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HIGHLIGHTS

e Fundamental rationalisation for high-energy batteries.
e Newly emerging and the state-of-the-art high-energy batteries vs. incumbent lithium-ion batteries: performance, cost and safety.

® Closing the gap between academic research and commercialisation of emerging high-energy batteries, and examination of the remain-

ing challenges.

ABSTRACT Rechargeable batteries of high energy density and over-
all performance are becoming a critically important technology in the
rapidly changing society of the twenty-first century. While lithium-ion

batteries have so far been the dominant choice, numerous emerging

applications call for higher capacity, better safety and lower costs while
maintaining sufficient cyclability. The design space for potentially bet-
ter alternatives is extremely large, with numerous new chemistries and
architectures being simultaneously explored. These include other inser-

tion ions (e.g. sodium and numerous multivalent ions), conversion elec-
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trode materials (e.g. silicon, metallic anodes, halides and chalcogens)

and aqueous and solid electrolytes. However, each of these potential

“beyond lithium-ion” alternatives faces numerous challenges that often

lead to very poor cyclability, especially at the commercial cell level, [ | Capacity |

// Contemporary Lithium-ion Batteries \

decrease in cost. This review examines fundamental principles to rationalise these numerous developments, and in each case, a brief

while lithium-ion batteries continue to improve in performance and

overview is given on the advantages, advances, remaining challenges preventing cell-level implementation and the state-of-the-art of
the solutions to these challenges. Finally, research and development results obtained in academia are compared to emerging commercial

examples, as a commentary on the current and near-future viability of these “beyond lithium-ion” alternatives.
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1 Introduction
1.1 Background

The battery, famously invented by Alessandro Volta in 1800
[1], is an electrochemical device that converts chemical
energy to electrical energy. Redox reactants are stored in
the electrodes, separated by an electronically insulating but
ionically conducting electrolyte, with their reaction driving
electrons through an external circuit during discharge. In a
rechargeable system, simply applying a sufficient potential
to the electrodes reverses the reaction and converts elec-
trical energy to chemical energy. Rechargeable batteries
have changed substantially in architecture, chemistry and
performance since the initial invention. Regardless of these
changes, the ability to reversibly store and release electrical
energy on demand in a mobile package has had an undenia-
bly significant impact on society, with off-the-grid electrical
devices being ubiquitous all around the world. The role that
they play is becoming even more important, as the deple-
tion of fossil fuels and rapid climate change urgently call
for clean, renewable sources of energy that will need to be
stored in various electrical energy storage devices, including
batteries, and especially so for mobile applications.

While other factors such as power capacity, cyclability,
price and operating temperature are important, the per-
ennial problem that batteries face is insufficient energy
density,! where battery designers are often engaged in an
unwitting arms race with device designers that introduce
ever more powerful devices to take advantage of ever more
energy-dense batteries. Over the past few decades, lithium-
ion batteries (LIBs) have emerged as the dominant high-
energy chemistry due to their uniquely high energy density
while maintaining high power and cyclability at accept-
able prices. However, issues with cost and safety remain,
and their energy densities are becoming insufficient with
the rapid trend towards electrification of the transport and
energy industries. There is thus an increasingly urgent need
for better LIBs and “beyond lithium-ion” alternatives that
are safer, cheaper and higher capacity while maintaining suf-
ficient longevity and power capacity to address new applica-
tion demands. A large variety of potential candidates have

! The term “energy density” presently refers to gravimetric energy
density, unless otherwise stated.
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emerged as a result, including sodium and multivalent ion,
lithium—sulphur, metal—air and solid-state batteries among
others. While many of them have demonstrated potentially
higher capacities or lower costs, this often comes at a large
expense in cyclability. A large gap also remains between
academia and industry, and emerging commercially avail-
able examples of these new alternatives are generally fall-
ing short of their laboratory counterparts in all performance
aspects (Fig. 1a). As a result, despite encouraging academic
progress, LIBs currently still account for nearly the entire
high-energy battery market [2].

Nonetheless, recent progress in the field has been unde-
niably rapid, with an average of nearly 30,000 papers pub-
lished globally per year for the past decade, covering a wide
variety of different chemistries, architectures and applica-
tions. However, while numerous excellent reviews have been
published on individual aspects of the field (e.g. on different
battery types), holistic considerations of the entire field in
the context of high-energy “beyond lithium-ion” batteries,
including industrial developments, are absent. This review
thus aims to rationalise and deconvolute these developments
by returning to fundamental principles and examining the
material characteristics that make a good high-energy bat-
tery, through which notable candidates are identified and
correlated with trends in both academia and industry. A brief
overview is then given regarding the main challenges of each
system, strategies that are being adopted to tackle them and
the extent of positive impact that these strategies have had
on battery performance. Finally, cell performance in aca-
demia is compared to emerging industrial examples, where
the differences are illustrative of the remaining barriers to
successful commercialisation (Fig. 1b).

1.2 Material Choices: Returning to Elements

Fundamental design of a high-energy battery begins with
electrode material selection. In general, there are two types
of electrode materials for batteries: insertion and conver-
sion. Redox reactions occur in insertion electrodes via the
insertion or removal of an active ion into or from an inactive
host framework, with no change in the structure of the host
beyond the inclusion or removal of the active ions and an
associated volume change. This is also referred to as inter-
calation when it occurs in layered materials, and active ions
are stored between layers. In contrast, conversion electrodes

https://doi.org/10.1007/s40820-022-00844-2
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Fig. 1 a General performance for LIBs and popular new chemistries along with emerging commercial examples of the latter, compared with the
region of performance required by future applications. b Flowchart describing the sequence of content for this review

involve bond breakage and significant structural changes of
the electrode materials during redox reactions. While dis-
tinctions are often made between the different types of bond-
breaking reactions (e.g. dissolution, displacement, alloying
and true-conversion reactions), these will broadly be referred
to as conversion reactions for this review, as the challenges
they face for use as batteries are largely similar.

The energy density of an electrode is directly correlated
with the charge capacity® and redox potential of the active
species involved. Thus, the suitability of an element for
use as a battery electrode material can be, to some extent,
assessed with the periodic table (Fig. 2). Within the same
group, elements positioned higher on the periodic table pos-
sess higher charge capacities as their ion charges are the
same, but atomic mass decreases. Within the same period,
ion charges increase more than proportionately to increases
in atomic mass, likewise leading to higher charge capacity,
although this trend is slightly tenuous at high atomic num-
bers as electronic structures become more complex. Changes
in redox potential within a period are less systematic and are
also dependent on the counter-electrode, but a general trend
of increasing theoretical energy density towards the top and
centre of the periodic table can nonetheless be observed.

2 The term “charge capacity” presently refers to gravimetric charge
density, unless otherwise stated.
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It is also clear that elements, rather than their compounds,
should be used as the active species whenever possible, as
compounds necessarily have higher molecular weights than
elements, but usually without the benefit of higher charge
or redox potentials.

Other factors are also important for industrially relevant
battery chemistries. First, the element should preferably be
non-gaseous at operational temperatures for ease of han-
dling and cell design. While gaseous batteries do exist in
the form of fuel cells, the need to store the reacting gases in
high-pressure vessels can substantially decrease the energy
density of the energy storage system as a whole. The ele-
ment should also be not overwhelmingly expensive or toxic
to humans or the environment. It should be noted that the
actual fabrication cost of an electrode can differ substantially
from the element prices shown in Fig. 2, as the electrodes
are usually not synthesised from the pure element, and ele-
ment prices can also vary significantly with time, quantity
and purity. Nonetheless, Fig. 2 offers an order-of-magnitude
price gauge and a comparison of relative costs between the
elements and their compounds.

By examining the periodic table with these factors in mind,
one can have some ideas on good candidate materials for bat-
tery electrodes. Among the metallic cationic species, which
are commonly used as both insertion ions and conversion
anodes, lithium stands out as the only suitable element in

@ Springer
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Fig. 2 Periodic table of elements with price and charge capacity of each element at the indicated oxidation state. Price data retrieved from
Shanghai Metals Market [3] (June 2021 spot price), Preismonitor [4] USGS Mineral Commodity Summaries [5], Institute of Rare Earths and
Strategic Metals [6] and others [7, 8]. Gas prices vary substantially with location and storage method and are thus excluded

Period 2. Beryllium, despite its high theoretical energy den-
sity, is unsuitable due to its high cost and toxicity. In Period
3, sodium, magnesium and aluminium are notable, and while
their theoretical energy density is lower than lithium, they
are considerably cheaper and thus have received substantial
research interest [9—-11]. A much larger number of cationic
elements is available from Period 4. However, the high
atomic masses of these elements results in lower theoretical
energy densities than their Period 3 counterparts without sig-
nificant cost benefits. The transition metal elements, despite
their high charge capacities, also generally suffer from low
redox potentials. Nonetheless, they do see use, but mostly in
systems that are gradually facing obsolescence, such as the
various nickel- and zinc-based batteries, or as insertion com-
pounds for higher energy ions. They are also important for
redox flow batteries [12], which will not be covered presently
as energy density is usually not their primary goal.

Anionic species are rarely used as insertion ions due to
them having higher atomic masses than cationic species of
the same charge, as well as being generally more difficult
to handle owing to their tendency to be gaseous at room
temperature. Nonetheless, fluorine has been explored as a

© The authors

potential insertion ion [13]. For use as conversion cathodes,
the monovalent halogen ions are gaseous and toxic, unlike
their cationic analogue, the alkali metals. As a result, the
light halogens like fluoride and chlorine are used as more
benign, solid compounds instead, such as transition metal
halides. However, the inclusion of inactive ions substantially
reduces the theoretical charge capacity, resulting in halo-
gens having substantially lower energy densities than those
of chalcogens of the same period despite possessing higher
redox potentials [14].

The chalcogens are generally more popular than the halo-
gens. Oxygen can be used as a gaseous conversion cathode
without storage issues, due to its unique combination of
abundance in the atmosphere and high reactivity, allowing
it to be harvested directly from ambient air [15]. Oxygen
compounds are also commonly used as insertion electrodes
due to their high stability [16]. Sulphur is the highest energy
solid cathode material and thus also has received substantial
research interest [17]. The pnictogens, despite having higher
charge capacities than their chalcogen counterparts of the
same period, are generally too stable to be used as conver-
sion cathodes and are generally used as compounds in the

https://doi.org/10.1007/s40820-022-00844-2
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form of insertion frameworks or conversion anodes instead
[18, 19].

2 Lithium-Ion Batteries: The Current
Workhorse

The dominance of LIBs for high-energy applications can in
part be explained by lithium’s position in the periodic table,
which gives it the highest charge capacity among suitable
elements as previously shown, second only to hydrogen and
beryllium. This, combined with the most negative standard
reduction potential among all cationic elements of —3.04 V,
gives lithium an extremely high theoretical energy density,
making it the obvious choice for a high-energy anode mate-
rial. While the first rechargeable lithium batteries used lith-
ium metal anodes with transition metal sulphide insertion
cathodes, apparent safety issues prevented the commercial
use of lithium metal anodes, and sulphide cathodes were
gradually superseded by higher energy oxide cathodes [20].
The electrolyte is usually a lithium salt, such as LiPFj, dis-
solved in an organic solvent, the latter being necessary due
to the typical operating potentials of lithium batteries far
exceeding the electrochemical stability window of water.

2.1 Anodes

Commercial LIBs nearly invariably employ a graphite
intercalation anode, with lithium ions being stored between
individual graphite layers. The fully lithiated state is of the
composition LiCg, leading to a theoretical charge capac-
ity of 339 mAh g~! including lithium mass (372 mAh g!
excluding lithium mass). Graphite is suitable for this appli-
cation due to both sufficiently high electronic and lithium
ionic conductivities that lead to low redox overpotentials.
In addition, the volume expansion upon lithiation is fairly
modest at around 10% [21], limiting electrode damage and
allowing cycle lives of up to several thousand. Finally, its
potential against metallic lithium is only 0.2 V [22], allow-
ing for high energy densities at the cell level due to high
cell voltages. However, this small potential difference also
limits the charge rate, as lithium metal plating and associated
dendritic growth can easily occur [23].

Lithium titanate (LTO), in the form of Li,Ti;O,,
is another insertion anode material that has been

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

commercialised. The fully lithiated state is of the composi-
tion Li,Ti;0,, [24], leading to a theoretical charge capac-
ity of 167 mAh g~! including lithium mass (175 mAh g~!
excluding lithium mass), which is substantially lower than
carbon. LTO has a potential of approximately 1.55 V against
metallic lithium, allowing for higher charge/discharge rates
compared to graphite anodes due to the avoidance of lithium
metal plating. It also has a lower tendency to form insulating
solid electrolyte interphases, allowing the usage of higher
surface area electrodes that further increase current capabili-
ties. In addition, it produces nearly no volume change upon
lithiation, improving cyclability [25]. However, the higher
cost of LTO, as well as the higher reduction potential and
lower theoretical charge capacity, which together lead to a
significantly lower energy density, results in LTO usually
being reserved for applications that require rapid charging
or very long cycle lives.

