What’s the difference between a Li-1on and
solid-state battery?

A couple of weeks ago, Kris introduced us to the topic of solid-state batteries and how they might be
the next major advancement in smartphone battery technology. In short, solid-state batteries are
safer, can pack in more juice, and can be used for even thinner devices. Unfortunately, they're
prohibitively expensive to put into medium-sized smartphone cells right now, but that might change
in the coming years.

So, if you’ve been wondering what exactly a solid-state battery is and how it’s different to today’s
lithium-ion cells, read on.

Is it a bad idea to leave your smartphone plugged in overnight? At a time when the smartphone is
basically an extension of self, this is surely one of the most relevant questions we could ...

The key difference between the commonly used lithium-ion battery and a solid-state battery is that
the former uses a liquid electrolytic solution to regulate the flow of current, while solid-state
batteries opt for a solid electrolyte. A battery’s electrolyte is a conductive chemical mixture that
allows the flow of current between the anode and cathode.

Solid state batteries still work in the same way as current batteries do, but the change in materials
alters some of the battery’s attributes, including maximum storage capacity, charging times, size, and
safety.
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Current inside a battery passes between the anode and cathode through a conductive electrolyte,
while separators are used to prevent a short circuit.

Space saving

The immediate benefit of switching from a liquid to solid electrolyte is that the energy density of the
battery can increase. This is because instead of requiring large separators between the liquid cells,
solid state batteries only require very thin barriers to prevent a short circuit.

Solid-state batteries can pack in twice as much energy as Li-ion
Conventional liquid-soaked battery separators come in with a 20-30 micron thickness. Solid-state
technology can decrease the separators down to 3-4 microns each, a roughly 7-fold space saving just

by switching materials.

However, these separators aren’t the only component inside the battery and other bits can’t shrink
down as much, putting a limit on the space-saving potential of solid-state batteries.

Even so, solid-state batteries can pack in up to twice as much energy as Li-ion, when replacing the
anode with a smaller alternative as well.
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Longer life spans

Solid-state electrolytes are typically less reactive than today’s liquid or gel, so they can be expected
to last a lot longer and won’t need replacing after just 2 or 3 years. This also means that these
batteries won’t explode or catch fire if they are damaged or suffer from manufacturing defects,
meaning safer products for consumers.

Solid-state batteries won't explode or catch fire if they are damaged or suffer from manufacturing
defects.

In current smartphones, replaceable batteries are often sought after for those looking to use the
same phone for many years, as they can be swapped out once they start to break down.

Smartphone batteries often don’t hold their charge as well after a year or so and can even cause
hardware to become unstable, reset, or even stop working after several years of use. With solid-state
batteries, smartphones and other gadgets could last a lot longer without needing a replacement cell.
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There are plenty of solid chemical compounds that could be used in batteries, not just one.

Talk of liquid versus solid batteries is an oversimplification of the subject though, as there are plenty
of solid chemical compounds that could be used in batteries, not just one.

Types of solid-state electrolytes

There are eight different major categories of solid-state batteries, which each use different materials
for the electrolyte. These are Li-Halide, Perovskite, Li-Hydride, NASICON-like,
Garnet, Argyrodite, LiPON, and LISICON-like.

As we're still dealing with an emerging technology, researchers are still coming to grips with the best
types of solid-state electrolyte to use for different product categories. None have come out as clear
leaders just yet, but sulfide-based, LiPON, and Garnet cells are currently seen as the most promising.

You’'ll probably have noticed that many of these types are still lithium (Li) based in some regard,
because they are still using lithium electrodes. But many are opting for new anode and cathode
electrode materials to improve performance.
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Thin film batteries

Even within solid-state battery types, there are two clear cut subtypes — thin film and bulk. One of
the most successful thin-film types that is already on the market is LIiPON, which the majority of
manufacturers produce with a lithium anode.

The LiPON electrolyte offers excellent weight, thickness, and even flexibility attributes, making it a
promising cell type for wearable electronics and gadgets that require small cells. Going back to the
subject of longer lasting cells, LIPON has also demonstrated excellent stability with only a 5% capacity
reduction after 40,000 charge cycles.

LiPON batteries could last anywhere from 40 to 130 times longer than Li-ion batteries before they
need replacing.
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For comparison, lithium-ion batteries only offer between 300 and 1000 cycles before showing a
similar or greater fall in capacity. This means that LiPON batteries could last anywhere from 40 to
130 times longer than Li-ion batteries before they need replacing.

LiPON’s downside is that its total energy storage capacity and conductivity are rather poor by
comparison. However, alternative solid-state battery technologies could be the key to bringing
longer battery life to smartwatches, which is currently putting off a number of customers from
picking up a wearable.

Bigger, bulkier batteries

So far, solid state batteries aren’t yet suitable for larger cells found in smartphones and tablets, let
alone laptops or electric cars. For larger bulk solid-state batteries with a greater capacity, superior
conductivity that comes close to or matches liquid electrolytes is required, which rules out otherwise
promising technologies like LiPON. lonic conduction measures the ability of ions to move through a
material, and good conduction is a requirement of larger cells to ensure the required current.
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LISICON and LiPS have overtaken research into LiPO, LiS, and SiS batteries, the previous leaders in the
solid state field. However, these types still suffer from lower conductivity than organic and liquid
electrolytes at room temperature, making them impractical for commercial products.



Highly conductive

This is where research into garnet-oxide (LLZO) electrolytes comes in, as it boasts a high ionic
conductivity at room temperature.

The material achieves a conduction that comes in only slightly behind the results offered by liquid
lithium-ion cells, and new studies into LGPS suggest that this material could even match it.

This would mean solid-state batteries of roughly equal power and capacity as today’s Li-ion cells,
while seeing benefits such as reduced size and longer lifespan become a reality.

Garnet is also stable in air and water, making it suitable for Li-Air batteries too. Unfortunately it has
to be fabricated using an expensive sintering process.

This currently makes it an unattractive proposition for use in consumer batteries when compared to
the low cost of lithium-ion cells. In the future, costs are likely to fall as manufacturing techniques are
refined but we are still some way off from a commerecially viable solid-state battery.

Wrap up

Clearly there is still a lot of ongoing research into solid-state battery technology. We’re not going to
see mature cells make their way into consumer products like smartphones for another 4 or 5 years,
according to the earliest predictions. Solid-state batteries in other devices (like drones) may appear
as soon as next year though.

Still, the latest research is finally producing results that can compete with existing li-ion batteries in
terms of attributes, while also providing the benefits of solid-state electrolytes. All we need is for
manufacturing processes to mature, and there are a number of large and upcoming battery
manufacturers with the resources to make this a reality.

In summary, the key benefits of all these chemical differences from a consumer perspective are: up
to 6 times faster charging, up to twice the energy density, a longer cycle life of up to 10 years
compared to 2, and no flammable components. That’s certainly going to be a boon for smartphones
and other portable gadgets.
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Lithium battery chemistries enabled by
solid-state electrolytes

Solid-state electrolytes are attracting increasing interest for electrochemical energy storage
technologies. In this Review, we provide a background overview and discuss the state of the
art, ion-transport mechanisms and fundamental properties of solid-state electrolyte
materials of interest for energy storage applications. We focus on recent advances in various
classes of battery chemistries and systems that are enabled by solid electrolytes, including
all-solid-state lithium-ion batteries and emerging solid-electrolyte lithium batteries that
feature cathodes with liquid or gaseous active materials (for example, lithium—air, lithium—
sulfur and lithium—bromine systems). A low-cost, safe, aqueous electrochemical energy
storage concept with a ‘mediator-ion’ solid electrolyte is also discussed. Advanced battery
systems based on solid electrolytes would revitalize the rechargeable battery field because
of their safety, excellent stability, long cycle lives and low cost. However, great effort will be
needed to implement solid-electrolyte batteries as viable energy storage systems. In this
context, we discuss the main issues that must be addressed, such as achieving acceptable
ionic conductivity, electrochemical stability and mechanical properties of the solid
electrolytes, as well as a compatible electrolyte/electrode interface.

Batteries are crucial for a wide range of applications, including consumer electronics,
automotive propulsion and stationary load-levelling for electricity generated from
intermittent renewable sources, such as wind or solar energy**2. However, currently
available commercial batteries (for example, lead—acid, nickel-metal hydride, lithium-ion
and flow batteries) do not satisfy the stringent or increasing demands of portable electronic
devices, electric vehicles and grid-energy storage systems. The development of batteries
with higher energy densities, longer cycle lives and acceptable levels of safety at an

affordable cost is critically needed.

