toward solid-state Li batteries with higher energy density
and improved safety. On the basis of new insights into ionic conduction and
design principles of organic-based solid-state electrolytes, specific strategies
toward developing these electrolytes for Li metal anodes, high-energy-density
cathode materials (e.g., high voltage materials), as well as the optimization
of cathode formulations are outlined. Finally, prospects for next generation

Although great efforts have been made to
develop other alternative batteries, such as
using Na, K, or Mg as anodes,!l they are
still nascent compared with Li batteries. Li
metal is known for its extremely high the-
oretical specific capacity (3860 mAh g1
due to its low density (0.53 g cm™) and
ultranegative electrochemical potential
(—3.04 V vs standard hydrogen electrode).
However, this intrinsic high capacity has
not yet been achieved due to its high reac-
tivity and the potential safety concerns,
such as battery fire, explosion, etc. There-
fore, the design of high-energy-density
Li-based batteries with improved safety
is critically important for next generation
batteries and applications.

For electrochemical energy storage
devices, the energy density, or specific
energy of a Li battery is defined as the
energy stored per unit volume (Wh L) or
per unit mass (Wh kg™!), which is related

solid-state electrolytes are also proposed.

1. Introduction

The ever-growing consumer electronic market, such as port-
able electronics, wearable devices, and the commercialization
of electric vehicles (EVs) have greatly motivated the pursuit of
efficient, safe batteries that can be used for long service times.
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to the intrinsic capacity and properties

of the cathode, anode, and, of course,

the whole integrated battery device.?
For cathode materials, high energy density can be achieved
either by using high capacity active materials or by increasing
the operating voltage. From the materials design point of
view, increasing the operating voltage of the cathode can be
achieved, for example, by transition metal ion substitution or
doping based on the existing systems.* Achieving a new high
capacity cathode normally requires the invention of new com-
pounds, usually at the expense of achieving high voltage, thus
limiting the increase in overall energy density. As an example,
after Ni substitution, the energy density of LiNiysMn,; ;0, can
reach up to 650 Wh kg™! with a discharge plateau around 4.7 V,
which is 1.6 times higher than the energy of spinel LiMn,0,
(400 Wh kg™).I*3] However, the use of high voltage cathodes
is limited by the properties of the electrolyte materials, such as
chemical/electrochemical stability. Since the commercialization
of the first-generation Li batteries was demonstrated by Sony
in the 1990s,[ organic-solvent-based liquid electrolytes, such as
ethylene carbonate and dimethyl carbonate have conventionally
been used. These organic liquid electrolytes provide high room
temperature conductivity and suitable electrochemical stability
toward most of the electrode systems, such as LiFePO, (LFP)
or LiCoO, (LCO). Unfortunately, they are highly flammable and
volatile, and also show unsatisfactory stability against voltage
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cathode materials (e.g., >4.5 V). Thus, safety concerns (e.g., fire,
explosion) become a significant issue when the batteries are
heated due to high-current charge/discharge or when short cir-
cuits occur due to Li dendrite formation. Therefore, the devel-
opment of high energy Li batteries requires safe and efficient
electrolyte systems, and while high voltage cathode systems
were proposed nearly 40 years ago, the current commercialized
battery systems are yet to safely realize their potential.

The development of electrolyte systems with high safety
is crucial for achieving safe and high energy batteries. Over
the decades, several systems have been proposed and inten-
sively investigated in terms of improving Li battery safety. For
instance, aqueous electrolytes are the recently emerging family
of safe electrolytes. However, due to the low electrochemical
stability of H,0, these electrolytes are highly limiting to the
cell voltage, which also restricts the improvement of capacity
compared with conventional Li batteries. Although there are
breakthroughs, such as “water-in-salt” electrolytes that have
been reported recently”! the energy density of aqueous bat-
tery materials is still not comparative to the state-of-the-art of
high voltage batteries. Inorganic solid-state electrolytes (SSEs)
represent another family of promising materials for solid-state
Li batteries (SSLBs). The first report of inorganic electrolyte
assembled batteries dates back to as early as the 1960s, when
B-alumina (Na,0-11Al,0;) was demonstrated as a solid electro-
lyte in high temperature sodium—sulfur batteries.®! Benefiting
from the unique structure and ion dynamics, inorganic SSEs
provide very high ionic conductivity (107> S cm™ at room tem-
perature), high Li* transference number (;+, close to 1) as well
as a wide electrochemical stability window. However, these elec-
trolytes are rigid and create poor solid—solid interface contact
between the electrode and electrolyte, leading to significantly
high interfacial resistance.’! Other drawbacks such as poor
chemical stability can be found in some representative sys-
tems, such as LiPON, NASICON, and Li;P;S;; electrolytes,[!’!
in which the reduction reaction between inorganic electrolytes
and Li metal anode inevitably form unstable solid electrolyte
interphase (SEI) layers.! It should also be pointed out that, in
practical applications, it is a challenge to completely remove the
pores in inorganic electrolyte pellets (usually higher than 5%'%),
under which conditions the Li dendrites can still penetrate the
electrolyte and short-circuit the cells.

In summary, current SSEs still show problems such as poor
interface stability especially when paired with high voltage
cathode materials,¥l limited kinetics in high loading elec-
trodes, high electrode/electrolyte interfacial resistance, and
unfavorable mechanical stability/integrity for large-scale battery
applications. Thus, in the pursuit of high energy Li metal bat-
teries, the main strategies will include how to design compat-
ible electrolyte materials and how to correspondingly formulate
the cathode composition to improve electrode/electrolyte charge
transfer and enhance active material loading. Commercially,
the demonstration of polyethylene oxide (PEO) based Li metal
polymer batteries (30 kWh packs, 100 Wh kg™! at 70-80 °C)
by Bollore Blue Solutions for diverse applications including
as car-sharing EVs, shows that these barriers can be over-
come.'" Meanwhile, higher rate performance, higher energy
density, and ambient temperature operation remain as goals
for researchers and industry alike to further the development

Adv. Mater. 2020, 1905219

1905219 (2 of 21)

www.advmat.de

Xiaoen Wang received his
Ph.D. in material science

in 2011 from Wuhan
University of Technology,
China. His research interests
include solid-state polymer
electrolytes, nanocompos-
ites, and their applications

in energy storage and conver-
sion devices. Currently, he

is working with Prof. Maria
Forsyth as a research fellow
and his work is focused on developments of alternative
polymer electrolytes and plastic crystal composites for high
energy, all-solid-state lithium-, sodium-metal batteries.

Maria Forsyth is an Alfred
Deakin Professorial Fellow,
an elected Fellow of the
Australian Academy of
Sciences, Fellow of the

Royal Australian Chemical
Institute, and ISE fellow. She
is Associate Director of the
ARC Centre of Excellence

in Electromaterials Science
(ACES), leading the research
effort in energy storage and
corrosion science at Deakin University in Australia and
Director of the Industry Transformation Training Centre,
storEnergy. Her work has focused on understanding the
phenomenon of charge transport at metal/electrolyte
interfaces within novel electrolytes to enable next genera-
tion energy devices

Patrick C. Howlett received his
Ph.D. from Monash University
in collaboration with CSIRO

in 2004. His research relates
to electrochemical devices
and surface engineering
through the manipulation

of electrode interphases using
novel materials approaches.
He is currently director

of the Battery Technology
Research Innovation Hub
(BatTRI-Hub) at Deakin University, focused on advanced
battery prototyping and translating technologies from lab

to industry. His research covers new lithium and sodium
battery technologies as well as ionic liquid, polymer and
plastic crystal electrolytes and their composites.

of SSLBs. In order to address the above challenges, this
review will focus on our recent advances and strategies which
particularly focus on the state-of-the art of the emerging organic
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based SSEs (e.g., organic plastic crystals, alternative polymer
electrolytes, and composite systems). These soft materials are
often at the limit between solid electrolytes and ionic liquids,
encompassing many of their benefits but also addressing solid-
state electrolyte issues of interfacial stability and contact as well
as processability. Furthermore, combined with computational
simulations, the principles, and strategies for future electrolyte
systems with improved Li* transport are proposed.

2. Organic lonic Plastic Crystals (OIPCs)
as Solid-State Electrolytes

2.1. OIPCs and Their Phase-Dependent Behaviors

OIPCs represent a class of SSE consisting of small organic
molecular ions. Compared with molecular plastic crystals, such
as succinonitrile,’ OIPCs are considered as safe electrolytes
due to their ionic nature resulting in nonvolatility and negli-
gible vapor pressure even after melting. Thus, OIPCs have been
extensively investigated and used in a range of devices, such as
proton exchange membrane fuel cells,'® dye-sensitized solar
cells, 1] capacitors,['®l and next generation high energy batteries
(e.g., Li-, Na-batteries).!”) There are several reviews that have
summarized the classification and basic physical chemical
properties of OIPCs,?%22 which are not the focus of this sec-
tion. Instead, here we will discuss their ionic conductivity and
its dependence on phase behavior, then more focus will be
given to understanding ion transport in different OIPC-based
composites in terms of their applications in SSLBs. One of the
key properties of OIPCs that has driven research interest is

(a) (b)
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related to their enhanced interfacial stability and ability to form
stable, low resistance interphases at electrodes after charge—
discharge cycling. This so-called “preconditioning effect” has
been shown to be due the OIPCs ability to modify its transport
properties and microstructure at the electrode interface.'%3]
This aspect is still being explored along with the role of addi-
tional interfaces created during the formation of composite
materials, discussed in more detail in later sections.