2.2 Cathodes

A fairly large number of different insertion cathodes have
been explored for LIBs, most of which are transition metal
chalcogenides. However, over the past few decades, three
main types have emerged as the frontrunners, all of which
are oxygen-containing transition metal compounds. In gen-
eral, insertion and removal of the lithium ion is balanced by
reduction and oxidation of the transition metal ion, meaning
the remaining ions in the compound are inactive and present
only as structural stabilisers.

The first among these are layered transition metal oxides
of the formula LiMO,, where the structure is idealised as
close-packed planes of oxygen atoms between alternating
layers of lithium and the transition metal. LiCoO, (LCO,
Fig. 3a) was the first to see widespread commercial use;
however, its energy capacity is limited by the tendency for
oxygen release above approximately 50% lithiation, due to
the substantial overlap between the Co®*/Co** and O den-
sities of states. This means that only ~140 mAh g~! out of
the 273 mAh g~ theoretical capacity can be accessed [16].

Other transition metal ions such nickel and manganese
do not face the same issue to such an extent (Fig. 3d). How-
ever, LiMnO, suffers from poor structural stability in the
form of a layered-to-spinel transition during the charge/
discharge process [26], and while LiNiO, is stable during
operation, it is unstable during the synthesis process into

@ Springer
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Fig. 3 Schematics of the common LIB cathodes, a layered LiCoO,, b spinel LiMn,0, and ¢ olivine LiFePO,, with green atoms representing
lithium [34]. Creative Commons License (CC BY 3.0). d Relative positions of the energy bands of different elements in LIB, showing the higher
stability of Mn and Ni with oxygen compared to Co. e Illustration of the inductive effect of polyanions in increasing the cell voltage relative to

lithium metal [16]. Creative Commons License (CC BY 4.0)

a well-ordered layered oxide [27]. Hence, state-of-the-art
layered oxide cathodes are of the form LiNi,Co,Mn O,
(NCM), where x + y + z = 1 and the three transition metal
ions stabilise each other through d-band interactions. NCM
cathodes are typically 60-80% nickel, with approximately
equal remaining proportions of cobalt and manganese, and
the general trend is to continue increasing the nickel content
to improve energy capacity as well as minimise the use of
expensive cobalt [16]. Replacing Mn with Al, resulting in
LiNi,Co Al O, (NCA) cathodes, can also achieve a similar
stabilisation effect [28]. NCA cathodes are generally more
resistant to phase transformations and dissolution than
NCM, but more susceptible to mechanical pulverisation
[29].

The second type of oxide cathodes are spinel oxides,
for which LiMn,0, (LMO, Fig. 3b) is the exemplary

© The authors

composition. Lithium-ion mobility in LMO is high, due to
the presence of open channels for ion diffusion in all three
dimensions, allowing for good current capabilities but not
significantly superior to layered oxides [30]. However, the
higher inactive mass compared to layered oxides gives rise
to a lower charge capacity, and the tendency for the cathode
to dissolve in the electrolyte due to acid disproportionation
of Mn** [31] leads to limited cycle life. As a result, the main
advantage of LMO over NCM is a slightly lower cost aris-
ing from the avoidance of cobalt, and does not see as much
commercial use.

The final type of oxide cathodes are the polyanion oxides,
which were first investigated due to an inductive effect result-
ing in higher redox potentials compared to simple oxides
(Fig. 3e) [16]. While there are a large number of possible
compositions, the emergent one in industry has been olivine

https://doi.org/10.1007/s40820-022-00844-2
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LiFePO, (LFP, Fig. 3c). However, LFP actually shows a
lower redox potential than LCO, NCM and LMO due to
the usage of iron. In addition, it has both low electronic
and lithium ionic conductivity, resulting in the necessity for
practical cathodes to be manufactured as small particles and
contain a greater proportion of inactive conductive carbon
[25]. These factors lead to LFP having the lowest practical
energy densities among the three common cathode types.
Nonetheless, LFP has higher thermal stability than layered
and spinel oxides, leading to higher thermal runaway tem-
peratures, and thus is prioritised for use in safety-critical
applications [32]. They can also demonstrate higher cycle
lives than layered oxide LIBs [33], making them popular for
grid energy storage.

2.3 Challenges Faced by LIBs

Commercial LIBs based on the aforementioned chemistries
are capable of remarkably good performance compared to
their nickel- and lead-based predecessors. NCM/Graph-
ite cells can discharge at rates of up to 10C with energy
densities of around 200 Wh kg~! [35]. Under deep, slow
discharge, energy densities can be as high as 280 Wh kg™!
[36]. Cycle life is also excellent, reaching as high as 6000
with 80% capacity retention [37] if cycled within a limited
voltage window. LTO cells are capable of even higher cycle

SHANGHAI JIAO TONG UNIVERSITY PRESS

lives that can exceed 10,000 [38, 39]. These characteristics
have propelled LIBs to significant popularity over the past
three decades, with the market size in terms of total energy
increasing by close to 6 orders of magnitude since their first
introduction in 1991 (Fig. 4a) [40]. As of 2019, nearly the
entire market for high-energy batteries is dominated by LIBs
[2], with this rise apparently continuing as governments
around the world increasingly encourage the adoption of
electric vehicles and clean energy.

Nonetheless, a few issues remain to be addressed for
these workhorse LIBs. Firstly, despite steadily decreasing
in cost by 97% since 1991 (Fig. 4b) [40], LIBs remain fairly
expensive as compared to the $80/kWh target set by the US
Department of Energy’s Energy Storage Grand Challenge
[41]. Additionally, as of 2021, the consumption of lithium by
battery applications has already exceeded 70% of all global
lithium consumption [5], and constantly rising demand has
raised concerns on rising costs in the future due to poten-
tial resource depletion [42]. In addition to lithium, cobalt,
frequently used in LIB cathodes, also faces a similar issue,
with more than half of all global cobalt consumption being
attributed to batteries [43].

Secondly, energy capacity also remains insufficient.
Despite the relatively high energy densities already achieved
by LIBs, which have played a part in enabling many applica-
tions including powerful mobile devices and a new wave of
consumer electric vehicles, they remain substantially inferior

@ Springer



94 Page 8 of 49

Nano-Micro Lett. (2022) 14:94

< )
< Al
g o7 Mg
2 F
o 06 Ca
2 Na
3 05
< Z
£ &
$ 04
2z
S 0.3
©
3 02
g o

AICI,

0 100 200 300 400 500 600 700 800 900 1000
Capacity without Active lon (mAh g™*)

Fig. 5 Theoretical charge capacity of an electrode calculated with
both ion and electrode mass, plotted as a function of the charge
capacity calculated with just the electrode mass (CEM), showing the
detrimental effect of high ion mass on the charge capacity of an inser-
tion electrode

to internal combustion engines and fuel cells. This is true
even for small vehicles where the weight of the engines and
fuel tanks would be more significant [44], making their
usage in power-hungry or weight-critical applications such
as heavy vehicles or aircraft highly challenging.

Finally, safety is also a critical issue for both mobile
and stationary storage applications. LIBs notably contain
all necessary components of the fire triangle once thermal
runaway temperatures are reached. Rapid cathode decompo-
sition releases heat and oxygen, while the flammable organic
electrolyte and graphitic anode act as fuel [45, 46]. Further,
the initial source of heat is often a short circuit, which will
continue to act as a heat source until the battery is fully
discharged. These factors lead to LIB fires being extremely
difficult to extinguish. While external cooling and fire sup-
pression mechanisms can be adopted, these will add further
cost and weight to the energy storage system as a whole.

3 Addressing Cost: Beyond Lithium Active
Ions

An obvious solution to the issue of lithium cost and resource
depletion is to use an alternative insertion ion. Although
the mass of the active ion is only a small portion of the
total mass of insertion electrodes, ion energy density is
nonetheless important, especially for high-capacity elec-
trodes (Fig. 5). Of the many potentially suitable ions identi-
fied previously through the periodic table, magnesium and
aluminium stand out due to their high theoretical energy

© The authors

densities, second only to lithium. Sodium and zinc are also
popular alternative ions, the former due to its very similar
chemistry to lithium, and the latter due to its less negative
standard reduction potential allowing it to be used more eas-
ily with aqueous electrolytes.

Several other ions have also been explored, which have
plenty of academic novelty, but which are disadvantaged
compared to the aforementioned four ions for industrial rel-
evance. Potassium [47] and calcium [48] are popular, but
currently offer uncertain benefits over their Period 3 coun-
terparts. Fluorine has received attention due to its high redox
potential and relatively low atomic weight. However, the
theoretical energy density of the fluoride ion remains inferior
to lithium, magnesium and aluminium, and the system faces
significant difficulties in finding suitable electrolytes [13].

3.1 Sodium-Ion Batteries

The popularity of sodium as an insertion ion, aside from
its low cost and high elemental abundance in the earth’s
crust, also arises from it being an alkali metal like lithium,
resulting in very similar chemical behaviour. In fact, sodium
ion electrolytes (Fig. 6¢), typically a sodium salt such as
NaPF; dissolved in an organic solvent, are nearly identical to
lithium-ion electrolytes aside from the change from lithium
to analogous sodium salts [49]. Anode and cathode compo-
sitions are also highly similar to those in LIBs, leading to
rapid developments that have propelled sodium-ion batteries
(SIBs) to near-commercial viability.

While oxide insertion anodes such as TiO, exist (Fig. 6b),
the dominant anodes for SIBs are carbon-based, like LIBs
[50, 51]. However, unlike lithium, regular graphite is a very
poor anode for sodium due to its larger ionic radius, resulting
in negligible reversible capacity in typical organic solvents
[52, 53]. Expanded graphite shows better results, which
can be achieved either by direct synthesis for capacities as
high as 284 mAh g~! [54] or by co-intercalation of non-
standard organic solvent molecules such as diglyme [55]
for capacities in the region of 100200 mAh g~!. None-
theless, most of the explored carbon anodes for SIBs are
based on non-graphitic carbon such as hard carbon. Sodium
ion insertion proceeds first along a high potential, slop-
ing region, followed by a low potential plateau. Initially,
the sloping region was attributed to intercalation between
graphene sheets in turbostratic domains in the hard carbon,

https://doi.org/10.1007/s40820-022-00844-2
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while the low potential plateau was attributed to the filling
of nano-pores located among these domains (Fig. 6e) [56].
However, more recent evidence points towards the sloping
region being due to sodium ion binding with defect sites
instead, with the low potential plateau being attributed to

SHANGHAI JIAO TONG UNIVERSITY PRESS

both turbostratic domain intercalation and nano-pore filling
(Fig. 6f) [50]. Regardless of the mechanism, the more disor-
dered structure of hard carbon compared to graphite allows
it to achieve higher charge capacities, generally in the region
of 200-300 mAh g~!. The charge capacity can be further
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increased to some extent by appropriate heteroatom doping,
which increases the turbostratic interlayer spacing [57]. Soft
carbons, with mixed graphitic and disordered domains, are
able to achieve similar charge capacities as hard carbon, but
with substantially higher current capabilities due to higher
electronic conductivity.

SIB cathodes are likewise very similar to LIBs, with the
majority consisting of layered and polyanion oxides with
similar insertion mechanisms (Fig. 6a). It is then perhaps
no surprise that one of the more promising full-cell SIBs
recently reported is based on the familiar layered NCM
chemistry [58]. However, the larger ionic radii of sodium
ions mean they cannot be stored in the same lattice sites in
layered oxides as lithium, resulting in phase transformations
during sodium insertion and extraction that lead to stepped
charge/discharge curves [59]. Remarkably, the larger ionic
radius and higher atomic mass does not appear to affect the
charge storage capacity as much as in anodes, and layered
sodium oxides are able to achieve charge capacities similar
to layered lithium oxides at around 200 mAh g~! [60-62].

Polyanion oxides show greater differences between
sodium and lithium analogues. Most notably, NaFePO, is
unstable in the olivine structure that is so popular for LFP
batteries. Although the olivine phase can be synthesised in
laboratories, it remains susceptible to phase transforma-
tions [63, 64] during charge/discharge and sodium diffu-
sion coefficients are substantially lower than lithium due
to the larger ion size [65]. As a result, many other types
of polyanion oxides have been explored, including phos-
phates, fluorophosphates, pyrophosphates and sulphates.
Among these, NASICON-type compounds are notable due
to their high sodium ionic conductivity. Nonetheless, poly-
anion oxide cathode capacities are typically in the region of
100 mAh g~!, and no dominant composition appears to have
emerged yet [9, 60, 61].