During the past 200 years, most battery research has focused on systems with liquid
electrolytes®. Although liquid electrolytes offer the benefits of high conductivity and
excellent wetting of electrode surfaces, they often suffer from inadequate electrochemical
and thermal stabilities, low ion selectivity and poor safety®. Replacement of liquid
electrolytes with a solid-electrolyte separator will not only overcome the persistent
problems of liquid electrolytes, but also offer possibilities for developing new battery
chemistries>®. Owing to these benefits, a rapidly increasing trend of using solid electrolytes
in battery research has emerged. With the number of studies growing rapidly, the scientific
and technological challenges faced by these systems are now being recognized”?. In
consideration of the new developments and challenges, which are different from those
encountered with liquid electrolytes, it is timely to provide the scientific community with a
critical assessment of the current status and a bold vision for solid electrolytes and the new

battery chemistries that could be enabled by them?21442,
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The history of solid-state ionic conductors dates back to as early as the 1830s, when Faraday
discovered the remarkable property of conduction in heated solid Ag,S and PbF, (Ref. 13).
However, the 1960s are generally considered the turning point for high-conductivity solid-
state electrolytes and the starting point for the term ‘solid-state ionics’ (see Fig. 1 for a
timeline of developments)™. Efforts to incorporate solid-state electrolytes into batteries can
be traced to the 1960s, when a fast 2D sodium-ion-transport phenomenon was discovered in
B-alumina (Na,0-11Al,03), which was subsequently used in the development of high-
temperature sodium—sulfur batteries™8. After three successful demonstrations of energy
storage with AgsSl, B-alumina and RbAguls solid-state ionic conductive materials in the 1960s
and early 19705281220 the rate of advance in terms of practical applications of solid-state
electrolytes rapidly increased. Following the discovery in 1973 of ionic transport in a solid
polymer material based on poly(ethylene oxide) (PEO), the scope of solid-state ionics was no
longer limited to inorganic materials.

Figure 1: A historical outline of the development of solid-state electrolyte batteries.
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The timeline shows the key developments in solid-state electrolyte batteries.

In the 1980s, sodium-ion-conductive B-alumina was used in another type of high-
temperature battery system, the ZEBRA cell, in South Africa?®. So far, the high-
temperature sodium—sulfur battery has been commercialized in Japan2—4, whereas the ZEBRA
battery is currently being developed by the General Electric Corporation in the United
StatesZ. Since 1980, the term solid-state ionics has received wide use, and a journal with the
same name was launched in that year. From that time, both inorganic and organic (that is,
polymer) solid-state electrolytes have received increasing attention. Along with the
development of materials and theories, solid-state electrolytes have gradually been
incorporated as essential components into a wide range of electrochemical devices, such as
sensors, supercapacitors, fuel cells and batteries?®22%, Beginning in the twenty-first century,
the focus of solid-state ionics research has been on understanding the ionic transport
mechanism with advanced characterization tools, exploring new superionic conductors,
improving the performance of electrochemical devices based on solid electrolytes and

realizing new applications with ionic transport in solid materials*>3.
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Incorporation of solid-state electrolytes into ambient-temperature batteries was originally
motivated by concerns over the safety of lithium-ion batteries. With flammable organic
electrolytes, overcharging or short-circuiting of a lithium-based cell is a fire hazard and can
lead to an explosion®:; cases of lithium-ion battery explosions have been reported
throughout the world. The solid-state electrolytes used in lithium-ion batteries belong
mainly to two classes of material: lithium-ion-conductive polymers and inorganic lithium-ion-
conductive ceramics. Attempts to use solid-state polymer electrolytes in lithium-based
batteries began in the 1980s after the discovery of lithium-ion conduction in a PEO-based
system*222334 Following this discovery, various lithium-ion conductive polymer materials,
such as poly(acrylonitrile) (PAN)>2%,  poly(methyl methacrylate) (PMMA)2?® and
poly(vinylidene fluoride) (PVDF)22, have been increasingly exploited for the development of
all-solid-state polymer lithium-ion batteries. Inorganic solid-state electrolytes have also been
used in lithium-ion battery research since the 1990s, after a lithium phosphorus oxynitride
(LIiPON) material was fabricated as a thin film by Oak Ridge National Laboratory*>*X. Inspired
by the discovery of LiPON, much effort has been made towards the development of
inorganic lithium-ion conductive ceramic materials, such as perovskite-type*?, sodium

superionic conductor (NASICON)-type®>** garnet-type®>**’ and sulfide-type materials*®*2.

Since the 2000s, solid electrolytes have been used in emerging lithium batteries with

gaseous or liquid cathodes, such as lithium—air batteries®>, lithium—sulfur batteries®?>3 and

lithium—bromine batteries®*2. Solid-electrolyte sodium-ion batteries that operate at
ambient temperatures have also been demonstrated®®. Most recently, a unique ‘mediator-
ion’ battery concept has been proposed, in which solid electrolytes are used for the

development of high-energy, low-cost, aqueous electrochemical energy storage systems>2>%

59

In the following sections, we provide a succinct introduction to solid-state electrolytes and
discuss both their ion-transport mechanisms and fundamental properties in the context of
electrochemical energy storage applications. We then focus on recent advances in a range of
battery chemistries and technologies that have been enabled by solid-state electrolytes,
including all-solid-state lithium-ion batteries; emerging lithium—air, lithium—sulfur and
lithium—bromine batteries with solid-state electrolytes; and a new aqueous battery concept
enabled by a mediator-ion solid electrolyte. Finally, the challenges and future prospects for
solid-electrolyte battery chemistries and technologies are outlined.

In crystalline solid materials, ionic transport generally relies on the concentration and
distribution of defects. lon diffusion mechanisms based on Schottky and Frenkel point
defects include the simple vacancy mechanism and relatively complicated diffusion
mechanisms, such as the divacancy mechanism, interstitial mechanism, interstitial—
substitutional exchange mechanism and the collective mechanism®*%%2 However, some
materials with special structures can achieve high ionic conductivities without a high
concentration of defects. Such structures normally consist of two sublattices, a crystalline
framework composed of immobile ions and a sublattice of mobile species. To achieve fast
ionic conduction, three minimum criteria must be fulfilled for this kind of structure®>®*: the

number of equivalent (or nearly equivalent) sites available for the mobile ions to occupy


https://www.nature.com/articles/natrevmats2016103#ref31
https://www.nature.com/articles/natrevmats2016103#ref21
https://www.nature.com/articles/natrevmats2016103#ref32
https://www.nature.com/articles/natrevmats2016103#ref33
https://www.nature.com/articles/natrevmats2016103#ref34
https://www.nature.com/articles/natrevmats2016103#ref35
https://www.nature.com/articles/natrevmats2016103#ref36
https://www.nature.com/articles/natrevmats2016103#ref37
https://www.nature.com/articles/natrevmats2016103#ref38
https://www.nature.com/articles/natrevmats2016103#ref39
https://www.nature.com/articles/natrevmats2016103#ref40
https://www.nature.com/articles/natrevmats2016103#ref41
https://www.nature.com/articles/natrevmats2016103#ref42
https://www.nature.com/articles/natrevmats2016103#ref43
https://www.nature.com/articles/natrevmats2016103#ref44
https://www.nature.com/articles/natrevmats2016103#ref45
https://www.nature.com/articles/natrevmats2016103#ref46
https://www.nature.com/articles/natrevmats2016103#ref47
https://www.nature.com/articles/natrevmats2016103#ref48
https://www.nature.com/articles/natrevmats2016103#ref49
https://www.nature.com/articles/natrevmats2016103#ref50
https://www.nature.com/articles/natrevmats2016103#ref51
https://www.nature.com/articles/natrevmats2016103#ref52
https://www.nature.com/articles/natrevmats2016103#ref53
https://www.nature.com/articles/natrevmats2016103#ref54
https://www.nature.com/articles/natrevmats2016103#ref55
https://www.nature.com/articles/natrevmats2016103#ref56
https://www.nature.com/articles/natrevmats2016103#ref57
https://www.nature.com/articles/natrevmats2016103#ref58
https://www.nature.com/articles/natrevmats2016103#ref59
https://www.nature.com/articles/natrevmats2016103#ref60
https://www.nature.com/articles/natrevmats2016103#ref61
https://www.nature.com/articles/natrevmats2016103#ref62
https://www.nature.com/articles/natrevmats2016103#ref63
https://www.nature.com/articles/natrevmats2016103#ref64

should be much larger than the number of mobile species; the migration barrier energies
between the adjacent available sites should be low enough for an ion to hop easily from one
site to another; and these available sites must be connected to form a continuous diffusion
pathway.

Similar to the diffusion process in a crystal structure, ionic transport in glassy materials starts
with ions at local sites being excited to neighbouring sites and then collectively diffusing on a
macroscopic scale®. For most glassy materials, short- and medium-range order still exists in
the amorphous structure. The interaction between charge carriers and the structural
skeleton cannot be neglected®.

In polymer electrolytes, microscopic ion transport is related to the segmental motion of
polymer chains above the glass transition temperature6—7. The segmental motion of the
chains can create free volumes for the hopping of lithium ions that coordinate with the polar
groups. A lithium ion can hop from one coordinating site to another coordinating site,
accompanying the segmental motion of polymer chains®>®®%2 Under an electrical field, long-
distance transport is realized by continuous hopping. The number of free ions depends on

the dissociation ability of the lithium salt in the polymer.

lonic conductivity is a key property for solid electrolytes. However, for practical application
in electrochemical energy storage and conversion systems, other properties are also
important. The main properties required for solid-state electrolytes are: high ionic
conductivity, low ionic area-specific resistance, high electronic area-specific resistance, high
ionic selectivity, a wide electrochemical stability window, good chemical compatibility with
other components, excellent thermal stability, excellent mechanical properties, simple
fabrication processes, low cost, easy device integration and environmental friendliness*%”%
TL72 ‘Much progress has been made in improving the properties mentioned above, both with
inorganic and organic (polymer) solid-electrolyte materials. Table 1 gives a summary of
existing solid electrolytes, and the properties of these solid electrolyte materials are
visualized in the radar plots in Fig. 2. In the following subsections, we discuss the state-of-
the-art solid electrolyte materials that are being actively investigated for solid-state
batteries.