OIPCs have been proposed as one of the promising elec-
trolyte materials due to favorable plasticity, which can greatly
improve the solid/solid contact for SSLBs. The ion conduction
of OIPCs is highly dependent on their phase behavior. Thus, the
understanding of the relationship between phase behaviors and
ion transport is critically important for the design of high per-
formance OIPC-based electrolytes. Figure 1a shows the ion pair
structure of a typical OIPC diethyl(methyl)(isobutyl)phospho-
nium hexafluorophosphate, [P1,,14][PF¢).?* In the low tempera-
ture phase (phase IV), both the cations and anions are highly
ordered with a crystal structure of orthorhombic Phca group.
As stated in previous literature,?? the phase I is defined as the
highest temperature phase below melting, and the subsequent
phases at lower temperatures are denoted as phases II, III, IV,
etc. Within each solid phase, the ionic conductivity continuously
increases with increasing temperature, while it often jumps to a
much higher value at the onset of a solid—solid phase transition
(Figure 1b). For instance, in low temperature ordered phase IV,
the ionic conductivity is below 10 S cm™, then the conduc-
tivity significantly increases to 10 and 1073 S cm™ in highly
disordered phase II and phase I, respectively. This evolution of
the ionic conductivity is highly related with the motional modes
of cations, anions (Figure 1c), and their relationship to defect
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Figure 1. The dependence of ion transport on the solid—solid transitions in a neat OIPC, diethyl(methyl) (isobutyl) phosphonium hexafluorophosphate
(P122i4][PF¢])- @) Structure of one [Py5,i4][PFe] ion pair. b) Solid—solid transitions and ionic conductivity as a function of temperature. c) The proposed
different molecular motions in different solid phases (phase IV-l). a—c) Adapted with permission.l4l Copyright 2012, American Chemical Society.
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formation (e.g., vacancies) during structural rearrangement.
The doping of salt (e.g., Li* or Na*) can further increase the
concentrations of defects in the electrolytes, resulting in signifi-
cantly increased conductivity.>) For example, the 10 mol% Li
salt doped pyrrolidinium-based OIPCs (e.g., [C,mpyr][BF,] and
[C,mpyr][FSI])) can show conductivity enhancements of more
than two orders of magnitude compared with the bulk mate-
rial.?®2’] However, due to the formation of more disordered
phases or the presence of highly mobile phases, the enhanced
ionic conductivity is unfortunately often followed by the dete-
rioration of mechanical properties (i.e., they become too soft
to be used as free-standing electrolytes), which hinders their
large-scale applications due to the raised concern of dendrite
formation in the case where Li metal is used. To address this
issue, we have developed OIPC-based composite materials by
using nanoparticles and nanofibers. This section presents the
recent advances of OIPC-based composite electrolyte design in
terms of Li metal battery applications, and how the interfacial
behavior between OIPC and polymer surfaces affects the ion
dynamics and transport.

2.2. Second Phase Effects in OIPC Composite Electrolytes

Although OIPCs have demonstrated respectable properties
in terms of the ionic conductivity and good electrochemical
stability (e.g., 5.6 V vs Li*/Lil?8l), several aspects still need to be
further improved for future battery applications. For example,
some OIPCs with “rigid” anions (e.g., BF,, PF¢) normally show
high thermal stability which can keep their solid-state at high
temperature up to 200 °C, however the low temperature con-
ductivity is not suitable for battery applications. Other systems
with more flexible anions (e.g., TFSI, FSI) show high ionic con-
ductivity at room temperature, while they are too soft to be used
as free-standing electrolytes. For instance, the OIPC triisobutyl
methylphosphonium  bis(fluorosulfonyl)imide  ([Pyi4454][FSI])
has a melting point around 37 °C; although the conductivity
can be enhanced at least four orders of magnitude at room tem-
perature after Li salt doping, an additional polyethylene sepa-
rator is needed for battery assembly.?l For the application of
these OIPC-based electrolytes in practical devices, our strategy
is to develop OIPC-based composite electrolytes by incorpora-
tion of a second, structural component, and to understand the
effects of this second component on composite electrolyte prop-
erties, such as ion dynamics, mechanical properties and, ulti-
mately, practical device performance.

2.2.1. Effects of Inorganic Nanoparticles

Adebahr et al. reported the first OIPC-composite by including
nanosize TiO, particles in the OIPC [C,mpyr|[TFSI], N-ethyl-
N-methyl pyrrolidinium bis(trifluoromethane sulfonyl)amide.
The conductivity of [C,mpyr][TFSI] composites with 10 wt%
of TiO, increased by more than one order of magnitude.*"
In another report, when SiO, nanoparticles were incorporated
within the same OIPC, an even more significant conductivity
enhancement was observed, and it was concluded that the
addition of SiO, can effectively increase the mobile defects,
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subsequently increasing the plasticity and the ion dynamics.B3!

However, the conductivity enhancement via nanoparticle incor-
poration is not applicable to all the OIPC systems. Pringle et al.
compared the effects of different nanoparticles on the phase
behaviors and conductivity of a range of OIPCs.133 The conduc-
tivity measurements showed that the significant enhancement
is usually observed in less plastic phases with low conductivity.
For the OIPCs intrinsically containing a high concentration of
defects, the addition of nanoparticles did not lead to conduc-
tivity enhancement and could even decrease the conductivity.
This observation is similar to another report by Shekibi et al.33]
When SiO, was added into Li salt doped [C,mpyr][TFSI], the
overall conductivity of the composite decreased significantly,
which is in contrast to either Li salt doping or SiO, nanopar-
ticle addition to pure [C,mpyr][TFSI]. The exact mechanism
of conductivity changes in these systems is still unclear, but it
is apparent that transport mechanisms change as a result of
forming the OIPC-based inorganic nanoparticle composites.

2.2.2. Effects of Polymer Nanofillers

In addition to inorganic nanoparticles, OIPC composites with
polymer nanofibers or nanoparticles were also developed, and
some of the systems have been successfully used in Li metal
batteries. Compared with the nanoparticle composites, the
use of nanofibers can significantly improve flexibility of the
electrolyte membranes. Howlett et al. first demonstrated an
OIPC co posite consisting of LiBF, doped [C,mpyr][BF,] and
poly(vinylidene fluoride) (PVDF) electrospun fibers.’¥l Bene-
fiting from the flexible support of PVDF fibers, the mechanical
properties were greatly improved, resulting in a thin and flex-
ible composite SSE. Encouragingly, the prepared composites
showed improved conductivity at moderate temperatures which
enabled LFP full cell cycling at 50 °C. Iranipour et al. investi-
gated the effects of PVDF nanofibers on the phase transition
and ion dynamics.?® Interestingly, in contrast to other reported
OIPC systems which show enhanced conductivity after Li salt
doping, the conductivity of 10 mol% LiBF, doped [C,mpyr]
[BE,] only showed enhanced conductivity in phase I while a
decreased conductivity was observed in the lower temperature
phase II. Further studies including differential scanning calo-
rimetry (DSC), powder diffraction, and solid-state nuclear mag-
netic resonance (NMR) revealed that the Li salt doping resulted
in the formation of a second, Li-rich phase which limits the ion
dynamics in the lower temperature phase. At higher tempera-
tures (phase I), this second phase is removed and a higher con-
ductivity relative to the pure OIPC is achieved. Analysis of the
PVDF composites showed that the secondary Li-rich phase was
absent, leading to enhanced conductivity in phase II and high-
lighting the effect of polymer nanofibers on phase behavior and
ion dynamics in OIPC materials.

We can further speculate that this conductivity change is
likely related to the interface region between the OIPC and
polymer surfaces as evidenced by the dependence of con-
ductivity on different polymer chemistries (Figure 2a,b).
Particularly, the 10 mol% Li salt-doped [C,mpyr][BF,] OIPC
incorporated with the poly(ionic liquid)s fiber, 10Li-[C,mpyr]
[BF,]/PDADMA TEFSI shows the highest conductivity in all
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Figure 2. a) The chemical structures of OIPC [C,mpyr][BF4] and polymer fibers used in composite electrolytes. b) The conductivity comparison of pure
[Compyr][BF,4], 10 mol% doped [C,mpyr][BF,] (labeled 10Li-[C,mpyr][BF,]) and composite electrolytes incorporating different polymer nanofibers. The
conductivity data of [C,mpyr][BF,], 10Li-[C,mpyr][BF,], [C;mpyr][BF]/PVDF, and 10Li-[C,mpyr][BF,]/PVDF is extracted from ref. [35] The conductivity
data of 10Li-[C,mpyr][BF4]/LiPAMPS is extracted from ref. [36]. ¢) The cycling performance of the Li|Li symmetric cells assembled with OIPC composites
incorporating different nanofibers. d) Discharge performance of a LIINMC111 cell using 50Li-[C,mpyr][FSI]/PVDF fiber composite electrolytes (C/15,
cut-off voltage 2.5-4.6 V, 50 °C). NMCxyz represents lithium nickel cobalt manganese oxide (LiNi,Mn,Co,0,) cathode material. The right-hand side
y-axis is columbic efficiency. d) Reproduced with permission.?8l Copyright 2017, Wiley-VCH.

composites. The Li|Li symmetric cell tests also confirm the
superior electrochemical performance (low overpotential) of the
PDADMA TFSI composite electrolyte (Figure 2c).