Other than the oxides, Prussian Blue Analogues (PBAs)
are also popular sodium insertion cathodes by virtue of their
open structures. The usage of PBAs as cathodes is com-
plicated by the large amount of vacancies and coordinated
water that arise from their synthesis processes, detrimen-
tally affecting electrochemical performance. Nonetheless,
these synthesis processes have since been refined suffi-
ciently to allow cathode capacities generally in the region
of 150 mAh g~! [66], with exceptional examples exceeding
200 mAh g~! [67]. Nonetheless, these charge capacities,
along with generally similar redox potentials, means energy

© The authors

density remains lower than those of layered oxides. How-
ever, PBAs do not suffer from phase transitions the during
charge/discharge process, leading to the possibility of longer
cycle lives [68].

Unfortunately, the strong chemical similarities between
sodium and lithium that have driven the rapid recent devel-
opments of SIBs is also a major disadvantage. As the elec-
trodes and electrolytes are so similar, the lower redox poten-
tial and charge capacity of sodium ions mean the energy
density of SIBs are invariably lower than their LIB ana-
logues [69]. Hence, the only significant advantage the for-
mer can currently claim over the latter is potentially lower
cell costs arising from the use of a lower cost active ion.
Further cost savings can be achieved with the use of cheaper
aluminium as anode current collectors in SIBs, as opposed
to copper in LIBs. This is due to a low-potential reaction that
occurs for aluminium with lithium, but not with sodium [42].
However, even this advantage is threatened by the constantly
falling costs of LIBs.

3.2 Aluminium-Ion Batteries

The attractiveness of aluminium-ion batteries (AIBs) stems
from the very high charge capacity of the trivalent alu-
minium ion. At 2976 mAh g~!, it is second only to lithium
among the relatively low-cost elements that are solid at room
temperature. This, in combination with a decent standard
reduction potential of —1.66 V, results in a very high theo-
retical energy density. However, the trivalency also results
in a very high surface charge density and thus high stability
of compounds formed. This results in generally lower salt
solubility and ion mobility, and more difficult insertion into
and extraction from electrodes than monovalent and divalent
ions. Notably, the low salt solubility means sufficient ionic
conductivity generally cannot be achieved for the salt-in-
solvent type organic electrolytes used in SIBs and LIBs [11].

Research and development of AIBs is far less mature than
SIBs and LIBs, and most efforts have been focused on find-
ing suitable electrolytes and characterisation of the inser-
tion process in general. The latter is especially important in
AIBs as the aluminium ion can insert into an electrode in
three different valence states, with only the trivalent ion able
to approach the theoretical charge capacity. Hence, while
the potential difference against metallic aluminium of some
insertion compounds such as TiO, [70, 71] is small enough

https://doi.org/10.1007/s40820-022-00844-2
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for them to be used as anodes, the vast majority of AIBs in
literature simply use metallic aluminium as the anode.
With the difficulty of utilising organic electrolytes, an
obvious substitute is aqueous electrolytes. However, aside
from the usual issue of electrochemical breakdown of
water, aqueous electrolytes also cause the formation of an
impermeable layer of Al,O; on the surface of the metallic
aluminium anode, passivating it from the redox reactions
necessary for battery operation. While this can be avoided
with basic electrolytes, the aluminium anode corrodes in a
basic environment instead, leading to continuous self-dis-
charge [72]. As a result, the majority of AIBs use room tem-
perature ionic liquid electrolytes, usually AlCl; mixed with
1-ethyl-3-methylimidazolium chloride ((EMIm]CI), which
appears to facilitate the formation of an ionic-liquid-rich

| SHANGHAI JIAO TONG UNIVERSITY PRESS

ion [81]. Copyright 2019, Elsevier. d As a comparison, schematic of the insertion of heavy AICl,” ion, commonly seen in carbon

solid electrolyte interphase (SEI) that simultaneously erodes
Al,O5 and prevents its re-formation. Interestingly, this inter-
phase has been found to persist even if the aluminium anode
is subsequently transferred into aqueous electrolytes, allow-
ing their use [73]. It should be noted that aluminium does not
dissolve into AlCl;-based electrolytes as the trivalent Al**
ion, but as AICl,” and Al,Cl,” [74]. However, the numer-

ous reports of AI**

cathodic insertion (Fig. 7¢) in AICl,
electrolytes [75-79] imply that these monovalent anions
are subsequently converted back into AI** at the cathode
in a process that appears to be neither very well studied nor
understood at the moment.

Most AIB cathodes reported so far are based on a variety
of different transition metal chalcogenides, including oxides,

sulphides and selenides, although PBA cathodes are also

@ Springer
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known. A common issue that plagues the majority of these
cathodes is a low redox potential against the aluminium
anode, with average cell discharge voltages of 1 V or even
less, severely limiting the energy density [11, 72, 74, 83].
This is an issue that will be further exacerbated if insertion
anodes are used. The highest energy densities achieved so
far, as high as 736 Wh kg~! for cathode mass only with
a zinc/aluminium alloy anode [80], are with MnO, cath-
odes (Fig. 7a, b). However, while the generally accepted
mechanism is aluminium ion insertion, recent evidence
points towards a conversion reaction involving soluble Mn?*
instead [84]. Conversion reactions are generally less revers-
ible, and could contribute towards the reported cycle lives of
MnO, cathodes not exceeding 100, echoing the challenges
faced by LiMnO, due to structural instabilities.

Overall, AIBs remain in the early stages of development.
While ionic liquid electrolytes work in a laboratory envi-
ronment, they are highly corrosive and expensive, and thus
difficult to commercialise. A sufficiently stable, high volt-
age cathode also needs to be found before a commercially
useful battery with acceptable energy density and cycle life
can be realised.

While not strictly AIBs, chloroaluminate batteries based
upon the insertion of AICl, ions into usually carbon-based
cathodes (Fig. 7d) have also seen rising popularity in recent
years, taking advantage of the presence of these ions in
AICl;-[EMIm]CI electrolytes. High cell voltages of around
2 V and respectable cathodic charge capacities of around
200 mAh g_1 have been reported [85, 86]. However, it must
be noted that the charge capacities do not usually consider
the mass of the heavy AICl,” ion, which has a theoretical
charge capacity of only 159 mAh g~!. As such, the viability
of these chloroaluminate ion chemistries as high-energy bat-
teries remains unclear [87].

3.3 Magnesium-Ion Batteries

Like aluminium, the attractiveness of magnesium-ion batter-
ies (MIBs) arises from a high theoretical energy density. The
lower charge capacity of 2202 mAh g~! is compensated by a
substantially more negative standard reduction potential of
—2.37 V, resulting in a theoretical energy density against the
standard hydrogen electrode (SHE) that is actually slightly
higher than aluminium. The MIB anode scene is somewhat
more vibrant than for AIBs, with a large number of group

© The authors

14 and 15 alloying anodes, primarily tin and bismuth, hav-
ing been explored [88]. Nonetheless, at the cell level, most
MIBs use magnesium metal anodes. This is in part due to
magnesium metal showing a lower propensity for dendrite
growth than other metals by virtue of its high self-diffusion
rates. However, despite common claims on the contrary,
magnesium metal is not in fact immune to dendritic growth,
which can occur in unfavourable electrolytes or at high cur-
rent densities [89].

The lower surface charge of the Mg?* ion means it does

1>*, and salt-in-

not face as large of a solubility issue as A
solvent type organic electrolytes are viable. However, unlike
LIBs, where reactions between the electrodes and organic
electrolytes form an SEI that protects against further reac-
tion but still allows lithium-ion conduction, the SEIs formed
between MIB electrodes and simple magnesium salts in
conventional organic solvents insulate against magnesium
ion conduction due to the higher ionic charge density [90].
Instead, magnesium organohaloaluminate electrolytes are
typically used, formed by the reaction of a Lewis acid,
commonly an aluminium chloride, with an alkyl or aryl
Grignard reagent in an organic solvent (Fig. 8a). Grignard
reagents alone can also be used, but they show a relatively
small electrochemical stability window, and reactions with
the chloride Lewis acid improves stability. However, these
electrolytes are often corrosive to typical battery housing
materials, and halogen-free electrolytes are being explored
to address this issue [91-93].

The first rechargeable MIBs were demonstrated with
Chevrel phase molybdenum sulphide cathodes [95]; how-
ever, they suffer from both low charge capacities and low
redox potentials against the magnesium anode. Since then,
similar to AIBs, a variety of different transition metal chal-
cogenides and PBAs have been explored [10, 96-99]. While
no dominant chemistry has yet emerged, vanadium [100] and
manganese oxides [101] have received comparatively more
attention than others. Energy densities of as high as 800 and
650 Wh kg~! based on cathode mass only have been reported
in layered V,05 [102] and MnO, [94] respectively, with
high discharge voltages of around 3 V. Interestingly, in both
cases, the high performance is attributed to the incorporation
of crystal water into the layered structure, which shields the
high charge of the Mg* ion that normally results in poor
ionic mobility [96]. In the case of MnO,, the crystal water
also appears to stabilise the cathode against the commonly
faced dissolution issue, allowing a remarkably high cycle

https://doi.org/10.1007/s40820-022-00844-2
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life of 60% capacity retention after 10,000 cycles, although
at a high current that leads to substantially lower capac-
ity (Fig. 8b—d). Unfortunately, most high-energy cathodes
reported for MIBs were characterised with three-electrode
cells, and it is unclear if the high potentials measured with
Ag/Ag™ reference electrodes can be maintained in the two-
electrode configuration of a conventional cell.

Overall, MIBs continue to suffer from generally the same
issues as AIBs. Electrolytes suitable for laboratory cells are
now fairly commonplace, but examples suitable for commer-
cialisation remain elusive. Gaps remain with the electrodes

| SHANGHAI JIAO TONG UNIVERSITY PRESS

as well, as a sufficiently stable and energy-dense combina-
tion has yet to be demonstrated at the cell level.

3.4 Zinc-Ion Batteries

Zinc may at first appear to be a puzzling choice for an active
ion due to its low energy density of 622 Wh kg~! against the
SHE, an order of magnitude less than lithium, aluminium
and magnesium, due to both its low charge capacity and

standard reduction potential. However, decent potentials can
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in fact be achieved at the cell level with appropriate cathode
selection, and the low standard reduction potential makes
it attractive for use with aqueous electrolytes, as far less
stabilisation is required at the anode than the higher energy
elements. Metallic zinc anodes also have a history as long
as the entire field of batteries, dating back to Alessandro
Volta’s invention of the voltaic pile, allowing researchers
a large body of prior work from which to draw inspiration.
Hence, while non-aqueous zinc-ion batteries (ZIBs) [103]
and insertion anodes are known [104], ZIBs typically use
metallic zinc anodes and aqueous electrolytes, consisting of
various zinc salts dissolved in water, with most variations
occurring at the cathode.

Popular ZIB cathodes can be classified into three
familiar categories: manganese oxides, vanadium oxides
and PBAs (Fig. 9b, ¢) [105-107]. The highest energy

© The authors

densities are again achieved with MnO, of various struc-
tures, with charge capacities generally in the region of
200-400 mAh g~!

However, like with aluminium ions, recent evidence points

and operating voltages of around 1.3 V.

towards a dissolution conversion reaction rather than Zn>*
insertion [108—110]. The same structural instabilities and
dissolution issues as with other active ions also remain
present, leading to short cycle lives of less than 100 cycles
in general. Nonetheless, a remarkably high cycle lives of
more than 90% capacity retention after more than 1000
cycles have been achieved with hollandite-MnO,, enabled
by reduced graphene oxide coatings [111], or the suppres-
sion of MnO, dissolution via Mn-salt inclusion in the elec-
trolyte [112]. However, there is some debate on whether
the salt inclusion truly suppresses dissolution, or instead

https://doi.org/10.1007/s40820-022-00844-2
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improves cyclability by providing buffer ions for the Mn2*
conversion reaction [84].

The charge capacities of vanadium oxide cathodes are
likewise around the region of 200-400 mAh g™, but energy
density is limited by a generally low cell voltage of less than
1 V against metallic zinc. However, cyclability is generally
superior to manganese oxides, with cycle lives frequently
exceeding 1000 with more than 80% capacity retention,
owing to the high reversibility of zinc insertion reactions
(Fig. 9a). Similar to MIBs, incorporation of water into the
vanadium oxide framework is often beneficial for perfor-
mance [105, 107]. PBA cathodes have the highest operat-
ing voltages of up to 1.8 V [113] against metallic zinc, but
charge capacity is low, at generally less than 100 mAh g~!
due to the same defect and coordinated water issues faced
in SIBs.