Table 1: Summary of lithium-ion solid electrolyte materials
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1. LiPON, lithium phosphorus oxynitride; LISICON, lithium superionic conductor; NASICON, sodium
superionic conductor; PEO, poly(ethylene oxide).

Figure 2: Performance of different solid electrolyte materials.
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Radar plots of the performance properties of oxide solid electrolytes (panel a), sulfide solid
electrolytes (panel b), hydride solid electrolytes (panel c), halide solid electrolytes (panel d),
thin-film electrolytes (panel e) and polymer solid electrolytes (panel f). ASR, area-specific
resistance.

Inorganic solid electrolytes

The main inorganic solid electrolytes that are being explored for solid-state batteries are
perovskite-type, NASICON-type, garnet-type and sulfide-type materials. The representative
perovskite solid electrolyte is Lislays - xTiO3, which exhibits a lithium-ion conductivity
exceeding 102 s cm™ at room temperatureﬂ. Although this material created much interest
among researchers, it has been deemed unsuitable in lithium batteries because of the
reduction of Ti*" on contact with lithium metal.

NASICON-type compounds were first studied in the 1960s” and were termed ‘NASICON’ in
1976 after the development of Nay +,Zr,SixPs - yO1,> (Ref. 43). These materials generally have
an AM,(PQO4)s formula with the A site occupied by Li, Na or K. The M site is usually occupied
by Ge, Zr or Ti (Ref. 74). In particular, the LiTiy(PO4)3 system has been widely investigated.
The ionic conductivity of LiZr,(PQO,)s is very low, but can be improved by the substitution of
Hf or Sn (Refs 75,76). This can be further enhanced with substitution to form Li; + yM,Ti, -
«(PO4)3 (M = Al, Cr, Ga, Fe, Sc, In, Lu, Y or La), with Al substitution having been demonstrated
to be the most effective’Z228 The Li; , ,AlLGe, - x(PO4)3 system has also been widely
investigated because of its relatively wide electrochemical stability window®"82%2, NASICON-
type materials are considered as suitable solid electrolytes for high-voltage solid electrolyte

batteries.


https://www.nature.com/articles/natrevmats2016103#ref42
https://www.nature.com/articles/natrevmats2016103#ref73
https://www.nature.com/articles/natrevmats2016103#ref43
https://www.nature.com/articles/natrevmats2016103#ref74
https://www.nature.com/articles/natrevmats2016103#ref75
https://www.nature.com/articles/natrevmats2016103#ref76
https://www.nature.com/articles/natrevmats2016103#ref77
https://www.nature.com/articles/natrevmats2016103#ref78
https://www.nature.com/articles/natrevmats2016103#ref79
https://www.nature.com/articles/natrevmats2016103#ref80
https://www.nature.com/articles/natrevmats2016103#ref81
https://www.nature.com/articles/natrevmats2016103#ref82
https://www.nature.com/articles/natrevmats2016103#ref83
https://www.nature.com/articles/natrevmats2016103/figures/2

Garnet-type materials have the general formula A3B,Si30;,, in which the A and B cations
have eightfold and sixfold coordination, respectively. Since it was first discovered in 1969
(LisM,Ln301, (M = W or Te)@, a series of garnet-type materials has been developed, the
representative systems being LisLazsM,01, (M = Nb or Ta), LisALa;M;,01, (A = Ca, Sr or Ba; M =
Nb or Ta), LissLasM1.75Bo25012 (M = Nb or Ta; B = In or Zr) and the cubic systems Li;LasZr,01,
and Li7.06M3Y0.06Zr1.94012 (M = La, Nb or Ta)2*82858288 A high jonic conductivity of 1.02 x 107>
S cm™ has been realized with LigsLasZrq 75Teg 2501, at room temperature@.

Research into sulfide-type solid electrolytes started in 1986 with the Li,S-SiS, systemﬁ’ﬁ.
Since then, Li,S-SiS,-type electrolytes have been extensively studied®?22, The highest
reported conductivity in this type of material is 6.9 x 10™'S cm™, which was achieved by
doping the Li,S-SiS, system with LizPO4 (Ref. 90). In 2001, a class of thio-LISICON (LISICON,
lithium superionic conductor) crystalline material was found in the Li;S—P,Ss systemg, which
has now been widely reported to exhibit a high lithium-ion conductivity=====- . However,
the chemical stability of the Li,S—P,Ss system is poor, and the material is sensitive to
moisture (that is, it generates gaseous H,S). The stability can be improved by the addition of
metal oxides, and the presence of oxygen atoms in the Li,S—P,Ss system reduces the

interfacial resistance between the cathode (metal oxide) and the sulfide electrolyte®®22%,

Polymer and composite solid electrolytes

The development of polymer electrolytes for lithium batteries can be divided into three
classes: dry solid polymer electrolytes, gel polymer electrolytes and composite polymer
electrolytes. However, as gel polymers are not in the solid state, they will not be discussed
here. In dry solid polymer electrolytes, the polymer host together with a lithium salt act as a
solid solvent (without any quuid)&’&'&'m. However, the ionic conductivity of dry polymer
systems is very low at ambient temperatures. Composite polymer electrolytes, developed by
the integration of ceramic fillers into the organic polymer host, help to improve the
conductivity by decreasing the glass transition temperatures&'m'ﬂ. The polymer hosts of
the composite polymer electrolytes are commonly PEO, PAN, PMMA, poly(vinyl chloride)
(PVC) or pyDFALOLLIL " itk PEO being the most widely used. Generally, the ceramic
fillers are classified as either active or passive. Active filler materials (for example, Li,N and
LiAIO, (Refs 113,114,115)) are partially involved in ionic conduction, whereas inactive filler
materials (for example, Al,03, SiO, and MgO (Refs 116,117,118)) do not participate in ionic
transport.

Thin-film solid electrolytes

Some solid electrolyte materials can be fabricated as ultrathin films through special vapour
deposition techniques, such as pulsed laser deposition, radio frequency sputtering and
chemical vapour deposition. Thin-film solid electrolytes were first developed in the 1980s
with Li1»SisP>050, LisP,S7 and LisPO4—P,Ss used as starting materialst1212012L122 | the 1990s,
Oak Ridge National Laboratory reported an important advance for a LiPON-based thin-film
solid electrolyte, which was then the standard electrolyte for thin-film batteries?212412,
Another series of thin-film solid electrolytes based on lithium borate, lithium phosphate and
lithium borophosphate glasses have recently been considered as potential candidates to

replace LiPON; these new electrolytes have several manufacturing advantages at the
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. 126,127,128,12 . ape .
industry leve|126427.128123 Recently, atomic layer deposition has emerged as the premier

deposition process for the fabrication of uniform, conformal, thin films. This technique has
since been used for the fabrication of other solid electrolytes, including (Li, La)Ti,O,, Li3POs,
LiAlL O3, Li,Si,Al,03 and LiPON12%134132133:134.135

All-solid-state lithium-ion batteries, which offer higher energy densities than the traditional
batteries, are considered as one of the most important next-generation technologies for
energy storage. The solid electrolyte not only sustains lithium-ion conduction but also acts as
the battery separator (Fig. 3a). Cathode materials used in all-solid-state lithium-ion batteries
are similar to those in the traditional lithium-ion batteries (for example, lithium transition

metal oxides=¥32138132 g4 sulfides®*®!*). The most common anode materials are lithium
metal, lithium alloys and graphite2143144185198147 " pepanding on the solid electrolytes

used, all-solid-state lithium-ion batteries can be classified as either inorganic solid-
electrolyte batteries or polymer batteries™®. Inorganic solid electrolytes are generally stable
and non-flammable, which is the ultimate solution to the safety issues associated with
lithium-ion batteries®*>2, In general, inorganic solid-electrolyte batteries have a relatively
wide electrochemical stability window (in comparison to traditional liquid-phase
electrolytes), which allows the batteries to operate over a wider voltage range. However,
there are exceptions: for example, the NASICON-type Liy + Al Ti; - «(PO4)3 (LATP) material has
a limited electrochemical stability window, which will be discussed later in the context of the
lithium—sulfur battery system. At present, the main inorganic solid electrolytes developed
for all-solid-state lithium-ion batteries, which have already been discussed, are oxide and
sulfide solid electrolytes because of their high ionic conductivity (some of them exhibit ionic
conductivity comparable to or higher than that of liquid eIectrontes)H’Lo. Although some
inorganic solid electrolytes that exhibit the same level of conductivity as organic liquid
electrolytes have been discovered, the performance of all-solid batteries based on these
electrolytes is still inferior to that of commercially available lithium-ion batteries. Several key
challenges remain to be addressed: for example, volume change in the electrode materials,
large interfacial (electrode/electrolyte) resistance, low mass ratio of the electrode-active

materials and poor cycling stability.