Another benefit of the fiber composite is that the polymer
nanofibers can provide good mechanical integrity for these
solid electrolytes. For example, the neat [C,mpyr][FSI] shows
high thermal stability and a wide plastic temperature range,>”!
while the Li salt addition significantly decreases the mechanical
strength of the electrolyte. By incorporation of PVDF fibers
into this material, a free-standing OIPC composite electrolyte
can be easily prepared even when 50 mol% Li salt is mixed
with the [C,mpyr][FSI]. As a result, the composite electro-
lyte, SOLi-[C,mpyr][FSI]/PVDF, shows an electrochemical
stability window up to 5.6 V and a t;;+ of 0.37.128] The assem-
bled solid-state LiINMC111 cell demonstrates a promising
capacity retention of 71% after 50 cycles (initial specific capacity
120 mAh g™! vs 86 mAh g™! at 50 cycles) at high cut-off voltage
of 4.6 V, ambient temperature (Figure 2d).

While the polymer fibers have shown promising aspects in
enhancing both electrochemical properties and mechanical
properties of OIPC electrolytes, it is still a challenge to under-
stand the mechanism of polymer surface effects due to the
complicated geometry of fibrous supports. To overcome this,
we have developed composite electrolytes with PVDF nanopar-
ticles with controlled particle size and systematically varying
composition, thereby investigating the effect of the interfacial
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region on the composite properties (Figure 3a). In contrast to
the observation of inorganic nanocomposites discussed earlier,
the PVDF nanoparticles showed an increase in conductivity
even in plastic phase L.13® Figure 3b shows the comparison of
conductivity as a function of nanoparticle loading, presenting
a strong dependence on PVDF mass fraction and a higher
conductivity in the 10 mol% LiFSI-doped OIPC composite at
loadings above 30 wt% (the percolation value). This observation
highlights that, in this particular composite, the PVDF nano-
particles can enhance the conductivity even in the presence of
LiFSI salt, which is different from the LiBF,-doped [C,mpyr]
[BF,] composites.’>! The enhancement in ion dynamics was
also confirmed by static NMR measurements ('Li NMR spectra,
Figure 3c), with line narrowing observed in the composite. This
again confirms the role of interfacial effects on ion dynamics
and also demonstrates another strategy to enhance conduc-
tivity and to improve mechanical stability by using less expen-
sive PVDF particles. In this case, the optimized electrolyte also
demonstrated stable Li symmetric cycling performance as well
as a stable, long-term Li|LFP full cell cycling at 2C and room
temperature (Figure 3d).?

Following the same strategy, a high concentration LiFSI
(50 mol% LiFSI/[C,mpyr|[FSI]) containing PVDF nanoparticles
was proposed. In this case, increasing the Li salt concentra-
tion enabled a Li metal solid-state device with a high voltage
NMC cathode (up to 4.6 V) (shown later in Figure 12a,b). The
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Figure 3. The [C,mpyr][FSI]-based composite electrolytes using PVDF nanoparticles for Li metal full cells. a) Preparation of OIPC-coated PVDF com-
posites. The SEM images are the PVDF particles before and after OIPC coating. b) The composition dependence of ionic conductivity of the nanocom-
posites. ¢) "Li static NMR spectra of 10 mol% LiFSI doped [C,mpyr][FSI] (bottom, blue) and corresponding composite electrolytes with PVDF particles
(top, red). d) Discharge performance of Li|LFP cell assembled with composite electrolytes with 10 mol% LiFSI, room temperature. a) Adapted with
permission.38 Copyright 2017, Wiley-VCH. b-d) Reproduced with permission.B38 Copyright 2017, Wiley-VCH.

enhanced high voltage stability is attributed to the formation of
a stable cathode/electrolyte interphase, as suggested by Wang
et al.% Although these OIPC-based composites incorporating
a nanostructured polymer component have shown promising
battery performance, the exact mechanism of conductivity
enhancement is still under investigation and further compari-
sons with inorganic nanocomposites and other polymer chem-
istries should be performed in the future.

Li* transference number is another important parameter to
evaluate OIPC-based electrolytes. For the [C,mpyr|[FSI]-based
electrolytes with different LiFSI concentrations, the PVDF fiber
composite electrolytes containing 10 mol% LiFSI (10Li-[C,mpyr]
[FSI)/PVDF fiber composite), 50 mol% LIFSI (50Li-[Cympyr]
[FSI)/PVDF fiber composite) show transference numbers
of 0.1 and 0.37 at 50 °C, respectively.’”-?®! Interestingly, when
PVDF nanoparticles were used, the 50Li-[C,mpyr|[FSI]/PVDF
nanoparticle composite shows a transference number of 0.44,
which is higher than the PVDF fiber composite containing the
same LiFSI doped OIPC.P! It should be noted that due to the
different sample preparation method, nanoparticle composites
contain higher loading of PVDF particles (60 wt%) than the
fiber composites (10-15 wt%), suggesting higher specific contact
area between PVDF and OIPCs. Therefore, we assume that the
enhancement of the transference numbers could come from the
surface interaction which depresses the FSI anion mobilities.
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3. lonic Polymer-Based Solid-State Electrolytes

Solid polymer electrolytes (SPEs) have shown their advantages
in design of high-energy-density and all-solid-state batteries due
to their flexibility and mechanical integrity.*!! In addition, due to
the absence of organic carbonate plasticizers, the application of
SPEs can greatly improve the battery safety, which is the key for
large scale applications especially when Li metal is considered.
Since the first polymer electrolyte systems were developed by
Armand et al. in the 1970s,*?l PEO and its derivatives have been
extensively investigated as the mainstream system for polymer
electrolytes.*3] PEO has a good ability to solvate Li* and disso-
ciate Li salts. On the other hand, coordination between the PEO
backbone and Li* ions is relatively strong, which in turn limits
the mobility of the Li* ions. Therefore, although PEO-based elec-
trolytes have been largely used in different alternative battery
devices, such as the Blue Solutions vehicles discussed above,
the #;;+ is still low (0.2-0.3) and new chemistries are desirable.
Anionic polymer electrolytes have anions chemically bound to
polymer side chains, and ideally the Li cation is the only mobile
species, thus producing a single-ion conductor with a #;;+ of 1.
However, the main disadvantage of these anionic polymers is
the low ionic conductivity, due to the strong Coulombic interac-
tion between alkali cations and polyanions, leading to the vir-
tual crosslinking of polymer chains that increases polymer T,.
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Single-ion PEO/PC versus Conventional PEO/PC
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Figure 4. Upper part: Chemical structures of single-ion PEO/PC and conventional PEO/PC polymer electrolytes. Lower part: Li symmetric cells at
70 °C under 0.2 mA cm™2 polarization: a) Single-ion PEO/PC and b) Conventional PEO/PC electrolyte with LiTFSI. Adapted with permission.l!

Copyright 2019, Wiley

Given the fact that T, corresponds to the onset of segmental
motions within the polymer backbone and, for most current
polymer electrolyte systems, the ion mobility is highly correlated
with these segmental motions, the T, is an important parameter
for the design of highly conductive polymer electrolytes.* A
number of strategies have been tried to increase the alkali cation
transport through modifying the polymer architectures, such as
making block copolymers with ion-diffusion facilitating units
(e.g., EO);®! or adding ionic liquids/solvents as plasticizer. Dif-
ferent strategies have been developed in order to increase the Li*
conductivity, all of which have an important role for the polymer.

3.1. Polycarbonate Polymer Electrolytes

Nowadays, other polymers, such as polycarbonates (PCs) systems
are being extensively investigated as alternatives to PEO due
to their higher #;;+.* The weak Li* coordination by carbonate
groups and strong coordination with anions are considered to
be the main reason for the observed values of t;;+ higher than
0.5 for PCs.*647] At higher salt concentrations, the coordinated
Li ions act as transient crosslinks that stiffen the material and
hinder ion transport. However, employing “plasticising anions”
(e.g., LiTFSI) can achieve fast Li-ion conduction at high-salt con-
centrations although this is accompanied by deterioration of the
mechanical properties.[*¥l As an example, a series of poly(ethylene
oxide carbonates) (PEO/PCs) were synthesized by polyconden-
sation between different ethylene oxide diols and dimethyl car-
bonate. These PEO/PC systems were formulated as SPEs by
adding different amounts of LiTFSLM! The concentration of
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LiTFSI was varied within the polymer resulting in a t;;+ of 0.59
and the highest ionic conductivity of 1.3 x 102 S cm™ at 70 °C.
Interestingly, at the same temperature, the electrochemical sta-
bility window was 4.9 V for these PEO/PCs SPEs.