Compared to MIBs and AIBs, ZIBs are closer to com-
mercialisation, due to the more stable zinc anode allowing
for the use of a wider variety of aqueous electrolytes along
with the encouraging progress made with various cathodes.
Nonetheless, the use of aqueous electrolytes limits the
achievable voltages at the cell level, which will be discussed
in greater detail in Sect. 5.1. The apparently attractive charge
capacities achieved are also usually evaluated with cathode
mass only, and inclusion of the mass of the heavy zinc ions
can lower charge capacity by more than 30% (Fig. 5). This
is far greater than the higher energy elements covered previ-
ously, and results in severely compromised energy densities
of full cells.

3.5 Other Metal-Ion Batteries
3.5.1 Potassium-Ion Batteries

Potassium-ion batteries (PIBs) have also been actively pur-
sued as alternatives to LIBs and SIBs by virtue of their simi-
lar chemical behaviour. The potassium ion has a theoretical
charge capacity of only 685 mAh g~!, substantially lower
than that of sodium ion (1165 mAh g~'), putting it at a dis-
tinct disadvantage for high-energy applications. However,
potassium does have two important redeeming features, the
first being a significantly more negative standard reduction
potential of —2.93 V compared to the —2.71 V of sodium,
which may partially compensate for its lower charge capacity
to high energy densities. Secondly, unlike sodium, potassium
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can intercalate into graphite to form KCg [114]. Therefore,
the anode can be made highly similar to those in commercial
LIBs, which would be a merit for eventual commercialisa-
tion. Like SIBs, the dominant electrolytes in PIBs use potas-
sium salts that are analogous to those used in LIBs, such as
KFg, dissolved in an organic solvent [115], which is another
boon for commercialisation.

Nonetheless, PIBs continue to face several challenges. For
example, potassium ion insertion onto graphite is associ-
ated with a volume expansion of ~61% [116], substantially
larger than lithium and which severely hinders cycle per-
formance. Although some alternative anodes are available,
such as hard and soft carbons, as well as non-carbonaceous
materials, the cycle performance is generally in the hundreds
rather than thousands achievable by LIBs and SIBs. The
initial Coulombic efficiency also tends to be low, at less than
60%, due to the formation of undesirable SEIs that require
electrolyte modification to resolve [115, 117, 118]. There
are difficulties with the cathode as well. Although several
SIB and LIB cathodes are useable in KIBs, such as PBAs
and transition metal oxides, both the cyclability and charge
capacity tend to be lower, due to the larger size and lower
charge capacity of the potassium ion. In particular, the lay-
ered oxide cathode materials that have seen so much success
in SIBs and LIBs can only achieve capacities in the region
of 150 mAh g~! when used in KIBs [119, 120], as compared
to ~200 mAh g~! in the former two. Although this can be
partially compensated for by higher cell voltages than SIBs,
they remain lower than those of LIBs. Finally, while cheaper
than lithium, potassium is substantially more expensive than
sodium. This means that the advantage of lower costs, which
applies to SIBs over LIBs, is significantly diminished in the
case of PIBs.

3.5.2 Calcium-Ion Batteries

Calcium is an alkaline earth metal, and like potassium,
trades a slightly more negative standard reduction potential
(—2.84 vs. —2.37 V) for a substantially lower ion charge
density (1336 vs 2202 mAh g~!) as compared to its Period 2
counterpart, magnesium. This results in a significantly lower
theoretical energy density against the SHE.

Calcium-ion batteries (CIBs) share many similar chal-
lenges with the other non-aqueous multivalent batteries,
MIBs and AIBs, but are the least mature. The compatibility
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of calcium metal anodes with electrolytes is an issue, with
several known organic electrolytes causing either undesir-
able side reactions or the formation of insulating SEIs. An
effective solution, such as organohaloaluminates for MIBs
and ionic liquids for AIBs, has yet to be found for CIBs.
Various transition metal chalcogenides and PBAs have been
explored as potential cathodes, but charge capacities remain
generally less than 100 mAh g=!, and cathode discovery
remains an ongoing challenge [48, 121, 122]. Calcium is
also slightly more expensive than sodium, aluminium, mag-
nesium and zinc. These issues present CIBs with significant
developmental roadblocks in the near future, especially in
the presence of potentially cheaper, more mature and more
energy-dense alternatives like MIBs and AIBs.

3.5.3 Dual-Ion Batteries

Unlike conventional ion batteries, which involve the inser-
tion of the same ion into both the anode and cathode, dual-
ion batteries (DIBs) involve the insertion of a cation into
the anode and an anion into the cathode. This cation can
be any of the aforementioned metal ions, while the anion is
usually the counterion in the salt containing the cation, such
as PF~ or TFSI™. As the anodes insert cations, they are usu-
ally of the same design and composition as conventional ion
batteries, and DIB efforts are mainly focused on the anion-
inserting cathode [123-125].

It is notable that as the anode and cation are the same as
in conventional ion batteries, DIB cost-savings must arise
from the cathode. Among the earliest DIBs achieved was by
the insertion of lithium salt anions into graphite cathodes. It
avoided the use of expensive transition metal oxide cathodes
and also had the additional benefit of potentially higher cell
energy densities due to the higher cathode insertion poten-
tials. However, these graphite cathodes suffered from very
poor cyclability due to both the large volume expansion
in association with the large anions, and the higher work-
ing voltages encouraging electrolyte decomposition. More
recent efforts have thus been focused on novel cathodes such
as various non-graphitic carbons, organic compounds and
metal-organic frameworks [123-125]. While the cycle sta-
bility can be excellent, achieving several thousand cycles
to 80% capacity [126, 127], voltages are generally reduced
compared to graphite cathodes. This, in combination with
generally low charge capacities, removes the potentially
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higher energy densities of DIBs. More importantly, most of
these novel cathode materials are synthesised only at small
scales and remain very expensive, making cost-effective
commercialisation highly challenging.

4 Addressing Capacity: Beyond Insertion
Electrodes

4.1 Limits of Insertion Electrodes

An obvious approach to increasing the energy density of an
ion battery is to use insertion cathodes with higher poten-
tial or charge capacity. High voltage cathodes for LIBs have
been a popular research topic over the past couple of decades
as a result, most of which are based on polyanion oxides due
to the inductive effect, such as LiCoPO, having a discharge
voltage against metallic lithium of 4.8 V [128], instead of
~4.3 V for LiCoO,. However, these polyanion oxides suffer
from the same low conductivity issues as LiFePO,, some-
times to an even larger extent [129]. The increase in volt-
age also causes issues with electrolyte decomposition like
in DIBs, leading to low cycle life, and the desired resultant
higher energy capacity is partially offset by a decrease in
theoretical charge capacity due to the inclusion of the addi-
tional anions. Spinel LiNij, sMn, sO, has shown the greatest
promise among high voltage cathodes, with a discharge volt-
age of ~4.7 V against metallic lithium along with high elec-
tronic and ionic conductivity. However, it suffers the same
Mn dissolution issues as spinel LiMn,O, and an associated
structural instability, leading to poor cycle life [130]. Higher
charge capacity is achieved using lithium-rich layered oxides
of the general form Li MO,, where x> 1, but such cathodes
suffer from voltage fade during charge/discharge for which
the mechanism remains unclear, leading to poor cycle life
[131].

Despite the promises and interest in high voltage and
high charge capacity insertion cathodes, it is clear upon
examination of the common LIB chemistries, C4-LiCo0O,,
C4-LiMn,0, and C4-LiFePO,, that more than 90% of the
electrodes’ mass arises from the insertion frameworks. As
only a small proportion of these frameworks actively partici-
pate in the redox reaction, this places a limit on the theoreti-
cal charge capacities of insertion electrodes. The situation
does not substantially improve even with highly lithium-rich
systems such as C4-Li,MnOj;. Instead, the next frontier in
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high-energy batteries is likely to lie in conversion electrodes.
Unlike insertion electrodes, conversion electrodes do not
require a framework to insert and remove active ions from,
hence the proportion of active material in the electrodes
can be close to 100%, leading to substantially higher charge
capacities. Although the cell voltage is often lower, this is
usually outweighed by the increase in charge capacity, lead-
ing to substantially higher energy densities overall (Fig. 10).

4.2 Conversion Anodes

The high theoretical capacities of conversion anodes have
attracted substantial research interest, and a large number of
different anodes have been explored with several different
mechanisms, including true conversion, alloying and active
metal anodes. The so-called true conversion anodes (TCAs)
are those that obey the most conventional definition of a
conversion electrode, that is one that stores charge via cation
replacement in an ionic compound by the active ion. Such
systems are most commonly explored for alkali-ion batter-
ies such as lithium and sodium, and the general reaction is
depicted in Eq. 1, where M represents a cation, X represents
an anion, and A represents the active ion [132].

MaXﬂ+ﬂn-A++n~e_<—>a-M+ﬂ-AnX 1))

A very large number of possible compounds have been
explored, including various transition metal oxides, sul-
phides, nitrides and phosphides [132-134]. However,
TCAs typically suffer from poor reversibility, high charge/
discharge voltage hysteresis and low current capabilities,
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arising from poor electronic conductivity of both the origi-
nal M,X, and f-A, X reaction product [135]. In addition,
the average reaction potentials often exceed 1.0 V against
metallic lithium, reducing the achievable cell potentials
and limiting the cell energy density. Both practical and
theoretical capacities are also generally limited to the
region of 1000 mAh g=! or less. This, while substan-
tially higher than insertion anodes, pales in comparison
to the several thousand achievable by alloying and active
metal anodes, which will be the main discussion focus of
Sect. 4.2.

Also of note are anodes with both insertion and con-
version mechanisms, such as graphite intercalation
compounds (GICs) [136]. For example, transition metal
chloride-intercalated graphite has been shown to store
lithium first through intercalation into the remaining space
between graphite sheets, followed by a conversion reac-
tion with the pre-intercalated metal chloride according to
Eq. 1. In this case, the intercalation and conversion spe-
cies are symbiotic. Presence of the metal chloride between
graphite sheets expands the interlayer spacing, increas-
ing ionic conductivity, while the graphite enhances the
electronic conductivity of the metal chloride and provides
a buffer matrix for the volume expansion during lithia-
tion [137]. Nonetheless, GIC reversible charge capacities
remain in the region of 1000 mAh g_1 for lithium, and
reaction potentials remain fairly high compared to metallic
lithium. Hence, like TCAs, they appear to be less attractive
than the high capacity, low potential alloying and active
metal anodes.
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4.2.1 Alloying Anodes

Alloying anodes are similar to insertion anodes in that they
both store charge in the form of active ions, but a phase
change usually occurs in the former that allows a substan-
tially higher ion capacity. However, this higher ion capacity
coincides and correlates with a substantially larger volume
expansion during storage, which may lead to disintegration
of the anode during cycling [138]. While a large number
of different alloying anodes have been explored for vari-
ous active ions, the issues faced such as the aforemen-
tioned volume expansion are often very similar and will
be presently illustrated in by far the most popular example,
lithium-silicon.

Silicon is known to be the highest energy alloying
anode for lithium due to its very high charge capacity of
2009 mAh g~! for the most highly lithiated Li,,Sis phase,
including lithium mass, coupled with a redox potential of
~0.4 V against metallic lithium, allowing for high cell poten-
tials. While the low electronic and lithium ionic conductivity
is an issue, the main barrier to commercial adoption is the
extremely high volume expansion of ~400% during lithia-
tion [139], 40 times that of graphite. This enormous volume
change during cycling can cause fracturing of the silicon
anode, at first disrupting electronic conduction and eventu-
ally leading to disintegration of the entire anode. Fracturing
of the SEI also occurs, resulting in continuous conversion
of active lithium to inactive compounds and electrolyte con-
sumption due to the re-formation of the SEI. Both of these
effects lead to very poor cyclability of the anode [140, 141].

The general strategy to address volume expansion is to
reduce feature sizes of the silicon anode, as smaller struc-
tures generally show lower tendencies to be damaged when
subjected to mechanical stress [142, 143]. Conveniently, this
simultaneously addresses the conductivity issue as diffusion
lengths are reduced. OD nanostructures in the form of nano-
particles require a conducting matrix that physically and
electronically anchors them to the current collector. Carbon
is a popular matrix due to its simultaneous ability to store
lithium ions, forming silicon carbon composite anodes. The
matrix also buffers the volume expansion of the anode as a
whole, aiding in the structural preservation of the SEI during
cycling [144]. While addition of small amounts of silicon
to primarily graphite matrices is already sufficient to sub-
stantially improve charge capacities [145, 146], the usage of
more complex structures like core-shell nanoparticles [147]
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(Fig. 11a) or the anchoring of silicon to highly conductive
graphene scaffolds [148, 149] (Fig. 11b) can allow charge
capacities much closer to theoretical limits.