Figure 3: All-solid-state batteries.
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Schematic representations of an inorganic solid electrolyte (panel a) and a solid polymer
electrolyte (panel b). The green, blue and grey spheres in panel a represent the active
anode, active cathode and solid-electrolyte materials, respectively.

One of the most important problems that urgently needs to be overcome is how to enhance
the ionic conductivity at the interface of the electrode and the solid electrolyte. However,
investigations focusing on lithium-ion migration and diffusion behaviour across the interface,
as well as the mechanical and structural stability of the solid-electrolyte interphase in
inorganic all-solid-state batteries are still limited. Therefore, submolecular-scale and atomic-
level understanding of the interface is essential. Another important factor that affects the
ionic interface is the mechanical properties of the solid electrolyte’. During the cycling of
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the batteries (charging and discharging), the active electrodes generally experience
structural fragmentation, resulting in capacity fade®2. A solid electrolyte with a low elastic
modulus is always preferred, because this reduces the extent of fragmentation of the
electrode materials. For battery assembly, fabrication and manufacturing, the interfacial
contact between the active electrode and the solid electrolyte can be an extremely
important factor for the overall battery performance. In general, the malleability and the
ductility of both the solid electrolyte and the electrodes can have a pronounced influence on
the contact condition at the electrode/electrolyte interface. Taking the LiPON solid
electrolyte as an example, lithium-ion transport is usually hampered by the interface, and
the high elastic modulus and hardness of LiPON resists the incursion of lithium dendrites®3.
Therefore, for the lithium-metal/electrolyte interface, the solid electrolyte should, in
principle, be hard enough to resist lithium metal dendrites. In a practical sense, a complex
solid-electrolyte interphase forms on the metal surface, which may also affect the ionic
conduction properties of the anode/electrolyte interface. Therefore, suitable approaches to
anode (for example, lithium) protection are required to enhance the overall cell

performance of all-solid-state batteries®>*.

Polymer-based all-solid-state lithium-ion batteries have the advantages of easy fabrication,
high levels of safety and a flexible shapeE (Fig. 3b). The disadvantages of polymer batteries
are the instability of the electrode/electrolyte interface, the narrow operating temperatures
of the polymer electrolytes and their weak mechanical stability@’lﬂ. A PEO electrolyte is
still the best option owing to its high ionic conductivity and good stability in the presence of
lithium metal. However, cathode materials with a high energy density, such as LiCoO, and
LiNigsMn1504, cannot be used with PEO-based batteries because of the low electrochemical
stability of the PEO electrolyte. Therefore, LiFePO,4 cathodes are generally used with PEO.
The combination of a polymer electrolyte and an inorganic solid electrolyte can offer
strategies to improve the performance of all-solid-state lithium-ion batteries. For example, a
polymer/inorganic/polymer sandwich electrolyte architecture can modify the double-layer
electrical field at the electrode/polymer interface and block anion transport, leading to an
improvement in the Coulombic efficiency of the battery**. Thin-film batteries based on the
LiPON solid electrolyte have achieved over 10,000 cycles with a lithium-metal anode and a
4.8 V LiNipsMny504 cathode, thus demonstrating the advantages of using a solid
electrolyte®™. However, the capacities of thin-film batteries are very low, ranging from 0.1

MA h to 10 mA h, and do not meet the requirements of most applications.

The primary goal for the further development of all-solid-state lithium-ion batteries is to
achieve, at an affordable cost, both higher cycling and safety performance in comparison to
traditional lithium-ion batteries, while maintaining similar or higher power and energy
densities. However, achieving these goals is a daunting challenge. To overcome the key
problem of how to fabricate a favourable solid/solid interface between the solid electrode
and the solid electrolyte, three aspects need to be considered: the wetting properties of the
solid materials, the solid/solid interfacial stability and the transport speed of ions across the
interface. The contact area between the electrode and the electrolyte greatly affects the
interfacial resistance. For most electrode materials, a volume change cannot be avoided
during cycling, and this results in strain and stress in the electrode layer that may change the
structure of the electrode/electrolyte interface and weaken the connection between them.
To eliminate or alleviate the interfacial strain and stress, a deeper understanding and proper
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management of the electrode/electrolyte interface behaviour are of importance.
Understanding the strain and stress behaviour within the electrode would also be instructive
for managing the electrode/electrolyte interface. Some attention has recently been devoted
to the investigation of the strain in olivine-type cathode materials (that is, LiFePO,)*%1L162
These studies suggested that the lattice strain could strongly influence the rate capability of
the cathodes, owing to an increase in lithium-ion conductivity and a decrease in blocking
defects®®®1®41%2  These findings provide important information and instructions for the
optimization of high-rate cathodes, especially for the growing interest in developing solid-
state thin-film lithium-ion batteries. In addition to the volume change, poor chemical
compatibility may give rise to a passive layer with high resistance during cycling, while the
electric field at the interface may accelerate chemical diffusion. The interface should be able
to withstand high strain and stress, as well as the strong electric field.

Solid electrolytes with liquid or gaseous electrodes

Lithium—air batteries. Lithium—air batteries, which are based on the high intrinsic capacity of
both the lithium anode and the air cathode together with the high operating voltage of the
lithium—oxygen electrochemical couple, can yield an exceptionally high theoretical energy
density of ~11,680 Wh kg™* (which almost rivals that of petrol (gasoline) at 13,000 Wh kg™*).
The first report of a rechargeable lithium—oxygen battery was in 1987 and described a
configuration similar to that of a solid-oxide fuel cell*®2. In the subsequent decade, there was
little activity in this area. The demonstration in 1996 of a new type of rechargeable lithium—

air battery with an aprotic electrolyte!® led to a resurgence of research into this battery

systemm—s'@'lﬂ’@. However, with an aprotic electrolyte, lithium—oxygen batteries suffer
from problems such as degradation of the non-aqueous electrolyte in the ambient
atmosphere and the blockage of air diffusion in the porous cathode by the insoluble

. 169,170,171,172
discharge products?®¥707L172

To address the above issues, both all-solid-state lithium-ion batteries (based on inorganic
electrolytes)*” and a lithium—air battery concept with a ‘dual-electrolyte’ (termed a hybrid
lithium—air battery) were proposed. In the hybrid batteries, an organic electrolyte is used at
the anode side (anolyte) and an aqueous electrolyte at the cathode side (catholyte), with the
two electrolytes separated by a solid-state electrolyte membrane®®*141> (Fig. 4a). Both
polymer-based (for example, PEO) and inorganic-oxide-based (for example, Liy + x+ ,AlTiz - xP3
-,Si,012 (LATP)) solid electrolytes have been tested as separators in these dual-electrolyte
lithium—air batteries==>="==2=25252255255202,282, 280,280 . Depending on the chemistry of the
air cathode, the catholytes used in dual-electrolyte lithium—air batteries can be classified as
either acidic or basic. Two early examples of cell systems presented in 2010 are'” Li/organic-
electrolyte || LATP || KOH(ag.)/Mn3O, and Li/PEO-LITFSI || LATP || CHsCOOH-

CH3COOLi(aq.)/Pt, where LiTSFl is lithium bis(trifluoromethane)sulfonimide.

Figure 4: Dual-electrolyte lithium—air batteries.
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a | Schematic diagram of a dual-electrolyte lithium—air battery with an organic anode
electrolyte (anolyte) and an aqueous cathode electrolyte (catholyte). The anolyte and
catholyte are separated by a solid-state electrolyte (SSE). b | Summarization of the anode
and cathode reactions, as well as the open-circuit voltages (OCVs) of the cell of a dual-
electrolyte lithium—air battery with either an alkaline or an acidic catholyte. ¢ | Schematic
diagram of a dual-electrolyte lithium—air battery with a decoupled cathode in which the
oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) electrodes are
separated.

In neutral and basic electrolyte lithium—air cells, unavoidable problems are caused largely by
the formation of LiOH at the cathode. Because of the low solubility of LiOH, the over-
saturated LiOH solid can clog the gas diffusion pores of the air cathode and the lithium-ion
channels on the surface of the solid electrolyte (for example, LATP) membrane. In addition,

CO, from air can react with LiOH to form Li,COs; and deactivate the alkaline catholyte@.

With an acidic catholyte, these problems can be overcome 2818418 Ho\wever, weak acids

(for example, CH3COOH, H3PO, or LiH,PO4) must be used because strong acids (for example,

HCl, HNOs or H;SO4) make the solid electrolyte membrane vulnerable to
i ~n175,177,181,184,185,189 ; e H

corrosion . As discharge progresses, the acidity of the catholyte becomes

weaker, which is beneficial for minimizing corrosion of the solid electrolyte.

The cathode reactions of cells with neutral, basic and acidic catholytes are summarized in
Fig. 4b. The theoretical oxygen reduction reaction (ORR) potentials (Fig. 4b) of neutral or
basic catholytes (for alkaline-cathode lithium—air batteries) or acidic catholytes (for acidic-
cathode lithium—air batteries) are 0.40 and 1.23 V, respectively. Acidic catholytes have three
main advantages over alkaline catholytes for operating dual-electrolyte lithium—air batteries:
they avoid the problems associated with solid LiOH, avoid CO, contamination and enhance
the cell voltage.