A number of different single-ion conducting polymer elec-
trolytes have been developed in recent years, as reviewed
by Armand et al.’% As an example, an optimized single-ion
polymer electrolyte was recently synthesized by combining the
most successful chemical units with respect to polymer elec-
trolyte design, such as ethylene oxide, carbonate, and Li sul-
fonimide.”"! The single-ion conducting PEO/PC copolymers
showed high ionic conductivities of 1.2 x 10 S cm™ at 70 °C
and t;;+ > 0.89. The single-ion PEO/PC was compared with
an analogous conventional polymer electrolyte containing an
equivalent amount of LiTFSI salt. As expected, the ionic conduc-
tivity of the conventional salt in polymer electrolyte was higher.
However, the effective Li* conductivity obtained by multiplying
the total conductivity by the #;;+ of each system showed a more
similar value of 2.9 x 10 S cm™ for the single-ion PEO/PC
compared with the conventional SPE PEO/PC with dual cation/
anion motion, where the Li* conductivity was 7.9 x 10 S cm™.
The performances of both polymer electrolytes in Li symmetric
cells were compared (Figure 4). Interestingly, the single-ion
polymer electrolyte showed improved performance in Li plating
and stripping (lower cell voltage polarization), while both
systems were able to sustain the applied current density. The
single-ion system shows lower overpotential (80 mV vs 180 mV)
and a distinct plateau at 0.2 mA cm™ (70 °C), indicating that
this system exhibits better Li* transport properties, while the
conventional PEO/PC suffers from Li* transport limitations
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(Figure 4). The difference in Li* transport performance between
the two systems is likely due to the presence of mobile TFSI
anions in the conventional system, which reduces the fraction
of charge carried by Li*. This is reflected in the symmetrical cell
polarization profiles where the formation of a concentration gra-
dient is evident from the absence of a sustained plateau in the
potential profile of the cell with the conventional PEO/PC elec-
trolyte.’?l The continuously increasing cell potential suggests
a diffusion limited reaction at one or both electrodes, which is
made worse by the mobility of TFSI in the conventional system,
allowing it to more effectively crowd the interface.

3.2. Alternative Polymers for High Salt Concentration
Polymer Electrolytes

3.2.1. Poly(lonic Liquid)s as Polymer Hosts

As noted above, due to the strong coordination between PEO
oxygen and Li*, the #;;+ in conventional PEO-based electro-
lytes is generally low (0.2-0.3). This is undesirable as it can
result in high polarization and affects the charge-discharge
performances, especially at high C-rate. To enhance the t;;+
researchers have successfully developed a range of alternative
polymer hosts that go beyond PEO and its derivatives, including
the PC systems described above.*!]

(@) (b)
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It has been demonstrated that increasing the Li salt concen-
tration, or using a solvent-in-salt system, can effectively increase
the Li* transport.”?3] The mechanism lies in a dramatically
changed coordination structure, in which ion hopping occurs
via coordination exchange within extended aggregates wherein
there are higher Li*-anion coordination numbers. This leads to a
high t;;+, although the conductivity is decreased.”* Ionic liquid
(IL)-based electrolytes containing high salt content have also
been investigated; their high safety characteristics and enhanced
Li metal cycling making them alternative candidates for safe Li
metal devices. Compared with electrolytes containing low LiFSI
content (e.g., 0.8 mol kg™!), increasing the LiFSI salt in pyrroli-
dinium-based FSI ionic liquids (e.g., 3.2 mol kg™! or 1:1 mole
ratio of IL to LiFSI salt) was shown to double the t;;+, which ena-
bled improved charge-discharge performance at high C-rate.>

High salt content strategies have also been used in polymer
electrolyte systems.l*® In our recent work, we demonstrated that
a poly(ionic liquid) (or polyIL) host can be a promising polymer
matrix to dissolve high amounts of Li salt, resulting in high
rate Li metal cycling, as well as full cells with high voltage cath-
odes, such as NMC and lithium nickel cobalt aluminum oxide
(LiNiCoAlO,, NCA). In particular, we developed polymer elec-
trolytes based on a low cost and commercially available polyIL,
poly-(diallyldimethylammonium) (PDADMA) (Figure 5). This
ionic polymer was selected as a result of its commercial availa-
bility, low cost as well the feasibility to simply tailor its chemistry
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Figure 5. a—c) Chemical structures of LiFSI salt, ionic liquids trimethyl(isobutyl)phosphonium bis(fluorosulfonyl)imide ([P17i4][FSI]), N-methyl-N-
propylpyrrolidinium bis(fluorosulfonyl)imide ([C3mpyr][FSI]) and PDADMA TFSI host. d) Photograph (left) and SEM image (right) of composite elec-
trolytes consisting high Li concentration [P111,4][FSI] and Al,O3 nanoparticles. a,b,d) Adapted with permission.>® Copyright 2018, The Royal Society of
Chemistry. ) Adapted with permission.*®! Copyright 2019, American Chemical Society. e) Digital picture (left) and cross-sectional SEM image (right)
of composite electrolytes consisting high Li concentration [Csmpyr][FSI] and PVDF nanofibers. Adapted with permission.*® Copyright 2019, American
Chemical Society. f,g) LilLi symmetric cycling performance and conductivity dependence of composite electrolyte of (d). f) Adapted with permission.[*%
Copyright 2019, Wiley-VCH. g) Reproduced with permission.® Copyright 2017, The Royal Society of Chemistry. h) The dependences of conductivities
and t;+ of composite electrolytes on salt concentrations. The salt concertation of 1.6, 3.1, and 4.7 mol kg™' represents the mole number of salt in
1 kg of “solvent” (ionic liquid plus PDADMA TFSI) in each electrolyte. Reproduced with permission.’® Copyright 2019, American Chemical Society.
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by exchanging different counter ions. When the PDADMA
TFSI was mixed with high LiFSI-containing phosphonium
ionic liquids, an optimized ionic conductivity of 0.28 mS cm™
was achieved at 30 °C (Figure 5g). Although the t;;+ as meas-
ured by electrochemical methods (0.18 at 50 °C) is lower than
for the high LiFSI ionic liquids (0.59 at 50 °C), the prepared
electrolytes (Figure 5d) can still sustain long-term Li symmetric
cycling at a high current density of 0.5 mA cm™2 (Figure 5d.f).
It should also be noted that although diffusion NMR shows that
the diffusion coefficient of all ionic charge carriers decreases
with increased polyIL, the decrease of anion diffusion is more
significant. In other words, this NMR result indicates the added
polyIL enhances the Li* diffusion relative to other charged
species, which is consistent with an earlier report by Schon-
hoff et al.’”l Furthermore, revisiting the strategy of increasing
target ion transport by nanoparticle addition discussed for
OIPCs above (Section 2), the addition of Al,0; nanoparticles
improves the mechanical stability. However, this mechanical
enhancement from nanoparticle fillers is limited due to rela-
tively weak interactions or entanglements between polymer and
particle surfaces. To further investigate the effects of salt con-
centration on the properties of polyIL-based composite electro-
lytes and their electrochemistry, we developed PVDF nanofiber-
enhanced composite polymer electrolytes, which allows control
of the salt concentration over a wider range without loss of

www.advmat.de

mechanical properties (Figure 5e). As shown in Figure Sh, the
conductivity is highly dependent on the salt concentration; with
increasing salt content from 1.6 to 4.7 mol kg!, the conductivi-
ties decrease significantly from 4.5 X 10™* to 4.9 x 10°® S cm™!
at room temperature, while the t#;;+ dramatically increases
from 0.13 to 0.53. When the PVDF fibers were used as a rein-
forcement, the polylL-based composite electrolytes with LiFSI
content of 3.1 mol kg™ demonstrated both high mechanical
strength and stable Li metal cycling. This composite polymer
electrolyte also supported stable charge—discharge full cell
cycling with high loadings of both NMC and NCA cathodes,
having an areal capacity of higher than 1 mAh cm™.

The composite polymer electrolyte investigations demon-
strated that the polyILs have a critical role as polymer hosts
and can themselves influence the Li* transport, which we
attribute to specific interactions between the polymer and the
salt anions affecting the ion transport mechanism. This electro-
static interaction or coordination was also mentioned by Smyrl
et al. in their earlier work when PDADMA TFSI was used with
tetraglyme (G4)-LiTFSI solvate ionic liquid.®!! To confirm this
interaction in polylL-based electrolytes, we have simplified the
polymer electrolyte composition, by using PDADMA FSI and
LiFSI binary solid electrolytes (Figure 6a) and eliminating the
ionic liquid component.[®? Interestingly, the addition of LiFSI
salt continuously decreases the glass transition temperature
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Figure 6. a) Chemical structures of poly(ionic liquid)s, PDADMA FSI, and

LiFSI salt. b) Conductivity dependence on LiFSI salt concentration. c) Li*

transference calculated based on method proposed by Watanabe et al.tl d) The cycling performance of LiINMC cell assembled with PDADMA-LIFSI
composite electrolytes. e) Typical charge—discharge curves corresponding to (d). a—e) Adapted with permission.[2l Copyright 2019, Elsevier.
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(Ty), while the conventional PEO-based electrolytes show an
increase T, when salt concentrations is higher than 5 mol%.1*
In addition, the polyILs show good solubility toward high Li salt
content and a homogenous phase is sustained up to 1:1.5 mole
ratio of polyIL units to Li*, where the highest ion conductivity
is achieved (e.g., 1.1 X 10™ S cm™ at 50 °C) compared with
other polyIL units to Li* ratios (Figure 6b). Assisted by mole-
cular dynamics simulations, discussed in more detail below, it
was confirmed that anions coordinate with both the polycation
backbone ions and the Li*, which synergistically immobilizes
the anions and facilitates Li* transport. This co-coordination
mechanism provides an alternative method to designing next
generation polymer electrolytes with high t;;+ (>0.5, Figure 6c).
The best electrolytes in this family of materials show promising
Li|Li symmetric cycling up to 0.2 mAh cm™ and supported a
Li[NMC full cell with areal capacity of 1.1 mAh cm™ at elevated
temperature, as shown in Figure 6d.