1D, 2D and 3D nanostructured silicons have all been
explored extensively as means to reduce feature sizes. For
example, 1D structures in the form of nanowire forests
(Fig. 11c) can resist cracking due to the relative ease of
strain relaxation inherent in their morphology [150]. Adopt-
ing nanotubes instead of nanowires can further improve
performance due to their hollow structure allowing more
room for volume expansion, as well as a greater surface
area for electrolyte access. 2D structures in the form of thin
films (Fig. 11d) likewise resist cracking, with mechani-
cal stabilisation arising from good adhesion to the current
collector substrate. However, the effect only persists over
film thicknesses on the order of one micron or less [140].
Hence, increasing film thickness requires the incorporation
of pores to provide space for volume expansion, forming
3D porous nanostructures (Fig. 11e). Nonetheless, while
these approaches are effective in preserving the structural
integrity of the silicon, they do not address the SEI frac-
turing issue, which is tackled by the simultaneous addition
of carbon coatings or matrices, as is the case with silicon
nanoparticles.

Generally, the strategy of reducing feature size in silicon
anodes has been fairly successful for both nanoparticulate
and nanostructured anodes. Charge capacities routinely fall
within the range of 1000-3000 mAh g~! (excluding lithium
mass), accompanied by cycle lives of several hundred [140,
141]. Remaining challenges lie in the translation of labo-
ratory-scale set-ups to practical commercial cells instead.
While nanostructured anodes generally achieve higher
charge capacities than nanoparticulate anodes due to higher
silicon content, fabrication methods are also generally far
more complicated and expensive. Nanostructured anodes,
especially in 1D and 2D forms, also suffer from low areal
mass loading, resulting in low practical cell capacity as the
anode mass becomes dominated by the current collector.
Nanoparticulate anodes thus remain popular, especially from
the perspective of industrial adoption [144, 151].

4.2.2 Active Metal Anodes

Active metal anodes have the highest theoretical energy
densities for each cationic species, as they consist of 100%
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Fig. 11 Scanning electron micrographs showing various, selected nanostructured silicon anodes. a core—shell silicon-carbon nanoparticles
[147]. Copyright 2012, Elsevier. b Spongy nanographene encapsulating silicon nanoparticles [149]. Copyright 2017, Springer Nature. ¢ Aligned
silicon nanowires [152]. Copyright 2008, AIP Publishing. d Silicon thin film deposited on nickel foam [153]. Copyright 2012, Elsevier. e 3D
porous anode formed from hollow silicon nanospheres permission [154]. Copyright 2011, American Chemical Society. Scanning electron micro-
graphs showing various dendrite morphologies. f Melt-grown crystal dendrites [155]. Creative Commons License (CC BY). g Electrochemically
grown lithium dendrites [156]. Copyright 2016, American Chemical Society. h Electrochemically grown aluminium dendrites [157]. Copyright
2017, American Chemical Society. i Electrochemically grown zinc dendrites [158]. Copyright 2020, John Wiley and Sons

active material, and have been in use for far longer than
insertion or alloying anodes in primary batteries. However,
recharging remains a major challenge despite decades of
research and development. Reactions with the electrolyte
is a common issue, causing corrosion of the anode, decom-
position of the electrolyte or the formation of passivating
SEIs. The exact causes and consequences of these reactions
differ greatly among different metals, as has been covered
in the earlier section on alternative insertion ions for various
multivalent metal species, and the general solution is to alter
the electrolyte composition.

The more challenging barrier for rechargeable metal
anodes is the tendency for non-uniform plating during the
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charging process, usually in the form of high aspect ratio pro-
trusions that are commonly referred to as dendrites. It should
be noted that despite the name, metal anode dendrites share
very little similarities with the more well-known crystal
dendrites formed during melt solidification, and can exhibit
various different morphologies depending on the metal and
electrolyte combination (Fig. 11f—i). In many cases, they are
not even strictly dendritic, but are nonetheless referred to as
dendrites [158]. Nonetheless, regardless of morphology, the
effect on cell performance is similar. Uncontrolled dendritic
growth over repeated charge/discharge cycles can eventually
cause piercing of the separator and physical contact between
the anode and cathode, short-circuiting the cell. Repeated
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non-uniform dissolution and growth at the anode can also
gradually reduce the amount of anodic active material due to
dendrites physically breaking off, or the formation of insu-
lating SEI-coated deposits [159]. Both of these effects are
responsible for the characteristically short cycle life of metal
anodes. Most investigations into dendritic growth mecha-
nisms and solutions are focused on zinc and lithium anodes
in aqueous and organic electrolytes, respectively, due to their
relative maturity at the cell level. However, the general strat-
egies to address dendritic growth are fairly similar, and can
be carried over to other multivalent aqueous and monovalent
organic systems.

The general mechanism of dendritic growth occurs via
initial nucleation, occurring due to inhomogeneities on the
anode surface or regions of damaged SEI, followed by self-
promoting growth due to the intensification of the local elec-
tric field at dendrite tips facilitating further metal deposition
on the tips [160, 161]. Strategies against dendritic growth
can tackle the issue at either the nucleation or growth stage.
A common approach is to deposit an artificial SEI ex-situ,
that is more stable that the SEI that would normally form,
on the surface of the anode. This artificial SEI is usually
designed to be ionically conductive, allowing ions to pass
through and deposit in-between itself and the current col-
lector, but suppressing dendritic growth via physical con-
finement. Ionically insulating artificial SEIs can also be
used, which encourage uniform plating via the provision of
uniformly distributed nucleation sites rather than physical
confinement, although the effect is limited to thin layers of
metallic lithium which restricts active material loading [158,
162, 163].

Nanostructured current collectors, such as porous cop-
per or carbon scaffolds, is another possible approach [158,
162, 163]. Dendritic growth is addressed by confining them
to within the scaffold, where they are less likely to grow
towards the cathode and more likely to maintain electrical
contact with the current collector after structural damage.
Scaffolds can be combined with artificial SEIs to further
control dendritic growth within the scaffold. In the case
of ionically insulating SEIs, the scaffold also provides a
greater surface area for active material loading. However,
this approach dramatically increases the cost and weight of
the current collector, negatively affecting performance at the
practical cell level.

Electrolytes can also be modified to control dendritic
growth. Reactive additives can be used to facilitate the
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in-situ generation of SEIs that play the same role as the
aforementioned artificial SEIs. On the other hand, highly
polar non-reactive additives can selectively adsorb them-
selves onto dendrite tips due to the intensified electric field,
shielding them from the active cations and disrupting the
self-promoting growth mechanism [158, 162, 163]. A more
direct approach is to use solid electrolytes that mechanically
suppress dendritic growth. However, challenges remain with
this approach as well, as the effectiveness of suppression
is dependent on the stiffness of the electrolyte, and den-
dritic growth is still possible through defects in the solid
electrolyte such as voids and grain boundaries [164]. Solid
electrolytes also face their own set of issues, such as poor
interfacial stability with the electrode, that need to be sepa-
rately addressed.

In general, the various strategies for suppressing dendritic
growth have shown successful suppression over several hun-
dred cycles [158, 162, 163]. However, the effect on cell-level
performance is poorly documented. This is as failure due to
dendritic growth is highly dependent on the cell geometry,
and cell-level performance recorded in typical laboratory
cells, which generally have physically further separated
electrodes than tightly packed commercial cells, is not very
useful in predicting the performance of the latter.

4.3 Conversion Cathodes

Negative ions occupy far less space on the periodic table
than positive ions, reflecting a smaller selection of elements,
concentrated in Groups 5, 6 and 7, to choose from. This
is further complicated by the fact that most light anionic
elements are gaseous at around room temperature. By far
the most popular conversion cathodes are based on the light
chalcogens, sulphur and oxygen, although halogen cath-
odes also exist. Pnictogens, despite high theoretical charge
capacities, are generally too stable to be used as conversion
cathodes at normal battery operating temperatures.

4.4 Halide Cathodes

Fluorine is an especially attractive element due to its very
high standard reduction potential of +2.87 V coupled with a
high charge capacity of 1409 mAh g~! for the F" ion, leading
to very high theoretical energy density. However, fluorine
is a toxic gas at room temperature, a property of nearly all
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stable halogens except iodine, which has an energy density
less than 10% of fluorine against the SHE due to its low
redox potential and charge capacity. Halide cathodes are thus
usually made solid by utilising them as metal halides, with
transition metal fluorides being the most popular.

While the incorporation of the inactive transition metal
reduces both the charge capacity and redox potential of
fluorine, theoretical energy density remains high due to the
high ionicity of the fluoride bond leading to generally higher
redox potentials than other solid conversion cathodes. How-
ever, like TCAs, the same high ionicity also leads to very
low electronic and ionic conductivity of both the transition
metal fluoride and the conversion reaction product, such as
lithium fluoride, in the case of pairing with a lithium anode
[14, 25]. Aside from causing generally high overpotentials
and low current capabilities [165], this also results in gener-
ally poor practical capacities due to rapid passivation of the
cathode during discharge, requiring dispersion as nanopar-
ticles in conductive matrices to resolve (Fig. 12a, b) [166,
167].

The discharge products of transition metal fluoride cath-
odes are the anodic metal fluoride and the transition metal.
This substantially complicates recharging as the charging
reaction involves two species that have to be kept in elec-
trical contact with the current collector in order to regen-
erate the transition metal fluoride and anodic metal. CuF,
cathodes paired with lithium anodes had received ample
early attention due to the high energy density enabled by
a remarkably high potential of ~3.55 V against metallic
lithium [14]. However, recharging is very difficult due to
the tendency for the copper reaction product to agglomerate
into nanoparticles insulated from the current collector by a
matrix of lithium fluoride [168]. FeF; has similar theoretical
energy density to CuF,, but suffers less from this issue due
to the lower diffusivity of the higher charge density Fe’*
ion, facilitating the formation of percolating conductive
iron networks upon discharge [169]. However, reversibil-
ity remains generally limited. This, in combination with the
generally high solubility of transition metal halides in com-
mon organic electrolytes [165] and their tendency to form
structurally unstable SEIs [170], results in generally very
low cycle lives.

Furthermore, the FeF; reaction occurs via a complex
mechanism involving both insertion and conversion. The
latter is responsible for most of the charge capacity, but is
disabled by the absorption of water, which occurs very easily
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due to the generally high hygroscopicity of metal fluorides.
This complicates fabrication processes for batteries hoping
to utilise the conversion reaction, even at the laboratory scale
[171]. Despite these challenges, some encouraging results of
around 1000 Wh kg~! (Fig. 12c—e) cathodic energy densities
with cycle lives of 300—1000 have been achieved [170, 172].
Nonetheless, the poorer theoretical energy density of metal
halides compared to the elemental chalcogens contribute to
generally lower research interest. As a result, overall pro-
gress is substantially slower than the chalcogens.

4.4.1 Sulphur Cathodes

Sulphur and phosphorus are the two lightest solid anionic
elements in the periodic table; however, the latter generally
cannot undergo conversion reactions with metallic cations at
around room temperature, and has instead been investigated
for use as an insertion anode [19]. Hence, sulphur can boast
the highest charge capacity among solid conversion cath-
odes, at 1670 mAh g™! for the S?>~ ion. Although the main
discharge plateau occurs at ~2.1 V against metallic lithium,
substantially lower than in transition metal fluorides, the
very high charge capacity allows sulphur to have the high-
est theoretical energy density among all solid conversion
cathodes of ~2500 Wh kg~! in the form of Li,S. Sulphur is
also extremely cheap. While sulphur cathodes can be paired
with a large number of different cationic species [17], the
challenges faced at the cathode are largely similar. By far
the highest capacities have been achieved in and the greatest
amount of research has been focused on the lithium—sulphur
couple, which is the archetypal system used presently to dis-
cuss sulphur cathodes.