Traditionally, in a lithium—air battery, a bifunctional air electrode serves as both the ORR and
oxygen evolution reaction (OER) catalyst. Such a cell design has the persistent problem of
carbon corrosion during the high-voltage OER process, limiting the cycle life of hybrid
lithium—air batteries. To overcome carbon corrosion during the OER, a concept in which the
ORR and OER electrodes are decoupled was proposed and has been applied recently to
hybrid lithium—air batteries. A second electrode consisting of a catalyst directly supported on
a metal mesh (for example, nickel, stainless steel or titanium) served as the OER electrode
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and was independent of the ORR electrode (Fig. 4c). This decoupled design greatly enhanced

the cycle life of hybrid lithium—air batteries*”>182.

Lithium—sulfur batteries. Rechargeable battery systems based on non-aqueous lithium—
sulfur chemistry have received overwhelming attention in the past few years. With an anode
capacity of ~3,800 mA g and a cathode capacity of ~1,675 mA g, the lithium—sulfur
battery system can theoretically yield a high energy density of ~2,600 Wh kg™ (on the basis
of the active lithium anode and sulfur cathode) with an operating voltage of ~2.0 V (Refs
190,191,192,193,194). Because of the cost reduction resulting from the use of a sulfur
cathode, high-energy-density lithium—sulfur batteries are promising candidates to succeed
lithium-ion batteries in a range of applications, including portable electronic devices, electric
vehicles and grid-scale energy storage==="="==== . However, despite the significant
progress made through many years of research, this battery technology still faces
considerable technical challenges. Unlike those in traditional lithium-ion batteries, the
charge and discharge processes of a lithium—sulfur system involve a series of soluble
intermediate products, which exist in various forms of polysulfide dissolved in the non-
aqueous liquid electrolyte. Under the working conditions (for charge and discharge) of
lithium—sulfur batteries, the soluble polysulfide species tend to migrate from the cathode
through the conventional porous separator to chemically react with lithium metal at the
anode. This ‘polysulfide shuttle’ behaviour severely reduces the feasibility of an active sulfur
electrode, lowers the cycling efficiency of the cells and induces capacity fade during cycling.
In addition, use of a lithium-metal anode in lithium—sulfur batteries would unavoidably lead
to the additional persistent problem of lithium dendrite formation and would consequently
present a safety hazard if a conventional porous separator is used. These two problems —
the polysulfide shuttle and cell-shorting by lithium dendrites — are the most important
challenges for lithium—sulfur battery technology.

Great effort has been expended to address the issue of the polysulfide shuttle through the
encapsulation of the polysulfide species in the cathode========c==2Snsnss ,
including the development of new cathode structures, advanced cell configurations and
enhanced interactions of polysulfide species with the cathode matrix. Unfortunately, these
approaches only alleviate polysulfide diffusion to a certain extent. To circumvent the
diffusion of polysulfide species completely, an alternative separator approach is needed.
Overcoming the lithium-dendrite problem also requires the development of alternative
separator strategies.

Progress made with lithium-ion batteries using inorganic lithium-ion-conductive solid
electrolytes has also shed light on lithium—sulfur batteries. Solid electrolytes not only
provide the possibility of preventing polysulfide diffusion, but are also able to block dendrite
growth at the lithium-metal anode. Research on solid electrolyte lithium—sulfur batteries has
undergone two main phases. The first phase involved integrating the solid electrolyte into
lithium—sulfur cells according to an ‘all-solid-state’ development principle®*21%211 (Fig. 5a).
However, the reported cell-performance data were unsatisfactory, especially in terms of rate
capability, sulfur-cathode utilization and cyclability?222232%_This is mainly because of the
sluggish kinetics of ionic transport either in the sulfur cathode or at the electrode/electrolyte
interface. Owing to the unique electrochemical process of the lithium—sulfur battery, and

the poor electronic and lithium-ion conductivities of sulfur and the polysulfides formed
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(even with the solid-state electrolyte), a liquid electrolyte seemed, until recently, necessary
in the sulfur cathode to ensure a favourable medium for facile ionic transport and electrical
interaction between the sulfur species (elemental sulfur, polysulfides or sulfide) and the
cathode materials.

Figure 5: Lithium—sulfur batteries based on solid electrolytes.
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a | Schematic diagram of an all-solid-state lithium—sulfur battery. b | Schematic diagram of a
hybrid Li || Li-solid-state electrolyte (SSE) || sulfur cell with a lithium-metal anode, a Li-
SSE/liquid hybrid electrolyte and a sulfur-carbon composite cathode. The yellow spheres
represent the soluble polysulfide species and the green spheres represent Li* ions. Because
the Li-SSE prevents migration of polysulfides from the cathode to the anode, the polysulfides
move within the cathode of the cell as schematically shown by the arrows. ¢ | Schematic
diagram of a membrane-electrode assembly for a hybrid Li || Li-SSE || sulfur battery. d |
Discharge voltage of a lithium—sulfur cell versus the electrochemical stability window (ESW)
of a LATP (Liy +xaxTiz2 - x(PO4)3) solid electrolyte.

In the second, recent phase of development, a dual-electrolyte (or hybrid-electrolyte)
approach was proposed to address the problems outlined above®%2*>% (Fig. 5b). In the dual-
electrolyte lithium—sulfur battery system, the lithium-ion-conductive solid-state electrolyte
acts as: a separator to insulate the lithium-metal anode and the sulfur cathode; a lithium-ion
conductor to sustain an ionic path for the electrochemical reactions at the two electrodes;
and a shield to prevent polysulfide migration. The liquid electrolyte in the cathode not only
provides an ionic medium for the sulfur—polysulfide—sulfide redox reactions within the
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cathode, but also maintains a facile lithium-ion path at the cathode/solid-electrolyte
interface.

As previously discussed, in a solid-electrolyte battery system there has always been the
technical challenge of building a facile lithium-ion path at the electrolyte/electrode interface.
This problem is prevalent in solid-electrolyte lithium—sulfur batteries, together with the
difficulty of maintaining ideal surface contact between the lithium-metal anode and the solid
electrolyte membrane. Initial approaches (such as the addition of a liquid-electrolyte buffer
at the lithium/solid-electrolyte interface or mechanically pressing the lithium metal to the
solid electrolyte) were not able to provide a satisfactory solution. An interlayer approach
was then proposed, in which a liquid-electrolyte-soaked polymer is inserted between the
lithium and solid electrolytes (Fig. 5c). This approach solved the interfacial problem and
ensured cyclability>>%.

Hybrid-electrolyte lithium—sulfur batteries were initially demonstrated with a commercially
available NASICON-type Li; . xAlTi> - «(PO4); (LATP) solid electrolyte®*2. However, both
electrochemical and chemical incompatibilities affect lithium—sulfur batteries owing to the
easy reduction of Ti*" (~2.4 V versus Li*/Li) in LATP. The Ti** in the LATP material can be
either chemically reduced to Ti** by the polysulfide species or electrochemically reduced
during the discharge of the lithium—sulfur battery (because the discharge voltage of lithium—
sulfur cells is lower than the reduction potential of LATP, as illustrated in Fig. 5d). A recent
study that involved the replacement of titanium by germanium suggests that this
replacement could eliminate the compatibility issue; however, the cycling performances of
the lithium—sulfur batteries with the Li; . yAl,Ge; - ,(PO4)3 (LAGP) solid electrolyte are still not
satisfactory?’. In addition, the high cost of germanium is also problematic for its practical
application. Most recently, an alternative NASICON-type solid electrolyte, Liy + xYxZr2 - x(PO4)3
(LYZP), has been explored as a solid-electrolyte/separator in lithium—sulfur batteries.
Although the lithium-ion conductivity of LYZP (~3 x 10 S cm™Y) is lower than that of LATP,
LYZP shows both favourable chemical and electrochemical compatibility with the cell
components under the operating conditions of lithium—sulfur batteries. Integration of the

LYZP solid electrolyte also greatly enhances cyclability?X.

Lithium—bromine batteries. The high gravimetric energy density of bromine as a liquid
cathode has led to the exploration of lithium—bromine batteries?2. A few different types of
rechargeable lithium—bromine batteries have been reported======>2 , which typically
use an aqueous bromide solution cathode and a lithium-metal anode (usually coated with a
protective layer), and are separated by a solid electrolyte (typically LATP), as depicted in Fig.
6a. The lithium-ion-conductive solid electrolyte was instrumental in the development of
lithium—bromine batteries, because they require the complete separation of the liquid
bromine from the highly active lithium-metal anode. In general, lithium—bromine battery
systems include a non-aqueous anolyte to sustain the anode reaction and an aqueous
catholyte to accommodate the cathode reaction. During discharge, the lithium metal in the
non-aqueous anolyte is oxidized to lithium ions, which migrate towards the cathode through
the lithium-ion-conductive solid electrolyte. Accordingly, the electrons travel through the
external circuit to reach the cathode. At the surface of the cathode, bromine is reduced by
the incoming electrons to form bromide ions (Br ), and this is followed by fast complexation
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with bromine to form the more stable tribromide ions (Brs”). The reactions are reversed
during the charging process.