As a summary, the polylLs have shown promising proper-
ties, such as high Li salt solubility, wide electrochemical stability
window, and high thermal stability for future all-solid-state, safe
Dbatteries applications. However, the state-of-the-art polyILs still
show low ambient conductivity and most of the demonstra-
tions are based on plasticized systems, which unfortunately
weakens their advantages as solid-state electrolytes. Therefore,
the improvement of room temperature conductivity along with
balanced mechanical stability for polyIL platforms is a key goal
for the design of high performance polymer electrolytes.
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3.2.2. PolylL Block Copolymer Electrolytes

From the work described thus far, it is clear that the incorpo-
ration of high Li salt concentration in homopolymer-based
polymer electrolytes comes at the cost of the mechanical prop-
erties. Furthermore, in some cases, especially for low tem-
perature applications, small molecular plasticizers (e.g., ionic
liquids,[® carbonates!®l) are still needed in order to enhance
the ionic conductivity, which consequently further deteriorates
the mechanical stability and may lead to additional unwanted
side reactions within the electrodes during device opera-
tion. To overcome this plasticizing effect, the use of a polyIL
block copolymer, where a high T, polymer block is covalently
bonded to the ionic conducting block, was recently proposed
as the polymer host for Li salts.[”] Herein, a polystyrene (PS)
block was used as a mechanical block to overcome the plasti-
cizing effect of ionic liquid and LiFSI (Figure 7a), which were
selectively solubilized in the polyIL blocks. Furthermore, the
DSC and integrated small-angle X-ray scattering (SAXS) pat-
terns (Figure 7b,c) suggest that a microphase separation (ionic
liquid, LiFSI salt rich phase, and PS rich phase) with lamellar
structure is maintained. By this strategy, the mechanical and
ion-conduction properties can be tuned independently by pre-
cisely controlling the degree of polymerization of each block
using reversible addition—fragmentation chain transfer (RAFT)
techniques. It was found that a molar ratio of 4:1 between the
mechanical block and the polyILs block, respectively, gave the
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Figure 7. a) Molecular structures of poly(styrene-b-1-((2-acryloyloxy)ethyl)-3-butylimidazolium bis(trifluoromethanesulfonyl)imide) (S-PlLgs¢), ionic
liquid, and Li salt used in this work. b) Phase behavior and c) structural relationship of S-PlLg,.1¢ electrolytes as function of IL content and salt concen-
tration. d) Charge—discharge curves of Li|LFP cell at 50 °C with an areal capacity of 1.8 mAh cm™2 at a C-rate of C/20 using a polylL block copolymer
electrolytes. a—d) Reproduced with permission.l®”) Copyright 2019, Wiley-VCH.
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best compromise in terms of mechanical and ion conduction
properties. Additionally, the use of polyIL block allows the dis-
solution of Li salt at much higher concentration when com-
pared to ionic liquid alone, as seen in PDAMDA based systems
discussed above. The development of SPEs with enhanced Li*
transport properties (t;+ = 0.5) was achieved by keeping the
overall anion to Li molar ratio below a value of 1.5, through
the use of high Li salt concentration.l”] These SPE materials
demonstrated promising performance in a Li metal battery with
a LFP cathode at 50 °C (Figure 7d), near practical operating
levels (1.8 mAh cm™2) without the need for additional reinforce-
ment. These materials provide a vast selection of chemistries to
tailor both conductivity, Li* transport and mechanical proper-
ties by control of block length, block chemistry, and salt con-
centration. We are currently investigating these parameters in
order to further improve the electrolyte performance for SSLBs
operating with high capacity cathodes.

3.3. Alternative Li Salt Design

The enhanced Li* transport properties observed in supercon-
centrated electrolytes has been attributed to the formation of
multidentate anion-Li*-coordination in order to satisfy the Li*
coordination environment. With increasing lithium salt con-
tent, the average number of anions coordinating with one Li*
(coordination number) progressively decreased (i.e., on average
each anion coordinates with more than one Li*), which is indic-
ative of ion clustering or aggregates.°28] The formation of such
aggregates results in a change of the transport mechanism pre-
sent in these materials, shifting from a typical vehicular trans-
port mechanism to a Li* hopping-like transport mechanism, %]
similar to the Grotthus transport mechanism in acid media.
Following this concept of promoting anion interactions to
enhance Li* transport properties, Armand et al. recently devel-
oped novel TFSI-like anions with hydrogen bond donor groups
for solid-state Li metal batteries.”>’1] The replacement of some
fraction of the F atoms in the TFSI anion by a hydrogen atom
allows additional hydrogen interaction between the anions them-
selves and also the polymer host, which results in an enhance-
ment of the Li* conductivity (Figure 8). These new anions have
thus far only been investigated in PEO-based SPEs, providing
great scope for additional studies in other polymer matrices as
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well in gel and polyIL systems, such as those described here.
As the TFSI and FSI anions facilitated a step change in the
electrolyte evolution after 1990 (both liquid and polymer elec-
trolytes) due to their plasticizing properties and unique ability
to form stable SEI layers on electrode surfaces,”? so these new
anions will promote an entirely new family of electrolyte mate-
rials with still higher Li* transport relative to the present systems.

4. Simulation-Assisted Design of New
Solid-State Electrolytes

Concurrent with experimental studies, computational research
has demonstrated its power in exploring new electrolyte mate-
rials, rational design, and optimization of existing electrolyte
systems, through expanding fundamental knowledge at the
molecular level and assisting the interpretation of experimental
observations.”3] The current computational methods used in
electrolyte research are normally divided into first-principle-
based methods [e.g., ab initio, density functional theory],
classical force field-based methods [e.g., Monte Carlo (MC),
Molecular dynamics (MD)], and their combination, ab initio
molecular dynamics (AIMD) method. First-principle methods
are generally used to study ion—ion interactions and their struc-
tures. They are also widely used to interpret experimental spec-
troscopy properties, including Infrared (IR), Raman, and NMR
spectroscopy, etc. Due to the higher level calculation, their
applications are limited to small molecular systems. Classical
force field-based methods, e.g., MD, are more often applied
to investigate large electrolyte systems, such as polymers. The
MD method allows calculation of time-dependent properties,
for instance, ion diffusion, which are very important in elec-
trolyte research especially in disclosing relationships between
ion coordination environments and diffusion mechanisms.
The AIMD method treats ion—ion interactions based on first-
principles, and dynamics based on classical force fields. This
method is still expensive to conduct and is currently limited
primarily to the study of small inorganic electrolyte systems.
Regarding the polymer electrolytes or organic ion conductors,
such as OIPCs, the use of MD is more prevalent. In recent
years, computational studies are increasingly being undertaken
and provide significant insights into the study of solid electro-
lyte systems.”*7¢l Here, we mainly focus on recent progress
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Figure 8. Design of new Li salts for improved Li* transport. a) Anion chemical structures of different Li salts and b) calculated Li* conductivity (70 °C)
and dissociation energy of LiX/PEO electrolytes containing different Li salts. a) Adapted with permission.l’% Copyright 2019, Wiley-VCH. b) Reproduced
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in computational studies of organic ionic plastic crystals and
polymer electrolytes.

4.1. Molecular Insights into OIPC Simulations

Multiple solid—solid phase transitions are signature thermo-
dynamic phenomena of OIPCs, which are believed to corre-
late to varied intra and intermolecular ion motions. However,
it is a challenge to understand these motions and interactions
through experiments alone. On the other hand, this structural
evolution can be easily achieved by MD simulations provided
that the potential functions are accurate enough to describe
molecular structure and motions. With MD simulations, we
have successfully reproduced an ion transport model of the
OIPC [Pyy,44][PF¢] that was initially derived from interpreta-
tion of the experimental NMR data.””l Additional specific
intramolecular motions were also captured and presented in
greater detail. It is shown that the multiple solid-solid phase
transitions are associated with hierarchical thermodynamic ion
motions caused by increasing temperature and volume expan-
sion. From the lowest to the highest level, these ion motions
could involve i) the side chain (alkyl chain) vibration and reori-
entation, ii) rotation of partial structure or functional groups,
iii) rotation of the whole molecule along a particular direction,
iv) tumbling motion of the whole molecule, and v) translational
or diffusional motion.

Furthermore, it is confirmed that dynamic heterogeneity
is present in the OIPC and becomes more pronounced in
the presence of molecular defects, such as vacancies or grain
boundaries. Such a phenomenon was suspected from the NMR
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linewidth analysis, normally evident as a sharp peak appearing
superimposed on a broad static peak (highlighted in Figure 9a
by a red circle), suggesting a fraction of ions having faster
motion than the lattice ions (similar sharp appearing in '°F
spectra at 353K, Figure 9b). This was further confirmed through
MD simulation of a single [P15,y][PF¢] crystal with Schottky
defects (i.e., vacancies introduced in the OIPC by removing ion
pairs in the simulation), which promoted ion hopping between
nearest neighbor lattice sites,”®l resulting in the collective local
fast ion motion.