The challenges faced by sulphur cathodes are some-
what similar to other solid conversion electrode materials
[173-175], including a large volume expansion of ~80%
upon discharge leading to structural damage and very low
electronic and ionic conductivity. Active material disso-
lution is also an issue, like metal fluorides, but through a
different mechanism. Elemental Sg is gradually reduced
to S during the conversion through SSZ_, 562_, S42_ and
S22_ polysulphide intermediates. While 822_ and S*~ form
insoluble Li,S, and Li,S when paired with lithium, and Sq
itself is also insoluble, the longer chain polysulphide com-
pounds are soluble in typical organic solvents. These solu-
ble polysulphides can be beneficial to cell performance by
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Fig. 12 a Discharge capacity of CuF, composite cathodes with different conductive matrices_and b a transmission electron micrograph depict-
ing CuF, nanoparticles within a conductive matrix [167]. Copyright 2007, American Chemical Society. ¢ Schematic of a FeF, cathode on a
conductive carbon nanotube scaffold that provides good electronic access, while the polymer electrolyte controls dissolution, leading to a d high
capacity, e high cycle life cathode [170]. Copyright 2019, Springer Nature

aiding uniform sulphur dispersion in the cathode and acting ~ loss from the cathode. Although some of this Li,S can be
as redox mediators [176, 177], but they also diffuse to the  oxidised back to soluble polysulphides during charging and
anode and form short-circuited lithium—sulphur couples,  redeposited at the cathode, this often leads to morphologi-
generating insoluble Li,S and leading to active material  cal changes that generate insulated, inactive sulphur. This

© The authors https://doi.org/10.1007/s40820-022-00844-2



Nano-Micro Lett. (2022) 14:94

Page 23 0f49 94

Fig. 13 Scanning electron micrographs of a 3D porous carbon scaffold onto which sulphur nanoparticles are deposited, at a low magnification
and b high magnification [180]. Creative Commons License (CC BY 4.0). ¢ Transmission electron micrograph of a polysulphide-adsorbing
TiO,-MnO nanobox cathode infiltrated with sulphur, and associated energy-dispersive X-ray spectroscopy maps for d Ti, e Mn, f O and g S

[181]. Copyright 2021, Royal Society of Chemistry

so-called polysulphide shuttle effect is responsible for the
main practical challenge faced by sulphur cathodes, appreci-
able self-discharge and a generally low cycle life.

Like silicon, the main approach adopted to address the
conductivity and volume expansion issues of sulphur is by
reducing feature sizes. However, rather than being grown
directly as nanostructures, a porous scaffold is usually syn-
thesised instead, followed by infiltration of molten sulphur.
Carbon scaffolds are popular in a variety of different forms,
including nanotubes, graphene, nanofibers and porous 3D
carbon (Fig. 13a, b). Polysulphide shuttle in carbon is gen-
erally addressed simply by more tortuous diffusion paths
out of the scaffold, which has shown encouraging results
in laboratory environments, where cycling rates exceed the
time scale at which polysulphide diffusion occurs. This may
not be the case in practical cells as they undergo intermittent
use accompanied by long storage times, resulting in more
stringent requirements on polysulphide diffusion rates and
echoing similar challenges in LIB testing [178]. In the case
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of extremely small pores of less than 1 nm, polysulphide
shuttle can also be reduced by sterically preventing the for-
mation of the soluble long-chain polysulphides [179]. Car-
bon-scaffold sulphur cathodes are generally able to achieve
charge capacities of around 1000 mAh g~! with cycle lives
in the region of 100-300 [17, 173, 174].

A more sophisticated approach of preventing polysul-
phide shuttle involves using scaffolds that are able to chem-
ically coordinate with the soluble polysulphides through
polar interactions (Fig. 13c—g), which has been observed
in a variety of compounds including chalcogenides, oxides,
nitrides and organic compounds. This can also be achieved
on carbon scaffolds through the addition of heteroatoms.
The coordination strength between such scaffolds and the
soluble polysulphides must be finely controlled so that it
is strong enough for good adsorption, yet not so strong that
it is favoured over the lithium—sulphur bond, which would
make the sulphide inactive. Such compounds also generally
have lower conductivities, so a portion of the scaffold often
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remains carbon-based. Nonetheless, cathode scaffolds based
on polysulphide coordination are generally able to achieve
similar charge capacities as carbon scaffolds of around
1000 mAh g~!, with slightly improved cycle lives in the
region of 200-500 [17, 174].

A separate approach involves the elimination of the solu-
ble polysulphides from the conversion process with cata-
lysts, nonetheless deposited on porous scaffolds, that can
facilitate fast reactions directly to the solid sulphides. The
catalytic mechanism relies on strong adsorption of long-
chain polysulphides, while maintaining a sufficiently high
sulphide diffusion coefficient for efficient surface nucleation
and growth of the solid sulphides. High electronic conduc-
tivity is also important for electrons to access the insulat-
ing sulphides [182]. A large number of catalysts have been
explored including noble metals, chalcogenides, nitrides,
various metal-free materials, as well as heterostructure com-
binations of these materials. It is notable that many of these
are also used in the desulphurising industry [183]. While the
performance of catalysed lithium—sulphur batteries is highly
variable, remarkable results of around 80% capacity reten-
tion at 2000 cycles with a 600-800 mAh g™ initial capacity
have been achieved with TiO,-TiN heterostructures [184].

Other than addressing the issue at the cathode site, pol-
ysulphide shuttle can also be tackled at the cell level by
the usage of ion-selective separators that allow active ion
transmission but block the larger polysulphide ions. The
mechanisms can be physical filtration or chemical adsorp-
tion, similar to those in nanostructured cathodes, but also
electrostatic repulsion, taking advantage of the different
charges of the negative polysulphide and positive active ions
[185]. However, the results achieved with this approach are
not significantly better than the others, with 80% capacity
retention generally only possible for a few hundred cycles
[185-187], and like catalysts, does not remove the need for
nanostructured cathodes to address conductivity and volume
expansion issues.

Despite the steady progress made over recent years in
addressing the various issues associated with sulphur cath-
odes leading to poor cycle life, considerable challenges
nonetheless remain in the translation of laboratory-scale
set-ups to practical cells. Lithium—sulphur cell performance
is affected by the volume of electrolyte available, which
needs to be minimised in practical cells. Lower electrolyte
volume can lead to higher soluble polysulphide concentra-
tions, reducing ionic conductivity and suppressing further
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formation of soluble polysulphides at the cathode, which is
a necessary part of the discharge process [188]. Similar to
silicon, the various nanostructuring approaches adopted to
control cyclability issues also generally lead to high fabri-
cation costs and low active sulphur loading in the cathode,
which limits the capacity of a practical cell [174, 175].

4.4.2 Oxygen Cathodes

Oxygen has an even higher charge capacity than sulphur due
to the lower atomic mass, and in combination with generally
higher redox potentials, gives it one of the highest possible
theoretical energy densities among all cathodes, exceeding
4000 Wh kg™! for the simple oxides of aluminium, magne-
sium and lithium [15]. Oxygen is also unique among gaseous
electrodes due to its high reactivity and natural abundance
in the atmosphere, rendering oxidation to be the preferred
redox reaction when cationic elements are exposed to air.
This allows oxygen cathodes to be used as air cathodes,
extracting the gaseous active species from the environment
rather than having to carry them around in expensive and
heavy high-pressure vessels. It should be noted that the abil-
ity to extract oxygen from the atmosphere does not mean
that the cathode active species mass can be neglected, as the
oxygen still needs to be carried within the cell in the form
of the oxide reaction products, especially if the battery is
to be rechargeable. As a result, an oxygen cathode cell will
display the unusual characteristic of becoming heavier as it
discharges, and lighter as it charges.

The oxide reaction product, and thus both the energy den-
sity and rechargeability are heavily dependent on the elec-
trolyte. In aprotic organic solvents, lithium tends to form the
solid Li,0, peroxide, sometimes through a LiO, superoxide
intermediate that reacts with the electrolyte to form the per-
oxide [189]. In an aqueous solvent, the reaction product is
the Li* ion and water in acidic environments, and soluble
LiOH in basic environments. The cell voltage also varies,
due to the pH-dependence of the oxygen reduction reaction
[190]. Magnesium and aluminium likewise form hydroxides
in aqueous environments, which are so stable that the cells
are considered practically non-rechargeable. Rechargeability
is only observed in non-aqueous electrolytes, where the sim-
ple oxides tend to be formed [191, 192]. Zinc, on the other
hand, tends to form the ZnO simple oxide in aqueous envi-
ronments, which is relatively easier to recharge compared
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to magnesium and aluminium [193]. Hence, a significant
challenge in oxygen cathode cell design is the selection of
a suitable electrolyte. It should be noted that the anode is
usually in metallic form as usage of an alloying or insertion
anode requires a cation source, leading to the well-known
metal—air battery and further complicating electrolyte selec-
tion due to the simultaneous need to form stable and con-
ducting metal—electrolyte interfaces.

Despite the differences in preferred reactions, a major and
common challenge that all oxygen cathode cells face is the
slow reaction kinetics of the oxygen reduction (ORR) and
oxygen evolution reactions (OER), occurring at the triple
phase boundary between the gaseous oxygen, solid catalyst
and liquid electrolyte, leading to poor current capabilities
of the cell. For the past two decades, a significant portion of
the research effort on oxygen cathodes has thus been dedi-
cated to the development of more efficient ORR and OER
electrocatalysts, with the general goals of increasing power
density and cycle life, and reducing the charge/discharge
overpotential. High-performance catalysts for the ORR and
OER are conventionally based on platinum group metals
(PGMs) and their alloys, due to their favourable binding
energies with reaction intermediates [194]. However, their
scarcity and high cost have prevented their widespread use,
and catalyst developments are generally focused on match-
ing or exceeding the performance of PGMs with lower cost
alternatives.

A large variety of alternative catalysts have been studied
for the ORR, most of which are based on transition metal
compounds and carbon (Fig. 14a—c) [195, 196]. The surface
binding energy between the catalyst and reaction intermedi-
ates is one of the key determinants of catalyst performance.
Hence, modulation of the electronic structure through strat-
egies such as alloying or crystal structure control, as well
as lattice defect engineering have been invaluable tools in
improving the ORR performance of transition metal oxide
and nitride catalysts. On the other hand, catalytic activity in
carbon compounds is improved by doping of heteroatoms
such as nitrogen-coordinated metals, forming the popular
metal-nitrogen—carbon (M-N-C) class of catalysts. Defect
engineering can likewise be employed, usually with the
aim of increasing the concentration of more catalytically
active edge carbon atoms. The usage of nanoclusters or sin-
gle atoms of PGMs has also enjoyed high recent popularity
[197, 198], as they both increase catalytic activity per unit
mass of PGM and decreases the mass loading of the catalyst,
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potentially sidestepping their high cost. However, the lower
mass loading is a double-edged sword, as although the activ-
ity per unit mass of the catalyst may be improved, overall
electrode performance can become worse if this improve-
ment is insufficient to outweigh the decrease in the amount
of catalyst available. Strategies for improving OER catalysts
are largely similar to the ORR [199, 200]. Also important for
rechargeable oxygen cathodes is the development of bifunc-
tional catalysts that can catalyse both the OER and ORR.
While separate catalysts can be held on the same support
for these two reactions, most of them are degraded during
charge/discharge due to the alternating reductive and oxida-
tive environments of the ORR and OER, respectively [201].
Design of these bifunctional catalysts again utilises similar
strategies to ORR and OER catalysts [202, 203].

In general, these strategies have resulted in bifunctional
catalysts in zinc—air batteries with peak power densities of
around 200-300 mW cm™2 [201, 203], capable of matching
commercial Pt/C catalysts under similar conditions [204,
205]. This performance also exceeds those of MnO, cata-
lysts that are more commonly used for commercial zinc—air
batteries, which are typically around 100 mW cm™2 [206].
However, high charge/discharge overpotentials of around
the same values as the ORR potential leads to round-trip
efficiencies of only around 50% (Fig. 14d—e). Primary alu-
minium-air batteries are likewise able to achieve power den-
sities of around 200 mW cm™2 [192]. However, these high
power densities are usually achieved during galvanodynamic
testing. Galvanostatic cycling tests are typically done at
more modest power densities on the order of 10 mW cm™2,
similar to the figures commonly observed for lithium-—air
batteries [189, 207], and it is unclear if the galvanodynamic
power densities can be sustained under typical battery dis-
charge conditions.

Besides the issues with OER and ORR kinetics, oxy-
gen cathodes also face several practical challenges aris-
ing from the need for the cathode to be exposed to the
atmosphere. In the case of LIBs, current capabilities at
the cell level can be easily increased by increasing the
electrode area through coiled designs, albeit at the cost
of energy density due to increasing current collector
mass. However, doing the same for oxygen cathodes is
much more complicated due to the need for sufficient
airflow to the cathode (Fig. 14f—g). Improving power
density by improving accessibility of the cathode to
ambient air also facilitates electrolyte contamination and
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loss through evaporation, which must be mitigated with
selective membranes [189]. Solid oxide reaction products,
such as Li,0,, are also usually insulating, causing them
to gradually cover and deactivate the catalyst active sites.
This leads to the practical capacity of the battery scaling
with electrode surface area rather than the mass of metal
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available at the anode [212]. Soluble reaction products,
such as LiOH, face the separate issue of a finite solubil-
ity limit in the electrolyte, again leading to the practical
capacity scaling not with the anode mass, but with elec-
trolyte volume instead.
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S Addressing Safety: Beyond Organic Liquid
Electrolytes

While the exact electrolyte compositions are principally
dependent on the electrode selection, the majority of high-
energy battery systems, including LIBs, use organic solvents
into which a salt is dissolved as the ion source. The dissolved
ions provide sufficiently high ionic conductivity, while the
organic solvent provides a sufficiently large electrochemical
stability window (ESW) for the battery to function. How-
ever, most of these liquid organic electrolytes are highly
flammable, driving the desire to eliminate their usage in
order to improve safety.