Figure 6: Solid-state lithium—bromine batteries.
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a | Schematic diagram of a rechargeable lithium—bromine battery with a lithium-metal
anode, an organic anode electrolyte, a solid-state electrolyte separator, and an aqueous
catholyte (consisting of bromine and lithium bromide aqueous solution). b | Voltage and
power density as a function of current density of a typical lithium—bromine battery with a Li;
+xAlTi; _4(PO4)3 (LATP) solid electrolyte. Data from Ref. 219.

The positive bromine electrode usually provides fast redox kinetics and relatively good
stability&&m&&. Lithium—bromine batteries can therefore be considered as an
intermediate platform between lithium-ion batteries (that is, with a solid cathode and a
relatively low energy density) and lithium—air batteries (with a gaseous cathode and a high
energy density, but with many challenging problems). Until recently, the main challenge
facing lithium—bromine batteries was the degradation of the solid electrolyte ceramic
membrane during cell operation. Indeed, because of the strongly fuming and oxidative
nature of bromine, the high vapour pressure that builds up in a closed static liquid cell can
easily rupture the ceramic separator. The high vapour pressure of bromine also limits the
concentration of the cathode solution that can be used. Most work has only considered
dilute electrolytes, but a recent study??2 demonstrated that such problems can be avoided in
an appropriately designed flow cell, thus allowing highly concentrated bromine/bromide
catholytes to be used to develop more practical, high-specific-energy lithium—bromine
batteries.

Batteries with mediator-ion solid electrolytes

From practical and economic points of view of electrochemical energy storage technologies,
aqueous battery systems generally offer an overall advantage over non-aqueous battery
systems in terms of system maintenance, operation security, cost of the cell components
and reliability. Among the aqueous batteries already developed (for example, zinc—
manganese dioxide, nickel-metal hydride and nickel-cadmium batteries) or under
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development (for example, nlckel—lron*3, zinc—silver OXIdeJ, zinc—nickel OX|de*5, zinc—

ferrate?® and zinc—periodateﬁ batteries), the anode and cathode are usually separated
with a porous separator. An aqueous liquid electrolyte shuttling through the porous
separator provides the ionic path to sustain the anode and cathode redox reactions. Under
this cell operation principle, the electrodes (either the anode or cathode) of a cell must be in
the solid phase and insoluble in the aqueous electrolyte to ensure that they do not migrate
through the porous separator. In addition, the development of traditional porous-separator
batteries is limited by two persistent issues: during charge—discharge of a cell, any soluble
intermediate products formed could induce chemical crossover between the anode and the
cathode; and for a metal-based anode, dendrite formation results in a short circuit of the
cell.

In terms of materials cost and electrochemical energy conversion, many Earth-abundant or
easily synthesized materials, either in the liquid or gas phase, show promise as active
electrodes for the development of high-energy-density, low-cost and safe aqueous batteries.
Unfortunately, with a conventional porous polymer separator, the cells suffer from the
chemical crossover of liquid or gaseous electrode materials between the two electrodes,
resulting in self-discharge and poor efficiency. These issues can be circumvented by using
solid-electrolyte separators; however, at present, ambient-temperature solid electrolytes
are limited to lithium- and sodium-ion-conductive materials, which are used predominantly
in non-aqueous lithium-based or sodium-based batteries. Divalent-ion-based or trivalent-
ion-based anode chemistries (for example, iron, zinc and aluminium) can be applied to the
aqueous battery systems, but solid-state electrolytes capable of transporting divalent or
trivalent ions are practically unavailable because of the higher charge and heavier mass of
the ions?2222, Thus, it seems impossible to develop totally aqueous batteries (with an
aqueous electrolyte for both the anode and the cathode) with the currently available alkali-
metal-ion-conductive solid electrolytes.

During the past few years, lithium-ion-conductive solid electrolytes have been integrated
into hybrid electrolyte batteries (with a non-aqueous anode electrolyte and an aqueous
cathode eIectronte)z’ﬁ'@. Our group recently proposed and demonstrated a unique
‘mediator-ion’ strategy for the development of aqueous batteries with the currently
available alkali-metal-ion solid-electrolyte separators through management of the solid-
electrolyte separators, the aqueous electrolyte at the anode (anolyte) and the aqueous
electrolyte at the cathode (catholyte)®% The anode and cathode reactions of the redox
couples are maintained by the shuttling of an alkali-metal (lithium or sodium) ion — the
mediator ion — through the solid-state electrolyte between the catholyte and the anolyte.
This unique battery-development strategy not only eliminates the chemical-crossover
problem of the liquid or gaseous reactants, but also circumvents the metal-dendrite problem
when a metal anode is used. Therefore, electrode materials in these batteries are not limited
to the solid phase. Any liquid or gaseous materials with a high electrochemical capacity and
a high operating voltage can be used as active electrode materials. In addition, this battery
concept allows the use of a different anolyte and catholyte in a single cell, which is
advantageous for optimizing the electrode capacity, cell voltage, overall energy density and
component costs.
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This battery concept has been demonstrated with two low-cost metal anodes (zinc and iron),
two liquid-phase cathodes (bromine and potassium ferricyanide), one gas-phase cathode (air
or oxygen), a sodium-ion solid electrolyte (Naz4Scy(P04),.6(Si04)04) and a lithium-ion solid
electrolyte (Liy + x+ yAlcTiz - xP3-,Si, 01, (LATP)). These new battery systems are shown in Fig. 7,
with the charge—discharge mechanisms illustrated for the Zn(LiOH) || lithium—sulfur solid
electrolyte || Bry(LiBr) system in Fig. 7b. The lithium-ion solid electrolyte in this zinc—
bromine cell provides an ionic channel for mediator-ion (Li*) transport rather than acting as a
Zn**-ion-conductive medium. The lithium mediator ion balances the charge between the
anode and the cathode rather than being directly involved in the electrode reactions during
charge and discharge. During the discharge process, the zinc-metal anode is first oxidized to
zinc ions (Zn**), which subsequently integrate with the negatively charged hydroxide ions
(OH") to produce zincate ions [Zn(OH)4]*. In an alkaline solution, soluble [Zn(OH)4]* ions
dissociate to form zinc oxide (ZnO, an insoluble solid) and water. At the cathode, the
reduction of liquid bromine forms negatively charged bromide ions. To balance the ionic
charge between the anolyte and catholyte, the lithium ions in the anolyte migrate through
the lithium solid electrolyte from the anode to the cathode. During the charge process, the
zincate ions are first reduced into zinc metal and hydroxide at the anode. Metallic zinc is
then deposited onto the anode current collector. The hydroxide ions combine with lithium
ions to form soluble LiOH in the anolyte. The bromide ions are subsequently oxidized to
molecular bromine at the cathode. To sustain the ionic charge balance, lithium ions are
transported in the opposite direction, from the cathode to the anode through the lithium
solid electrolyte. The charge—discharge mechanism of the other battery systems (Fig. 7c,d) is
similar to the system described above. The mediator ion (Li* or Na*) migrates through the
solid electrolyte without involving the redox reactions at either side of the cell and balances
the ionic charge between the anolyte and catholyte. The anolytes and catholytes should be
strategically prepared using soluble salts that comprise the mediator ion in the
corresponding solid electrolyte.

Figure 7: Aqueous batteries with mediator-ion solid electrolytes.
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Schematic diagram of an aqueous electrochemical energy storage system enabled with a
mediator-ion solid electrolyte (panel a). The solid electrolyte prevents a mixing of the
anolyte and catholyte. The redox reactions at the anode and cathode are sustained by the
shuttling of the mediator ion through the solid electrolyte. Also shown are schematics of
aqueous electrochemical energy storage systems enabled with either a lithium-ion or a
sodium-ion solid electrolyte: Zn(LiOH) || Li-SSE || Bry(LiBr) (panel b), Fe(NaOH) || Na-SSE | |
KzFe(CN)s(NaOH) (panel ¢) and Zn(LiOH) || Li-SSE || air (H3PO4/LiH,PO4) (panel d). SSE, solid-
state electrolyte.

The mediator-ion strategy with a solid-state electrolyte provides a battery-development
platform that is applicable to a broad range of redox couples with various cathode and
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anode materials. In the long term, the mediator-ion battery concept is promising for the
development of low-cost, safe and high-energy-density aqueous electrochemical energy
storage systems. In addition to the commonly used zinc and iron, other metals (such as
aluminium) or inorganic or organic compounds are also promising anode materials. In terms
of candidate cathode materials, the list is much longer than for the anode. This list includes
both inorganic and organic compounds, such as hydrogen peroxide, bromate salts,
permanganate salts, nickel oxide, dichromate salts, iodate salts, polysulfides, sulfur,
manganese oxide, hypochlorites, perchlorate salts, chlorate salts, nitrate salts, bismuthate
salts and chromate salts.