The transport mechanism of the alkali metal ion dopants,
including both Li* and Na*, and their impacts on ionic con-
ductivity were also investigated through MD simulations
in the [P15,4][PF¢] and tetramethylammonium dicyanamide
(TMAJ[DCA]) OIPCs.”30 In the [TMA|[DCA] system, Li
dopants were found to strongly coordinate with the DCA
anions, resulting in the shift of the DCA anions from their
lattice sites, which increases the free volume in the OIPC,
thereby enhancing the diffusion of the remaining “free” DCA
anions. This is consistent with experimental observations
of the increasing ionic conductivity through adding a small
amount of Li salt.®! The hopping mechanism of both Li* and
Na* inside an OIPC matrix has also been studied in the [Py,
[PF¢,B% and was found to involve a similar diffusion mecha-
nism to that reported in an ionic liquid electrolyte, in which
an alkali metal ion hops through the reconstruction of its first
coordination structures. The hopping of the Li* in the [Pyy,;]
[PF¢] OIPC occurs almost instantaneously as soon as its tri-
angular Li[PF¢]; solvation structure breaks and reconstructs,
whereas the hopping of a sodium ion will go through an
intermediate triangular Na[PF]; solvation structure between
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Figure 9. a,b) The 'H single-pulse (a) and '°F single-pulse (b) spectra versus temperature for an OIPC [P;,,4][PFe]. A sharp peak appears on the top
of the broad peak at 333 K that is highlighted by the red circle, suggesting a small fraction of fast-moving cations. a,b) Adapted with permission.l?*l

Copyright 2012, American Chemical Society.
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Figure 10. a—f) Snapshots of the Na (a—c) and Li (d—f) doped [P;5,4][PF¢] system at three points in time (t;, t,, and t;), demonstrating a hopping
process of the metal ion that involves its first solvation shell. The orange and green contours are isosurfaces of the density distribution of Li* and Na*
generated throughout 2 ns, using an isovalue (p, = p(x,,2)/Ppur) of 0.01. Square/triangular frames are used to highlight the tetrahedral/triangular
solvation structures. The highlighted PFg anions in the Li-doped system are labeled to illustrate the movements of three PFq anions inside the solvation
shell. Some of the matrix anions are shown as background to demonstrate the solid plastic crystal phase. a—f) Adapted with permission.l®% Copyright

2015, American Chemical Society.

the breaking and reconstruction of its tetrahedral Na[PF,
solvation structure, as shown in Figure 10. This also explains
the slower diffusion of Na* compared to Li* during the same
simulation time.

Although some progress has been made toward under-
standing the thermodynamic properties and ion conduction in
OIPC electrolytes, there are still many aspects that remain elu-
sive. For example, it is known that different cation and anion
combinations strongly affect the different phase behaviors, plas-
ticity, and conductivity in OIPCs. Even for a family of OIPCs
with a specific anion or cation, physicochemical properties will
be affected significantly by different counterion chemistry.2!l A
better understanding of the relationship between ion chemistry,
phase behavior, and conductivity as well as the effect of substi-
tuting different amounts of the OIPC cation with Li* cations is
required for these solid-state conductors to be further developed.
Furthermore, the understanding of how the OIPC interacts with
polymers and nanoparticles will certainly benefit the develop-
ment of OIPC-based composite electrolytes. Computational
investigations will surely play a role in this, together with detailed
crystallographic and NMR structural and dynamic investigations.

There are still limitations in the computational research of
OIPC systems since it requires an initial crystalline structure
of an OIPC from experiment, which is not always achievable.
The investigation of thermodynamic properties, such as phase
transitions, is always done through a heating process, since it
is almost impossible to reproduce phase transitions of OIPCs
through a simply cooling simulation, without applying extra
techniques and methods. Examples of simulating crystallization
of ionic liquids into an OIPC can be found from some recent
works reported by He et al.[?l Furthermore, soft OIPC materials
sometimes show the ongoing changes in the crystalline lattice
shape at different OIPC phases, which is also a great challenge
to accurately reproduce through classical MD simulations.

Adv. Mater. 2020, 1905219 1905219

Exploring protonic OIPCs for proton conduction applications
needs first-principle based MD simulations that require even
greater computing power in order to cover a wider range of
materials, especially those containing large organic cations.

4.2. Simulation-Assisted Design of Advanced Polymer
Electrolytes

The underlying transport mechanisms in polymer electrolytes
have also been investigated computationally, by ourselves and
others.[97677] These studies provide strategies to design the
optimal polymer architecture for future research and cover a
variety of polymer electrolytes, including both polyanionic and
polycationic-based systems as well as conventional PEO-based
polymer systems. 768384

Although the low ionic conductivity hinders the applica-
tion of anionic polymer electrolytes, its single ion conducting
nature still makes this class of materials a favorite research
area. One way to tune their ionic conductivities can be achieved
through replacing a fraction of the alkali metal ions with a co-
cation, e.g., a bulky quaternary ammonium ionic liquid cation,
or adding a neutral plasticizer molecule, as demonstrated
both experimentally®®! and computationally.®®%”] MD simula-
tions revealed that the size and amount of the co-cation have
a different effect on ionic interactions and transport within
the solid electrolyte. In a Li poly(2-acrylamido-2-methyl-1-pro-
panesulfonic acid) (LIPAMPS) system, part of the Li* ions were
replaced by ammonium cations and the concentration effect
of the ammonium was twofold. On one hand, the increased
ammonium improved the total ionic conductivity due to the
plasticizing effect, and on the other hand it disrupted ion aggre-
gation and thus reduced the ability for Li* hopping. Therefore,
an intermediate ammonium concentration of 50 mol% was
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Figure 11. Comparisons of coordination mechanism and ion mobilities between PDADMA FSl-based electrolyte and PEO-based electrolyte by MD
simulation. a) The co-coordination of polycations (green sticks), Li* ions (purple balls), and FSI anions (blue, yellow, red, and aqua colors are for N, S,
O, and F atoms) in a PDADMA FSI-LiFSI binary electrolyte. Adapted with permission.®4 Copyright 2019, Elsevier. b) Coordination structure between
PEO oxygens (light blue, white, and red colors are for C, H, and O atoms) and Li* (green ball). Adapted with permission.83 Copyright 2018, American
Chemical Society. c) The diffusion coefficients of Li* and TFSI anion in a PEO electrolyte. Adapted with permission.’®l Copyright 2019, The Electro-
chemical Society. d) Mean square displacement (MSD) of Li* and FSI (N atom) in a PDADMA FSI-LiFSI electrolyte at 400 K. Adapted with permis-
sion.l® Copyright 2019, Elsevier. e,f) Snapshots capturing hopping of two adjacent Li*(A) and Li*(B) in a PDADMA FSI-LiFSI electrolyte. e,f) Adapted

with permission.l®? Copyright 2019, Elsevier.

suggested to maximize Li* ion conduction.®”] Furthermore, it
was also found that the size of the ammonium cation affects
alkali metal ion diffusion; the larger ammonium cations led to
more disruption of ion aggregation, and therefore the smaller
ammonium cation is a better option to achieve higher conduc-
tivity in these systems.[8°]

In addition to anionic polymer electrolytes, cationic polymer
electrolytes have also been studied recently. As discussed above
in the experimental section (Section 3.2.2),1 the behaviors of
polymer electrolytes using polyIL as hosts for Li salts are very
different from traditional PEO-based polymer electrolytes with
respect to T, and ion dynamics, thus MD simulations have been
performed in order to understand these behaviors at a mole-
cular level. In particular, the ion-ion coordination structures
were studied and correlated with the transport mechanisms. We
proposed a unique co-coordination facilitated transport mecha-
nism in these solid-state conductors (Figure 11a). The simula-
tions confirmed that the LiFSI salt plays a dual-role as both the
charge carrier and the polymer plasticizer. When increasing
amounts of Li salt dissolved in the polyIL matrix, the overall
anion coordination changes from being primarily associated
with the polymer backbone to one where the majority of anions
bridge between the polymer and the Li*, which reduces the
interaction between polycations and anions, resulting in a
reduced T,/ When Li salt is added into the PEO matrix, the
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polymer chain will immediately solvate the Li* by strong PEO
oxygen-Li coordination (Figure 11b). This unfavorable polymer-
Li* coordination crosslinks the system, as evidenced by an
increased T, when a higher concentration of Li salt is used.[*)
In contrast to the limited Li* transport in PEO-based electro-
lytes (i.e., the lower diffusion coefficient of Li* than FSI, as
shown in Figure 11c), a t;;+ higher than 0.5 has been achieved
in PDADMA FSI-based binary electrolytes due to the faster Li*
transport relative to the anion transport (Figure 11d). The MD
simulations also suggest that a pair of Li* ions can hop in a
correlated manner through the bridged FSI anions, thereby
enhancing their dynamics and providing another possible
mechanism for enhancement of Li diffusion (Figure 1lef).
Most of these explorations are still in their infancy with rapid
progression. There is no doubt that the power of simulation
in electrolyte research not only provides a thorough structure-
property analysis, but also offers predictive powers that point to
new directions in electrolyte research.