One solution is to utilise flame-retardant additives in the
electrolyte, which generally function by scavenging the oxy-
gen and hydrogen radicals responsible for the propagation of
combustion reactions [213-215]. Several different additives
have been explored, the most common being phosphate- and
fluoride-based compounds. While these can indeed be effec-
tive in reducing the flammability, the generally high concen-
trations required of <20% increases the electrolyte viscosity
and reduces ionic conductivity. The additives may also react
with the electrodes or decompose at high potentials, reduc-
ing the cell cycle life. Raising the salt concentration in the
electrolyte can also reduce the flammability by reducing the
amount of free solvent molecules, but comes with higher
costs due to the quantity of salt required [213-215].

Nonetheless, despite significantly improved safety,
organic electrolytes with flame-retardant additives remain
inherently flammable, and their total replacement with
aqueous or solid electrolytes is considered a more complete
solution to the problem. It should be noted that substitution
of solely the electrolyte usually cannot increase the energy
density of the battery, as the active material does not change.
However, electrolyte substitution sometimes enables the use
of different cell designs which can improve energy density,
such as solid electrolytes enabling the use of metal conver-
sion anodes and eliminating the separator.

5.1 Aqueous Electrolytes
Aqueous electrolytes, consisting of an active ion-con-

taining salt dissolved in water, are a safe alternative to
the widely used organic electrolytes due to their inherent
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non-flammability. However, the perennial issue that they
face is the electrolytic decomposition of water. This occurs
via the OER at the cathode and hydrogen evolution reaction
(HER) at the anode, respectively, with a stable voltage win-
dow between them of only 1.23 V for pure water. Aside from
depletion of the electrolyte and corrosion of the electrodes,
both leading to low cycle life, the evolution of hydrogen gas
also leads to potential safety issues due to its high flamma-
bility [216]. The small ESW, aside from lowering cell poten-
tial, may also limit the electrode selection to lower charge
capacity options, such as VO, instead of carbon for lithium
anodes (Fig. 15a) [217]. Both effects severely limit overall
cell energy density.

Suppression of water decomposition is usually done
kinetically, with the effect of increasing the overpotential of
the reaction. One approach is to design appropriate compet-
ing reactions that occur near the potentials at which water
splitting occurs, but with the former favoured due to faster
reaction kinetics. This can be achieved by both electrode
modifications [218] and electrolyte additives [219]. How-
ever, the stability enhancements achieved using this method
are usually fairly modest.

A more successful strategy is to make use of the tendency
for the ESW to become larger as salt concentration in the
electrolytes increase [220]. This is as the ions present in
solution are coordinated by a shell of water molecules, and
increasing the ion concentration decreases the amount of
free water available for the decomposition reaction. This,
again, is a form of kinetic control, and promotes other, less
harmful reactions instead of water decomposition (Fig. 15b).
Very large stability windows of 2-3 V can be achieved by
increasing the salt concentration to the extent that there are
very few free water molecules remaining, known as water-
in-salt electrolytes (WiSE) [221]. The higher salt concentra-
tion also facilitates the formation of protective SEIs on the
electrodes, and the approach has been demonstrated with
various different active ions including sodium, zinc, mag-
nesium and aluminium.

However, 2-3 V remains insufficient for most LIB and
SIB chemistries, and it is challenging to make aluminium
and magnesium anodes compatible with aqueous electro-
lytes for the reasons discussed in Section 0. The WiSE
stabilisation effect is also generally more effective at the
cathode, given the tendency for battery cathode materi-
als to be closer to the OER potential than anode materials
are to the HER potential (Fig. 15a) [222]. Thus stability at
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by a combined WiSE and artificial SEI approach, showing expansion of the ESW to above 4 V for LIBs [223]. Copyright 2017, Elsevier

the anode remains a challenge, for which the general solu-
tion is to use an artificial SEI. The largest ESW reported
to date exceeds 4 V, comparable to the stability window
for organic electrolytes, and was demonstrated through the
combined application of an artificial SEI and WiSE in an
LIB (Fig. 15¢c, d) [223]. The large ESW enabled the use
of conventional graphite anodes, and in combination with
transition metal oxide cathodes, resulted in cell energy den-
sities that are no worse than organic LIBs. However, the
cycle life of 50 remains too low for practical applications,
which was attributed to insufficient quality and stability of
the anode SEI. Hence, better artificial SEIs need to be found
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before aqueous high-energy batteries can compete with their
organic counterparts.

Solid electrolytes can be inorganic (e.g. ceramics and
glasses), organic (e.g. polymers) or a composite, which is
simply a combination of the two. Their popularity stems
from their potential ability to simultaneously address
several issues with high-energy batteries. Polymer solid
electrolytes generally have lower flammability than lig-
uid organic electrolytes, and inorganic solid electrolytes
are often completely non-flammable. At the same time,
their high stiffness can prevent the formation of dendrites
for metallic anodes and remove the need for a separator,
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while the lack of any liquid medium also resolves the
dissolution issues faced in several conversion cathodes.
While solid electrolytes have been explored in a vari-
ety of active ion systems, the vast majority of work is
focused on lithium, and relatively few studies have been
reported for multivalent ions such as aluminium, magne-
sium and zinc. Conductivity in inorganic electrolytes is
generally very low at room temperature for such ions due
to their low ionic mobility, and most solid electrolytes are
polymer-based [74, 92, 224, 225]. Sodium has received
slightly more attention, but the systems investigated are
generally fairly similar to their lithium analogues [49,
226]. The present discussion will thus focus on lithium-
ion solid electrolytes.

=
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5.1.1 Inorganic Solid Electrolytes

ITonic conduction in inorganic solid electrolytes occurs via
the movement ions through diffusion pathways in the crys-
talline lattice, or energetically favourable local sites in amor-
phous structures. The design of inorganic solid electrolytes
thus shares some similarities to insertion electrodes, being
generally a lithium-containing compound with facile diffu-
sion pathways. However, two important differences are that
in the case of electrolytes, electronic conductivity is to be
minimised instead of maximised, and ionic conductivity is
more important than storage capacity.

A large number of crystalline ceramic electrolytes have
been explored, including various structures based on
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LISICON, NASICON, garnet, perovskite and argyrodite
[227-229]. While the room temperature ionic conductiv-
ity was initially an issue, conductivities on the order of
10721072 S cm™!, comparable to liquid organic electrolytes,
has been achieved in many of these systems (Fig. 16a). Sul-
phide-based glass electrolytes are generally able to achieve
higher ionic conductivities, although the highest conduc-
tivities remain on the order of 107°~1072 S cm™! and their
high moisture sensitivity makes processing more challenging
[230]. Oxynitride-based glass electrolytes on the other hand
have lower conductivities on the order of 107° S cm™!, but
are more easily processed into very thin films, such that cur-
rent capabilities are not compromised at the cell level [231].

The high stiffness of ceramic electrolytes makes them
excellent for the suppression of dendritic growth, but also
makes intimate electrode contact more challenging, lead-
ing to high contact resistance at the electrode-electrolyte
interface. The poor contact worsens with successive charge/
discharge cycles as the repeated strain cycles on the stiff
electrolyte, associated with volume expansion of the elec-
trode, gradually lead to mechanical damage in the form of
cracks or delamination from the electrode (Fig. 16b). Non-
uniform plating of the metallic anode can also still occur
through inhomogeneities such grain boundaries, pores, or
even cracks formed during cycling [232]. In comparison,
glass electrolytes face less interfacial contact issues due to
higher processability and are less susceptible to inhomoge-
neity issues related to grain boundaries. However, the lower
stiffness, while beneficial for alleviating mechanical dam-
age over repeated strain cycles, also makes them less able
to stop dendritic growth [230, 231]. General strategies to
address the contact issue involve high-pressure processing
[234], addition of a more conformable polymer or liquid
interface at the electrode [235] or direct combination of the
active materials and solid electrolyte within the electrode as
an anolyte or catholyte [236-238].

Electrochemical stability is also an issue, with the gener-
ally highly complex polyatomic lithium conductors under-
going redox reactions into simpler, more stable compounds
at the electrodes. In general, oxide and chloride electro-
lytes show much larger ESWs than sulphide electrolytes,
but remain susceptible to decomposition, with full stability
against lithium metal in the 0.2-4.5 V window of typical
LIBs being fairly rare (Fig. 16c). The general suppression
method through kinetic control is similar to that found in
aqueous electrolytes. However, reducing the availability of
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the reactive species through WiSE-like approaches is not
possible. Instead, control is mainly done at the interface,
either by reducing the interfacial electronic conductivity
through tuning of electrode and electrolyte compositions,
or direct deposition of artificial SEIs [234].

Although much progress has been made on the resolu-
tion of the aforementioned issues, cycle stability remains an
issue for inorganic solid-state LIBs, with examples typically
exhibiting cycle lives of 100 or less [229, 231] for both sul-
phide glass and various oxide ceramic electrolytes. Thin film
oxynitride batteries are able to exhibit excellent cyclability
of up to 90% retention over 1000 cycles with high voltage
LCO cathodes [239]; however, their morphology limits their
application to micro-batteries [240].

5.1.2 Organic and Composite Solid Electrolytes

Polymer electrolytes usually consist of an active ion salt
that is in solid solution with the polymer, with the ions
being coordinated with polar groups on the polymer and
their movement being facilitated by the thermal segmental
motion of the chains (Fig. 17a) [230]. The involvement of
the polymer chain in ionic conduction is markedly differ-
ent from inorganic solid electrolytes, where the atoms of
the glass or ceramic structure do not move during ion dif-
fusion. Appreciable ionic conductivity in polymers is thus
usually only observed above the glass transition temperature,
where mechanical properties tend to be worse. Compared to
inorganic electrolytes, polymer electrolytes are much easier
to process, and their mechanical flexibility lends well to
maintaining contact and avoiding damage at the interface.
Electrochemical stability is also generally fairly high. How-
ever, the same flexibility also leads to poorer resistance to
dendrite penetration, and a major issue is faced with low
ionic conductivities [241, 242]. While generally less flam-
mable than liquid organic electrolytes, polymer electrolytes
nonetheless do not fully address the flammability issue.

A large variety of polymers have been explored, with
many based on polyethylene oxide, polycarbonates and pol-
ysiloxanes [241-243]. Mechanical properties are improved
by usual polymeric methods, such as crosslinking, while
maintaining sufficient chain mobility for ionic conductivity.
Ionic conductivity is improved by increasing chain mobil-
ity and tuning the strength of the interaction between the
polymer polar groups and the active ion via various chain

https://doi.org/10.1007/s40820-022-00844-2
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Fig. 17 a Illustration of the ion conduction mechanism for dilute polymer solid electrolytes [241]. Copyright 2016, Elsevier. b Schematic of
selected sulphonate-based polymer electrolytes. Notice the various side group modifications that affect the charge density of the sulphonate
group, thus affecting the coordination strength with the lithium ion [243]. Copyright 2018, Royal Society of Chemistry. ¢ Scanning electron
micrograph of a polymer—ceramic composite electrolyte, with its d rate performance exceeding a pure ceramic electrolyte despite having a lower
ionic conductivity, due to its ability to be processed into a thinner membrane. Open and filled symbols represent charge and discharge capacities,

respectively [238]. Copyright 2018, Royal Society of Chemistry

modifications (Fig. 17b), so that it is strong enough for
appreciable ion solubility, and yet not so strong that the
ions become trapped. However, despite these efforts, ionic
conductivity remains generally in the region of 107> to
10~ S cm™!, substantially lower than inorganic electrolytes,
although this may be mitigated at the cell level due to easier
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processing into thin films [238]. An interesting recent devel-
opment is the increase of the active ion salt concentration in
the electrolyte to more than 50%, forming a polymer-in-salt
electrolyte (PiSE). This forms numerous ion clusters within
the polymer, instead of individual ions coordinated to polar
groups, and allegedly changes the dominant conduction
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mechanism from segment motion-assisted diffusion to direct
hopping of ions from cluster to cluster. Nonetheless, ionic
conductivities remain in the region of 10™* S cm™! [244].