We have described various battery chemistries operated with solid-state electrolytes,
including all-solid-state lithium-ion batteries, lithium—air, lithium—sulfur and lithium—
bromine batteries, as well as aqueous batteries enabled with a solid electrolyte.
Performance metrics (that is, energy density, power density, life cycle and other relevant
parameters) of these battery systems at the current development stage are summarized in
Table 2.

Table 2: Summary of the performance metrics of various solid-electrolyte battery systems
Energy

) . Cycle life
Battery . density Power density Cell voltage
Solid electrolyte o (number Refs
system (Wh (mWcm™) (V)
1 of cycles)
kg )*
All-solid-state, non-aqueous and hybrid-electrolyte batteries with solid-state electrolytes
6, 136,
. 10-50 -
Oxide (NASICON, LISICON and 137,138,
(temperature  ~300 3.0-5.0
garnet) 139,
dependent)
149, 150
All-solid- 10-60 11, 70
state Sulfide (Li,S—P,5s—MS,) (temperature  ~1,000  4.5-5.0 r =
300-600 140, 141
lithium-ion dependent)
batteries o 5-50 (cathode
Thin-film LiPON ~10,000 3.0-4.0 159
dependent)
10-100
155,156,
Polymer (PEO) (elevated ~400 3.3-3.7 157 15
temperatures) =
39, 40,
174,175,
2.8-3.7
L . . . 176,177,
Lithium—air Li; , AlLTi,_,(PO,4); (LATP) ~10,000 ~15 ~100 (electrolyte 178 179
dependent) T
180,181,
182
Lithi Liz + Al Tiz - (PO4)3 (LATP)Liy . 41,42,
ithium—
; ALGe,_ (PO,); (LAGP) Li;,,Y,Zr,. ~1,500  ~5 ~300 ~2.30 215,216,
sulfur
«(PO4)s (LYZP) 217
Lithium— . .
, Liy + (AL Ti; - ,(POy4); (LATP) ~1,200 ~30 ~100 ~4.2 219
bromine

Aqueous solid-electrolyte batteries
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Energy

. . Cycle life
Battery . density Power density Cell voltage
Solid electrolyte 2 (number Refs
system (Wh (mW cm ™) (V)
1 of cycles)
kg )*
Zinc—
. ~500 ~15 ~2.2
bromine
Zn—
~120 ~15 ~1.7
KsFe(CN)g ) ]
F L|1+XA|XT|2 —X(PO4)3 100 230
e— . ~ 230
(LATP)Na345¢5(P04),.6(Si04)0.4 ~90 ~2 ~1.2
KsFe(CN)g
~2.0 (acidic
Zinc—air ~1,200 ~5 cathode

electrolyte)

1. LiPON, lithium phosphorus oxynitride; LISICON, lithium superionic conductor; NASICON,
sodium superionic conductor; PEO, poly(ethylene oxide).

2. *Because the thickness of the solid electrolytes varies significantly in different studies, the
overall energy densities of the cells are hard to calculate. Therefore, the energy densities
presented here are based on the active anode and cathode materials.

At present, the high-temperature sodium—sulfur battery system is the only viable energy
storage technology that uses a solid electrolyte. All-solid-state lithium-ion batteries have
been pursued for many years and offer several important advantages over commercial
lithium-ion batteries with liquid organic electrolytes (including improved safety, higher
energy densities and wider operating temperatures). The improved reliability of all-solid-
state lithium-ion batteries makes them appealing for large-scale applications. However, for
all-solid-state lithium-ion batteries with inorganic solid-state electrolytes, key challenges
remain, such as the volume change in the electrodes, interfacial charge-transfer resistance,
flexibility concerns and poor cycling stability. Solid polymer electrolytes overcome some of
the limitations of the inorganic solid-state electrolytes (that is, they have good shape
flexibility and contact with the electrodes), but they have narrow electrochemical stability
windows and low ionic conductivity (at room temperature), which currently impede the
development of polymer-based all-solid-state lithium-ion batteries.

In contrast to the all-solid-state strategy, batteries based on a solid electrolyte and liquid
electrodes can avoid the issue of high charge-transfer resistance. This not only allows large-
scale battery systems to be produced but also enables new battery chemistries that were
previously impossible because of chemical crossover between the two electrodes through
conventional polymeric separators soaked with liquid electrolytes. With the ability to
prevent lithium-dendrite formation and to completely separate the liquixd or gaseous
reactants, inorganic solid lithium-ion conductive membranes offer the possibility of
developing lithium-based batteries with a wide range of cathodes through a dual-electrolyte
strategy. Lithium—air and lithium—bromine batteries have been successfully demonstrated
with an organic anolyte and an aqueous catholyte separated by a NASICON-type solid
electrolyte. The NASICON-type solid electrolyte also enables lithium—sulfur batteries that do
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not experience the polysulfide shuttle. Solid electrolytes also enable aqueous batteries with
liquid or gaseous reactants through a mediator-ion operating principle, using a lithium- or a
sodium-ion solid electrolyte, zinc or iron anode and a range of active cathode materials.
Through appropriate management of the anolyte, catholyte and solid electrolyte, a wide
range of redox couples with various cathodes and anodes (either in the solid, liquid or
gaseous phase) could be used for the development of low-cost and safe aqueous energy
storage systems without the concerns of chemical crossover and metal-dendrite formation.

Although batteries based on solid electrolytes offer great possibilities for application in
electric vehicles and grid energy storage, there is a long way to go before practical
implementation at the industrial level. Transferring these systems from research
laboratories to commercialized products requires intensive, systematic and integrated
research efforts into multiple interlocking avenues: electrodes, solid-state electrolytes, the
electrode/electrolyte interface and the cell configuration design.

Achieving solid electrolyte materials (either inorganic, polymer or composite) with high
conductivity, good electrochemical stability and acceptable mechanical properties requires
an integrated, in-depth approach between experiments and computational modelling, along
with advanced state-of-the-art characterization techniques to understand the intricacies of
the ion-transport mechanisms. In addition, steps need to be taken to keep the cost of
production low for large-scale solid electrolyte membranes with acceptable mechanical
properties.

Overcoming the charge-transfer resistance barrier at the solid/solid interface between the
electrodes and electrolyte is a huge challenge. Solid electrolytes with a soft surface structure
— either intrinsically present in the material or extrinsically generated with the
incorporation of appropriate groups to the surface — could help to minimize this challenge.
For example, a thin layer of either an ionically conductive or electronically conductive elastic
material deposited on the surface of either the electrode or the solid electrolyte would help
to enhance the ionic electrode/electrolyte interface. Insertion of an ionically conductive
elastic interlayer between the electrode and the solid electrolyte would be another effective
approach. Furthermore, it would be useful to introduce a liquid electrolyte integrated
interlayer between the electrode and the solid electrolyte. In addition, a deeper
understanding of the strain and stress behaviour within the electrode would be instructive
for management of the electrode/electrolyte interface. Again, the production costs need to
be kept low with such approaches in order for these systems to be competitive with existing
energy storage technologies.

Batteries with a solid electrolyte and a liquid or gaseous electrode (for example, lithium—air,
lithium—polysulfide and lithium—bromine) overcome the problem of interfacial charge
transfer, but a few aspects need to be addressed in a cost-effective manner for them to
become viable. First, it is necessary to develop solid electrolytes that are chemically and
electrochemically compatible when in contact with both the anode and the cathode (for
example, lithium, sodium, polysulfide, bromine and highly acidic or basic environments).
Second, a robust cell structure design and reliable sealing techniques are required for
inorganic (ceramic) solid electrolytes to provide a hermetic environment during long-term



operation. These requirements also apply to the mediator-ion solid-electrolyte strategy with
low-cost, safer anodes, such as zinc or iron, and a choice of many liquid or gaseous cathodes.

Overall, the information available at present is encouraging for batteries based on solid
electrolytes. Realization of solid electrolytes with the necessary parameters would enable
new battery chemistries and affordable, advanced battery systems that would revolutionize
the rechargeable battery field, providing good levels of safety, high energy density, and long
static and dynamic stabilities with no self-discharge and long cycle lives.
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A Better Battery? A Survey of What Might
Come after Lithium-lon

From the February 2017 issue

How we store energy will be critical to the future of the electric car. While lithium-ion
batteries are likely to remain the standard for at least the next decade, academic researchers
and startup companies are racing to discover, design, and manufacture alternatives that will
move beyond the limits of today’s chemistries. The following three technologies show the
greatest potential:
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In brief: Here, energy is stored in tanks as two liquid electrolytes rather than in the positive
and negative electrodes. The electrolytes generate electricity as they’re pumped through the
battery cells. Recharging can occur either onboard by reversing the process or by replacing
the electrolyte at a fuel station.

What might stop it: Many experts believe that achieving adequate range with a flow battery
will require storage tanks too large to be practical in a vehicle.

Where it stands: NanoFlowcell, a company based in Liechtenstein, claims that it has a
working flow-cell prototype vehicle that drove for 14 hours at city speeds with two 42-gallon
tanks of electrolytes, although skepticism runs high in the scientific community. A startup
founded by MIT researchers, 24M recently pivoted from reduction-oxidation flow batteries to
what it calls semisolid lithium-ion batteries, specifically due to the packaging constraints of
the large storage tanks.’