5. Progress and Challenges for Prototyping High
Energy SSLBs

The commonly used cathode materials in current commercial
Li-ion battery technologies including LCO, NCA, NMC, LFP
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have found wide market demand based on their suitability for
the performance requirements and operating environments for
a given application. While SSLBs can potentially offer several
critical improvements in safety and processability over the tra-
ditional liquid-based technology, the ability to match the specific
energy and power is needed in order to break into the larger
markets. The general strategy in this regard is to tailor the SSE
properties so that it can facilitate the pairing of a Li metal anode
with a cathode material that can operate at high voltages. While
there are a number of challenges in tuning the properties of a
SSE to facilitate stable and high capacity cycling of a Li metal
anode, great progress has been made in this area over the last
decade, particularly with the high concentration sulfonylimide-
based anion liquid electrolytes (FSI, TFSI, and FTFSI).0:88-0]
However, less attention has been devoted to overcoming the set
of challenges that are present at the high voltage cathode. As
a consequence, the most commonly reported cathode material
used with SPE materials is LFP (up to 3.8 V vs Li*/Li) due to the
low oxidative stability of most of the reported SPEs. To access
the full reversible capacity of the commercially popular 4 V-class
of electrodes such as NCA (4.3 V vs Li*/Li) and NMC622 (4.5 V
vs Li*/Li), and for attractive noncommercial materials, such as
LNMO (4.9 V vs Li*/Li), electrochemical stability at the upper
voltage cut-off is required. The challenges here are twofold,
given that there is electrolyte contact with both the active mate-
rial and the aluminum (Al) current collector, namely i) the
ability to passivate the Al current collector at high potentials
(>4.0 V vs Li*/Li) to prevent anodic Al dissolution, and ii) exhibit
electrochemical and chemical stability at the active material sur-
face to avoid continuous electrolyte oxidation and impedance
buildup. This second point can be addressed by the formation
of a kinetically hindering and ionically conducting surface layer,
akin to the solid-electrolyte interphase seen at graphitic Li ion
battery electrodes. A secondary, but practically significant, fea-
ture of a polymer electrolyte is the ability to act as the adhesive
and binding agent within the electrode, as has been fulfilled by
more conventional binders such PVDF and styrene-butadiene
rubber when using a liquid electrolyte to fill the electrode pores
and ensure full utilization of the active material.

Highly fluorinated electrolytes based on the FSI and TFSI sys-
tems have been widely studied and utilized for their anodic sta-
bilization of Li metal and transport properties that are practical
at, or only slightly above, room temperature.®! The inability
of FSI or TFSI to form a passivating layer at the Al current col-
lector continues to limit their application in high voltage cells
using conventional solvents. Electrolyte stability at high voltage
cathode materials has been shown to depend on various factors,
such as salt concentration and the coordination environment of
the solvent molecules and/or salt ions.’**2 As such, ionic liquid
and polymer electrolyte systems, in particular those based on the
TFSI and FSI anions, have attracted renewed interest as systems
in which the Li* transport and high voltage stability can be tuned
and vastly improved by control of the salt concentration.?!

5.1. Cathode Formulation for High Loading Battery Design
In an effort to evaluate a solid-state electrolyte in isolation from

the formulation and design of a solid-state cathode, our early full
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cell studies were carried out by wetting a traditional PVDF-based
porous electrode with an ionic liquid (the same ionic liquid elec-
trolyte that is used as one of the components within the PolyIL).

By imbibing ionic liquids into the cathode to sufficiently
fill the pores of a PVDF-based NMC111 cathode, an ionically
conducting pathway was introduced into the electrode struc-
ture. Figure 12 shows examples of cells where this approach
was employed, using either an OIPC/PVDF nanoparticle com-
posite electrolyte (a,b—an example of a high concentration
LiFSI (50 mol% LiFSI/[Cmpyr][FSI]) OIPC composite with a Li
metal | NMC cell) and a polyIL composite electrolyte (c,d—sim-
ilar to the polyIL electrolytes shown Figure 6 but with additional
[C3mpyr][FSI] IL to enhance electrolyte conductivity). Reason-
able stabilities of these electrode materials have been demon-
strated, although the contact between polymer and electrode is
minimal and thus the high voltage stability of the composite
electrolytes is not confirmed up to the high cut-off voltages of
4.5V that were also tested in this study using an NCA electrode.

In practice, the introduction of an additional wetting step into
the manufacturing process represents a major barrier toward
the feasibility of commercial-scale production. As such, the
development of these electrolyte materials must be taken one
step further whereby the solid electrolyte material is incorpo-
rated into the cathode formulation—ideally as a replacement for
the binder—in order to make an all-solid-state cell that can pos-
sibly be manufactured using roll-to-roll assembly techniques.
Researchers have thus begun investigating novel polymer binder
materials for use in conjunction with polymer electrolytes to
fill the role of liquid electrolyte penetration within the porous
structure, this is an important and growing area of interest.[*l
There are two key issues that are prevalent throughout reported
literature on the development of viable solid-state electrolyte
materials, i) underutilization of the active material at practical
rates (e.g., greater than C/20), and ii) achieving toward practical
loading of cathodes of greater than 1 mAh cm™ requires new
strategies to avoid intrafilm cracking during both drying and
cycling, and poor adhesion to the current collector.

Table 1 summarizes some of the recent notable works in the
field of solid electrolytes—both polymeric and ceramic—and
importantly brings to attention the reported mass loadings and
the active material utilization to allow better comparison of the
cell study operation parameters and significance. Several strat-
egies have been developed in order to address the two main
cathode processing issues of cracking and adhesion. At the top
of the materials selection criteria, however, is the need to mini-
mize the interfacial resistance between the cathode ion con-
ductor and the solid electrolyte membrane. The most pragmatic
approach for this is to choose the same electrolyte material, or
some derivative, in the cathode as in the electrolyte membrane.
However, there are some reports where the interface between
electrode and electrolyte membrane is mediated by either
coating of the electrode active material powderl!07:109110oy
employing a material that is better suited to fulfilling the role of
ion-conductor within the electrode.['1113]

Among these works, there are three main cathode fabrica-
tion methods that are employed, namely;

i) adding the electrolyte into the slurry formulation from which
the electrode is cast,
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Figure 12. LiINMC111 cell cycling of the PVDF nanoparticle-based [C,mpyr][FSI]:LiFSI (1:1 mole fraction) composite electrolytes. a) The Tst and 100th
charge—discharge curves. b) Discharge capacity comparison between LP30 and composite electrolytes for cells cycling at a rate of 1C at 50 °C. The
active material loading of NMC111 is 2.6 mg cm™. a,b) Adapted with permission.B? Copyright 2018, Elsevier. c) Charge—discharge profiles after 1, 2,
and 10 cycles for LiiNMC111 cells containing PDADMA-TFSI:LiFSI:[Csmpyr][FSI] (0.18:0.59:0.23 mole fraction) composite electrolyte. d) Corresponding
cycling performance for 50 cycles at 0.05C and 50 °C. The active material loading of NMC111 is 7.2 mg cm™. c,d) Reproduced with permission.l*’

Copyright 2019, American Chemical Society.

ii) using a conventional PVDF-based cathode which is then
imbibed with liquid precursor materials and polymerized in
situ, and

iii) a conventional cathode which is then imbibed with a liquid
electrolyte.

Comparing the fraction of discharge capacity that is accessed
from the total active material, or utilization, shows that neither
method provides a clear advantage. However, it has not been
shown that method (ii) easily lends itself to fabrication of elec-
trodes with moderate or higher mass loadings. Furthermore,
when using methods (ii) and (iii) it is difficult to accurately
measure the mass fraction of binder in the electrode structure.
However, given that an additional 5-10 wt% of the electrode is
made up of conventional binder, it is reasonable to suggest that
the overall active material mass fraction of the total electrode
(solid electrode components + ionic conductor) will be lower
through these two approaches.

Achieving high areal capacities >1.2 mAh cm™ has, to the
knowledge of the authors, not been demonstrated for a SSLB
employing a functional binder cast from the electrode slurry with

Adv. Mater. 2020, 1905219 1905219

high active material utilization. Indeed, the triblock single-ion
conductor developed by Armand in 2013 remains as one of the
benchmark systems in this regard with a loading of 0.8 mAh cm™
and a utilization of =98% at C/15.%] As such, the performances
achieved here and the testing parameters employed will act as a
reliable standard against which to compare.

5.2. High Energy SSLB Prototyping

Creating a prototype pouch cell which incorporates the fea-
tures of the plastic crystal or polyIL electrolytes in combination
with practical electrode loadings and scale requires all of the
factors discussed above to be addressed. Balancing the stability
requirements, mechanical properties, ion transport, and inter-
facial properties with the need for scale, processing, and low-
cost materials creates a challenging materials design problem.
In addition, the fabrication and testing of prototype cells pre-
sents further complexity where novel approaches and solutions
are required to achieve a workable device that not only demon-
strates a new electrolyte/electrode formulation but also a step
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Table 1. A comparison of the recent reports on SSLBs using different SSEs, binders, and electrode materials.