Solid-State Lithium-Ion

"SOLID CERAMIC
CELECTROLYTE.

In brief: A solid ceramic electrolyte replaces the liquid electrolyte in today’s lithium-ion
cells, leading to a battery that is nonflammable, doesn’t degrade over time, and doubles the
amount of energy that can be stored in a given volume. That last part is possible because the
solid electrolyte enables the use of pure metallic lithium in the negative electrode. The
performance of solid-state batteries also improves with heat, eliminating the need for liquid
cooling.

What might stop it: The ceramic electrolyte is up to five times heavier than the liquid
alternative, and the thin, brittle sheets will need protection from jarring road impacts.
Performance also suffers in low temperatures.

Where it stands: Dyson, the vacuum manufacturer that also has a grant from the British
government to build an electric car, purchased solid-state-battery startup Sakti3 in 2015.
However, Sakti3 uses a thin-film production method that likely won’t scale for automotive
applications. Researchers at the Sakamoto Group are working to produce the ceramic material
in bulk with batches of powder.



Metal-Air

LIQUID
ELECTROLYTE

In brief: Part battery, part fuel cell, a metal-air cell uses the oxygen from air pumped through
the battery to drive the electricity-generating chemical reaction. This is much lighter than
storing the oxidant as a solid material in the battery, resulting in batteries with up to 10 times
the energy density of a lithium-ion one. Lithium-air batteries grab a lot of headlines, but
there’s even more potential in zinc-air cells due to zinc’s abundance and low cost.

What might stop it: Rechargeable metal-air batteries are a fairly recent development and
have a limited number of charge-discharge cycles before their storage capacity significantly
degrades.

Where it stands: Arizona-based Fluidic Energy has installed rechargeable zinc-air batteries
in developing countries to act as buffers for unreliable electric grids. Tesla holds a patent for a
vehicle that uses a metal-air battery as a range extender after the lithium-ion pack is depleted,
thus limiting the number of charge cycles the secondary battery faces.



Solid-State Batteries Make Strides in the
Charge toward the Future of EVs
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The electric car’s role in the future is assured by today’s race among General Motors,
Hyundai, Nissan, Tesla, and others to advance range and affordability. With a rising number
of startup challengers, these automakers agree that winning depends on making the electric
car’s engine—its battery pack—cheaper, lighter, smaller, safer, and longer-lasting.

The current lithium-ion (Li-ion) batteries have buried previous lead-acid and nickel-metal
hydride designs, but there’s fervent interest in alternatives to the Li-ion concept that Exxon,
of all entities, patented in 1976.

Earlier this decade, a startup enterprise called Sakti3, working in deep secrecy one building
away from Car and Driver's Ann Arbor, Michigan, headquarters, quietly began touting a
solid-state lithium-ion battery that eliminates the normal liquid electrolyte to improve
energy density and safety while shortening recharge times and, potentially, lowering
manufacturing costs. British inventor and consumer-electronics manufacturer James Dyson
was so convinced that his firm bought Sakti3 for more than $100 million in 2015.

Various universities, research organizations, and automakers including Toyota also are
targeting solid-state manufacturing, where a lithium-ion battery is created layer by layer
through vapor deposition—the methodology long used to construct computer chips. At the
University of Texas at Austin, research fellow Maria Helena Braga is eager to patent a battery
using a solid-glass electrolyte in combination with an inexpensive sodium anode. Along with
three times the energy density of today’s lithium-ion batteries, Braga’s new formulation has
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demonstrated 1200 charge-discharge cycles and successful operation below zero degrees
Fahrenheit.

On the surface, this sounds like one of countless pursuits with a slim chance of discovering
gold at the end of a long rainbow. What makes Braga’s endeavor especially interesting is her
mentor: Professor John Goodenough, who has been active in the lithium-ion field for four
decades. Most significant, Goodenough created the breakthrough in this field—a viable
lithium-cobalt-oxide cathode—in 1980 while in residence at Oxford University. In 1991, Sony
added a carbon anode to that concept to commercialize the first lithium-ion batteries for use
in cameras.

At 94, Goodenough visits his laboratory daily to work with Braga, whose solid-state-battery
research began at the University of Porto in Portugal. A growing cadre of electric-car
enthusiasts, developers, and manufacturers is rooting for their success.



Solid State Battery Technology Set to
Dominate Lithium-lon

When lithium-ion battery technology replaced nickel cadmium and metal hydride, we really
felt like we arrived in power tool industry. In reality, we did. Cordless tools are finally able to
replace corded models with enough power and runtime to use all day. But all that might
change again with the successful development of a new solid-state battery.

It’s hard to imagine that just a few years after lithium-ion battery packs revolutionized the
power tool industry, we might be in the early stages of making them obsolete. Think about
all the advantages that lithium-ion brought to the table: No battery memory, more power,
longer runtime. Almost overnight, Pro level tools sent NiCad packing with a simple “don’t let
the door hit you on the way out!”

But solid-state battery technology (already used in remote controlled cars and electronics)
looks to advance even further. It has a longer life cycle, charges and discharges quickly, and
is noncombustible. Perhaps most importantly, it's cheaper. At first glance, there’s really
nothing that stands out as detrimental. In fact, the solid-state battery looks to swiftly toss
aside lithium-ion as quickly as NiCad was shown the door. That is, provided it can hit the high
current levels required for power tools.

How Does Solid-State Battery Technology Work?

Batteries discharge energy and in return charge by moving ions between the negative and
positive side of the battery. The direction of the ion shift determines whether the battery is
giving out energy or taking it in. From there, we meet John Goodenough (yes, that’s his real
name). Never heard of him?

He’s one of the co-inventors of the lithium-ion battery. Even though this technology only
took over the power tool industry a few years back, he helped invent the technology 37
years ago. At the age of 94, Dr. Goodenough is doing much more than good enough by
creating a successful glass electrolyte solid-state battery.

Instead of using a liquid electrolyte to transport ions between negative and positive sides of
the battery, the solid-state form uses sodium instead of lithium. Both are alkali metals
effective for transporting those ions. Considering how much of the Earth’s surface is covered
by seawater, sodium is a widely available—and cheap—alternative. If it can be used in place
of lithium, prices go down even if the performance is identical. But of course, it’s not.

What Other Benefits Are There?

When | say that a solid-state battery can charge quickly, | mean ridiculously fast. Lithium-ion
batteries that currently take hours to charge will take mere minutes. It's much denser that
lithium-ion, storing some three times the amount of energy in the same space. You also end
up with the battery that still has high conductivity down to four degrees below zero (or -20
degrees Celsius).



Let’s not overlook how significant the stability of a solid-state battery is. One of the biggest
dangers—as Samsung has famously proven with its S7—is battery combustion. The fact that
the new technology eliminates this risk means manufacturers can create tools that are much
more aggressive in their discharge and chargers that are lightning fast. They can also ship
them via air freight—a huge boon for batteries given current restrictions.

Uses for a Solid-State Battery

There are obvious products that can benefit from solid-state technology. Nearly every adult
(and seemingly child) in the United States and other developed countries now carry a
smartphone. Imagine a battery that will power your phone for days instead of having to
recharge after a busy morning—all without increasing the size.

One of the most power-hungry product groups getting excited about this breakthrough is
the electric car side of the auto industry. Greater range, better acceleration, and lower prices
have the potential to make electric cars available to a greater number of buyers.

But what we are really excited about is power tools. We’re just breaking into tool classes like
belt sanders and SDS-Max rotary hammers. What other tools might be unlocked for the
cordless realm: Power cutters, augers, generators?

And let’s not forget about outdoor power equipment. Ryobi just launched a $2,500 battery-
powered riding lawnmower that uses four lead acid batteries. It’s able to run for two hours
and cut two acres on one charge. Imagine being able to run for six hours!

The Bottom Line

More power, longer runtime, faster charging, complete stability, and lower pricing make it
seem like the solid-state battery is the perfect solution to power virtually everything that
uses batteries. Could it replace lithium-ion technology overnight? We'll have to see. With the
information that’s available so far, however, there’s not really an obvious downside to this
new breakthrough.

I'll go on record as saying that if it sounds too good to be true, it probably is. However, until
we start seeing products in the hands of real-world consumers, we’ll have to rely on lab tests
and scientific studies to determine what those limitations will be.

It took the better part of 30 years for lithium-ion technology to find its way into mainstream
cordless tools. One of the big questions is how long solid-state will take to move in. Another
area of concern for most current cordless tool users is whether or not a new solid-state
battery pack will run a tool designed for a lithium-ion pack. After all, NiCad and Lithium-ion
aren’t cross compatible. Our guess, however, is that since the transition to smarter packs
and tools has already taken place, the shift will occur more readily.


https://www.protoolreviews.com/tools/power/cordless/grinders-sanders-cordless/ridgid-gen5x-brushless-belt-sander-review/28168/
https://www.protoolreviews.com/trades/concrete/milwaukee-m18-fuel-sds-max-rotary-hammer-2-2/25537/

Let’s hope it doesn’t take nearly that long for solid-state battery packs show up. When they
do, it’s a good bet we’ll think of lithium-ion batteries the way we do NiCad right now and
wonder how we ever built a house without them