Ref. Composite cathode Electrolyte Electrolyte in Cathode Mass Theoretical Discharge C-rate T[°C] Upper cut-off
preparation method cathode [wt%] material loading  areal discharge  capacity voltage
[mgcm™] capacity [mAh cm™? [V vs Li*|Li]
[mAh cm™
ref. [95] Liquid precursors  LiTFSI/G4 in DMA-TEOS 10 wt% PVDF LFP 1.0 0.17 0.14 c/s  RT 2.5-3.9
imbibed NMC811 0.8 0.16 0.13 c/10 RT 2.8-4.2
ref. [96] Liquid precursors [ETPTA/HDDA]/90 8 wt% CMC LFP 1.0 017 012  C/20 RT 2.0-4.2
imbibed
ref. [97] Cast from electrode ~ PEO/LiTFSI/[C;mpyr] 50 wt% LFP 35 0.60 0.57 C/20 40 3.0-4.0
slurry [TFSI] NMC 4.5 0.86 0.84 3.0-43
NCA 4.5 0.72 0.71 3.0-4.3
ref. [98] Liquid precursors ~ PDADMA TFSI/LITFSI/ 10 wt% PVDF  NMC111 6.7 1.1 05 Cj20 50 LTO anode
imbibed [Compyr][TFSI]
ref. [99] Cast from electrode  PEO/LITFSI + glass fiber 10 wt% LFP 10.5 1.79 1.52 c/10 80 2.7-4.0
slurry and imbibed
with solution
ref. [100] Cast from electrode Jeffamine/LiTFSI 30 wt% LFP 5.5 0.94 0.61 C/10 70 2.6-3.9
slurry
ref. [45] Cast from electrode P(STFSILi)-b-PEO-b- 32 wt% LFP 4.7 0.8 0.78 C/15 80 2.5-3.8
slurry P(STFSILi)
ref. [101] Liquid precursors PEGDA:SN:LITFSI Not reported NCA Not reported  Not reported Not reported C/10 30 2.5-4.15
imbibed
ref. [102] Cast from electrode PEO/LITFSI 20 wt% LFP 2.0 0.34 0.3 1C 60 2.5-3.8
slurry
ref. [103] Imbibed with LP30 LAGP-3DGPE 10 wt% PVDF LFP 1.75 0.3 0.28 0.3C RT 2.4-4.2
ref. [104] Liquid electrolyte SA-PHC soaked in LP30 10 wt% PVDF NCA 7.5 1.5 1.5 1C 55 3.0-4.3
squeezed from
membrane
ref. [105] Lithion solution Diglyme-LiNO3-HFiP PVDF (wt% not  NMC622 10.5 2 1.8 C/5 RT 3.0-4.2
imbibed reported)
ref. [106] Cast from electrode PVDF/Palygorskite ~ 10 wt% PVDF and NMC111 1.6 0.26 0.19 0.3C RT 3.0-4.2
slurry Nanowire Composite LiClO,
ref. [107] Cast onto active mate- ~ Poly(ether-acrylate) ~ PAB@NMC with NMC622 2.0 0.38 0.35 1C 60 2.5-4.3
rial powder and cast 10 wt% PVDF  (PAB-coated)
from slurry
ref. [108] Cast from electrode LiBr-LLZO 20 wt% LLZO, LCO 12 0.33 0.13 C/50  RT 3.2-4.2
slurry, and imbibed and 10% PVDF
with liquid electrolyte
ref. [109] Cast from electrode LiFSI-LPS 30 wt% LPS LCO 73 1 0.88 C/3 RT 2.6-4.2
slurry (LiINbO,
coated)
ref. [110] Cast from electrode Li1oGeP,Sy, 20 wt% LCO 7.64 1.045 0.91 Cc/10 RT 2.6-4.2
slurry Li;oGeP,S;, (LiINbO,
coated)
ref. [111] Cast from electrode PCL/SN/LITFSI 15wt% PCL/SN/  LFP 1.9 032 029  C/10 RT 25-42
slurry LiTFSI + 5 wt%
PVDF
ref. [112] Cast from electrode LPELCE 10 wt% LFP 2.2 0.37 0.34 C/20 RT 2.7-3.85
slurry PVDF-HFP
ref. [46] Liquid precursors PVCA-SPE 10% PVCA LCO 1.5 0.23 0.22 C/10  50°C 2.5-4.3
imbibed
ref. [113] Cast from electrode PEO:LLZTO 10 wt% LFP 9.5 1.6 13 C/10  60°C 2.65-3.75
slurry PVDF:SCN:LiClO,
ref. [114] Cast from electrode SiO,-PEO 20 wt% LFP 1.0 0.17 0.15 C/10  90°C 2.5-4.1
slurry PEO-LiCIO,
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Figure 13. a) A custom-built robotic stacking unit in Deakin University’s Battery Technology Research and Innovation Hub (BatTRI-Hub). b) PDADMA-
TFSI:LiFSI:[Csmpyr][FSI] composite electrolyte. c) The assembled Li metal pouch cells. d,e) The charge/discharge curves (d) and cycling performance
(e) of LIINMC111 pouch cell using PDADMA-TFSI:LiFSI:[Csmpyr][FSI] composite electrolyte (0.18:0.59:0.23 mole fraction). The pouch cell is cycled at

C/20 with a cut-off voltage of 4 V, 50 °C. NMC111 loading is 9.5 mg cm2.

change in cell energy density. Thus, the preparation and testing
of new materials in a pouch cell configuration is an essential
step toward demonstrating practicality. The prototyping facility
at Deakin University’s Battery Technology Research and Inno-
vation Hub (BatTRI-Hub) affords the capability to produce up
to 14 cm? multilayered Li metal pouch cells that are stacked
using a custom-built robotic stacking unit (Figure 13a). Our ini-
tial efforts at producing single-layered SSLB pouch cells (i.e.,
three electrodes, cathode|anode|cathode) have achieved stable
discharge capacities of 7 mAh (Figure 13b—e). The casting of
composite electrodes at high mass loadings (1.5 mAh cm™ and
above) while maintaining film cohesion, current collector adhe-
sion, and full active material utilization requires further investi-
gation, both through formulation and testing of novel electrode
coatings as well as through further materials design to enhance
performance.

6. Conclusions and Perspectives

The thirst for ever-increasing energy density, coupled with the
need for safety, has seen the emergence of all-solid-state Li
metal batteries as one of the most likely next generation energy
storage technologies for applications demanding high per-
formance and safety. Polymers are a truly viable alternative to
ceramic or glassy electrolytes, having more desirable mechan-
ical properties with resp ect to achieving good electrode/electro-
lyte interfaces and easier fabrication methods. However, the t;;,
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and overall conductivity still needs to be improved in order for
these materials to truly reach their potential. PEO or EO con-
taining polymers are still favored by many researchers, although
it has now become evident that these polymers have reached
their zenith and new systems must be explored. We have
shown several complimentary approaches to design and have
implemented new polymer systems with particular emphasis
on ionically charged polymer backbones either as hosts for Li
salts (with or without additional low molecular weight compo-
nents, such as ionic liquids) or as single-ion conductors in their
own right. New polymer chemistries and polymer architectures,
as well as new anion chemistries being developed by Armand,
Zhang, and co-workers, offer the promise of a step change in
ion transport properties in polymer electrolytes. Novel methods
of reinforcing the polymer to improve mechanical properties
and thermal stability, improve compatibility with the electrodes
and move toward solvent free or water-based processing will
also be important in enabling a high performance solid-state Li
battery technology.

The other promising solid-state conductors, especially when
combined with a polymer to form a mechanically strong com-
posite material, are those based on OIPCs. These materials
have unique phase-dependent transport properties and they are
only just beginning to show their promise in recent applica-
tions. As with polymers, the chemical design possibilities are
vast, and we are exploring these for both Li and sodium ion
solid-state conductors. One path currently being pursued is the
use of single Li-ion conducting fibers or particles combined
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with OIPCs to form conducting composites with improved
mechanical properties, making use of the interface to dope the
OIPC and provide a conductive pathway for Li*.

The modeling work investigating novel solid electrolytes
based on ionic polymer hosts is still at an early stage, but
it demonstrates the power to gain new mechanistic under-
standing. Furthermore, the diversity of chemistry, both with
respect to potential ionic polymers as well as the new anions
and salts that are being proposed, provides an opportunity for
developing new materials. Molecular simulation, without ques-
tion, will become one of the most proficient tools to explore
new chemistries and new strategies to improve the perfor-
mance of solid-state electrolytes.

To achieve practical all-solid-state and high-energy-density
devices, the design of more electrochemically stable electro-
lyte systems and improving the cathode assembly design to
incorporate the solid-state ionic conductor are the next steps.
Polymer electrolytes based on highly concentrated salt systems
have shown their superior stability at elevated voltage. Both
polymer electrolytes and OIPCs are good candidates to replace
the traditional PVDF binders in the cathodes, given their flex-
ibility and soft characteristics, which will greatly improve the
electrode/electrolyte contact. Finally, the structural design
and cathode formulation will be another important issue
for achieving high energy and sate batteries for practical
applications.

Presently there has been substantial focus on so-called
glassy and ceramic “superconductors” due to their record
high conductivities (e.g., 2.5 x 1072 S cm™ at 25 °C for thio-
LiSICON electrolyte Ligs4Si;74P144S117Clo3),['"”) as well as in
the area of high concentration or “superconcentrated” organic
electrolytes,['1% as potential pathways toward better utilization
of the Li metal electrode. However, these “solid-state” electro-
lytes have been shown to suffer the same dendrite issues as
other systems in spite of their high mechanical modulus along
with various interfacial issues which occur during charge—dis-
charge cycling.l'Zl Likewise, the use of volatile or toxic organic
solvents, such as ethers and glymes in superconcentrated elec-
trolytes remain to be proven as viable and safe alternatives.!'”!
Further progress in the development of “soft” and nonvolatile
systems such as those described here, addressing issues of
chemical/electrochemical stability, dendrite control, efficiency,
interfacial contact, and interfacial compatibility is urgently
needed. Composite systems, bridging traditional domains of
polymers, ionic liquids, plastic crystals, ceramics, and glasses,
along with the use of simulation and chemical design to
understand and control ion association and dynamics, provide
a diverse range of materials solutions to progress the develop-
ment of new high energy batteries, including those based the
lithium metal anode.
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