A direct method of improving polymer electrolyte con-
ductivities is to composite it with ion-conducting inorganic
electrolytes. Compositing methods range from simple mix-
tures to 3D inorganic frameworks that are then infiltrated
with the polymer, and can improve the ionic conductivity of
polymer electrolytes by 1-3 orders of magnitude. This com-
bines the high conductivity of inorganic electrolytes with the
easy processability of polymer electrolytes, potentially lead-
ing to better cell-level performance (Fig. 17c, d). Nonethe-
less, as with most composites, the properties lie in-between
that of the matrix and reinforcement, and final conductivities
achieved remain in the region of 10™* S cm™! [245, 246].

In general, while the reported results vary substantially
among studies, polymer and composite electrolyte LIBs
can achieve slightly better cycle lives than inorganic elec-
trolyte LIBs, with capacity retention exceeding 90% over a
few hundred cycles more commonly reported than the lat-
ter [229, 242, 246]. This is nonetheless insufficient for the
applications that LIBs are currently used for. It should be
noted that lithium—polymer (LiPo) batteries, which are fairly
common in industry, also encompass typical salt-in-organic
solvent electrolytes that are immobilised by a polymer into
a gel and are not strictly solid-state, as ion conduction still
occurs through the liquid. These do not offer the same safety
benefits as true solid-state and aqueous electrolytes due to
the high liquid organic content.

6 The Long Road to Commercialisation

LIBs currently enjoy far better all-around performance
than any contemporary alternatives such as lead-acid and
nickel metal hydride batteries, allowing them to become
the workhorse for various mobile, portable and wear-
able devices over the past few decades. This dominance
is likely to continue well into the coming decade, espe-
cially with increasingly demanding applications arising
from electrification of the transport and energy industries.
Nonetheless, issues remain with cost, capacity and safety,
and there is an apparent need to explore “beyond lithium-
ion” alternatives that are far better than what is currently
available. Given the essential components for a battery
are the electrodes and electrolytes, understanding their
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fundamental chemistry, along with management of their
interfaces, are key parts of the systematic approach that
has been adopted through this review. The position of ele-
ments on the periodic table is a useful indicator of their
theoretical energy densities, and can be used to identify
suitable alternative ions for insertion batteries or conver-
sion electrode materials, while simultaneously consider-
ing their cost. After selection of the electrodes, suitable
electrolytes with suitable ionic conductivities, ESWs and
other physical properties such as flammability can be
determined. This bottom-up process of cell design from
electrode pairing to final cell performance is summarised
in Fig. 18, showing the general regions of performance
that have currently been achieved for the promising com-
binations discussed in Sects. 3—5, as well as a comparison
to emerging commercial examples of such cells.

Several general conclusions are apparent from Fig. 18.
The pure insertion electrode batteries, LIBs and SIBs,
suffer from low charge capacities of both the anode and
cathode, although this is compensated for by high dis-
charge voltages. Substituting the graphitic anode with a
high capacity conversion anode such as lithium metal or
silicon only produces a small change in the total charge
capacity due to the low capacity cathode. The multivalent-
ion batteries, AIBs, MIBs and ZIBs, which are also mixed
batteries with metallic conversion anodes and insertion
cathodes, suffer similarly from low total capacities. Inter-
estingly, the capacities are only weakly correlated with the
charge capacity of the active ion, implying that the inser-
tion frameworks remain a substantial proportion of the
total electrode mass. Very high total charge capacities are
only achieved where both the anode and cathode are con-
version electrodes. However, these suffer when it comes to
cyclability (Fig. 18c), where pure insertion electrode bat-
teries show by far the best rechargeability, being regularly
able to achieve cycle lives of several thousand or more.
Notably, the introduction of just one conversion electrode
into the cell design immediately reduces the cycle life to
the order of 10% or less. The relative maturity of these
promising chemistries can also be seen by comparing the
performances achieved in laboratories and what is avail-
able commercially (Fig. 18c). Commercial and laboratory
LIB performances essentially overlap, illustrating their
maturity but also showing the limits of the technology
and the need for better alternatives.

https://doi.org/10.1007/s40820-022-00844-2



Nano-Micro Lett. (2022) 14:94 Page 33 of 49 94
Cell Type
(@ —. 4 LF LS tio (b) e,
_'0 o - ! .
3500{ WMB 1800 | Mixed |
B Conversion — Conversion
© 3000 mAlp e © 1600
< <
£ 2500 HH £ 1400
Z2 G=2° MIB s z
3 2000 S 1200
g g
% | g 1500 © 1000
3 Z o Si-LIB 7n-0 3
E O&CMOOO =—7IB o § 800
SN (")500 IB i =z
@859 8sis 5 600
» (o]
Electrode? Lig(])omomsoo 20002500 30003500 400
~Type MF,
| 200
= | @AD Sz
Conversion | (g OH-°“0, ° oz
7n 0

Cathode Capacity (mAh g-') Cell Discharge Potential (V)

Cell Type

() 1

2400 5
< [ (EBEE
2200 2 2
5 [ [ Metal/SiLiB ")
2
2000 \ S Multivalent lon
1800 — [ uw
S| Lis
@ .
1600 o
z ]
S Zn-O |
1400 © " MgO/AO |

1200

1000

Cell Energy Density (Wh kg™)

800

600 {8
400
200
0 | }
1 10 100 1000 10000
Cycle Life

Fig. 18 General maps showing a charge capacities of various anodes and cathodes along with promising battery chemistries that can be formed
from their combination. The charge capacities of metallic anodes and oxygen cathodes are their theoretical values, while all other electrodes are
reported values in academia as covered in this review. For consistency, all active ion masses for insertion electrodes are assigned to the anode. b
Total electrode capacities calculated from a for the aforementioned combinations, plotted against reported discharge voltages as covered in this
review. ¢ Cell energy densities calculated from b assuming 50% inactive mass, plotted against reported cycle lives as covered in this review. The
faded oval regions represent the general performance of the cell chemistry as reported in academia, while solid rectangular regions represent the
performance of commercially available cells [36, 37, 210, 247-256], illustrating the gaps between them

@ Springer

) SHANGHAI JIAO TONG UNIVERSITY PRESS




94 Page 34 of 49

Nano-Micro Lett. (2022) 14:94

6.1 Progress with Alternative Ions

Among all the possible alternative active ions for insertion
battery, SIBs are the only ones that are currently commer-
cially available, although the market volume is rather small.
Aqueous SIBs were the first to be commercialised, but did
not gain substantial attention due to the low achievable
energy densities. Current SIBs are close analogues to con-
ventional LIBs, with disordered soft or hard carbon anodes
and typically layered oxide cathodes in an organic liquid
electrolyte [249, 257]. Nearly all performance parameters
are able to match LIBs, with cycle lives of several thousand
and discharge rates of up to 5C. Operating temperatures and
self-discharge rates are also similar. However, the energy
densities achieved of about 150 Wh kg~! [249, 250] is only
about 60% of layered oxide LIBs. This is within expecta-
tions from academic results (Fig. 18c), and appears to be a
consequence of lower discharge voltages rather than lower
electrode charge capacities that might be expected to arise
from sodium’s larger ionic radius (Fig. 18b). Nonetheless,
commercial SIBs can exhibit a much larger discharge win-
dow than LIBs, enabled by the use of an aluminium instead
of the less stable copper current collector [257], which may
alleviate issues with over-discharge that LIBs sometimes
face.

Remarkably, the total electrode charge capacities achiev-
able by multivalent-ion batteries appear to be capable of
exceeding even LIBs with high capacity metal and silicon
anodes (Fig. 18b), as a result of a higher limit for cathode
capacities (Fig. 18a). However, like sodium, the overall
energy densities suffer from low discharge voltages. Com-
mercially, zinc is the most mature, with start-up companies
searching for commercially viable ZIBs that nonetheless
remain elusive, likely due to low achievable energy densi-
ties at the cell level. Magnesium and aluminium continue to
be plagued by unresolved electrolyte issues and the lack of
simultaneously high capacity and high cycle life cathodes.
While Grignard-based and ionic liquid electrolytes work
in the academic environment, their high cost and corrosive
nature make commercialisation difficult. The vast majority
of cathodes that have been explored are also not synthesised
with the active ion as part of the structure, unlike in LIBs
and SIBs. This necessitates the use of metallic anodes as
the ion source in the cell, which, while attractive from the
energy density point of view, adds more unresolved issues
to the system.
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A significant obstacle to the progress of these alterna-
tive ion batteries could well be the lack of a systematic
method for the discovery of new insertion electrodes, as
opposed to the periodic table approach that can be taken
for conversion electrodes, with current cathode designs
typically taking inspiration from successful examples in
LIBs. New approaches may be considered, such as the
combination of conventional molecular dynamics and den-
sity functional theory simulations with emerging machine
and deep learning techniques, which are well-suited to
tackle such complex and highly multivariate problems.
Such methods may aid the discovery of new high-energy,
high cycle life cathodes that improve the energy densities
of alternative ion batteries and accelerate their commer-
cialisation process.

At the moment, the cost advantage of these alternative
ion batteries is also unclear, as while SIBs are commer-
cially available, they do not yet enjoy the same econo-
mies of scale as LIBs. The BatPaC model [258] calculates
cell prices from raw material costs with some informed
assumptions on production costs, which if kept the same
for LIBs and SIBs, can be used to sidestep the issue of
scale. It has been found using a modified version of this
model that simple substitution of the lithium and copper
in an LIB for sodium and aluminium while keeping all
other costs identical, only results in an approximately 12%
reduction in price (Fig. 19a). This shows that the massive
price difference between metallic lithium and sodium in
fact carries over fairly poorly to cell prices, simply because
of the significant cost of other components and manufac-
turing processes [42]. Considering more realistic SIB
chemistries shows that their prices per unit energy can
actually be higher than NCM LIBs due to lower capacities
(Fig. 19b) [259]. The situation is analogous in other multi-
valent ion systems, illustrating the need for higher capacity
electrodes and to consider the cost of all components of
the cell, rather than just the use of a cheaper active ion,
if the goal of a cheaper LIB alternative is to be achieved.

In addition, while alternative ion batteries continue to
improve, LIB development is not stagnant. The continuous
reduction in LIB prices as manufacturers strive towards the
Energy Storage Grand Challenge targets presents a shifting
goalpost for the alternative ions. Interest in recycling [261]
and new extraction techniques is also growing [262, 263]
and may prove to be a more direct answer to lithium resource
depletion than new battery chemistries.

https://doi.org/10.1007/s40820-022-00844-2
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6.2 Progress with Conversion Anodes

While battery manufacturers have begun adding small
amounts of silicon to conventional graphite anodes to form
composite anodes in otherwise conventional LIBs, pure
silicon anodes of the sort commonly reported in literature
remain relatively rare. Among these, only one example
with published performance figures, by Enovix [247], is
known, achieving cell-level capacities of approximately
300 Wh kg~! with a cycle life of 500-80% initial capacity
at 25 °C, and a continuous discharge capability of slightly
less than 1C. A fairly commonly achieved anode capacity
in academia of 2000 mAh g'l, about 540% that of con-
ventional graphite, would result in an approximately 20%
increase in cell energy density, in the case of the anode
active mass accounting for 20% of the total cell mass [264,
265], and all other cell components remaining the same.
Hence, the 300 Wh kg~! capacity achieved is well in line
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with expectations assuming the other cell components
being largely similar to typical 250 Wh kg~! [252] graphite
anode LIBs. The cycle life, like the energy density, is gen-
erally in good agreement with expectations from academic
results (Fig. 18c). However, it is unclear if relatively the
small increase in capacity will be considered worth the fairly
large trade-off in cycle life and current capabilities to the
industry in general. This is especially since conventional
cylindrical LIBs can currently achieve energy densities of as
high as 280 Wh kg™! under deep discharge, although current
capabilities and cyclability at such high capacities are low
[36]. Hence, pairing with higher charge capacity or higher
voltage cathodes may be necessary to further increase the
attractiveness of silicon anodes. Price is also a concern, as
the continuous, high-throughput tape-casting and calen-
daring process used for typical LIB electrodes (Fig. 19¢c)
is substantially more difficult to implement with the nano-
structured electrodes that are so common in academia, and
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0D nanoparticulate silicon anodes are likely to face smaller
barriers to commercialisation.

6.3 Progress with Solid and Aqueous Electrolytes

The commercial development of solid electrolytes has pro-
ceeded hand-in-hand with metallic anodes, as the former
can enable the use of the latter. A fairly large number of
companies have entered the space, including both estab-
lished battery manufacturers and start-ups. These companies
typically choose to use lithium metal anodes together with
solid electrolytes and conventional LIB insertion cathodes,
forming an all-solid-state battery (ASSB) with the prom-
ise of improving both safety and capacity. The majority of
these are based on inorganic electrolytes, with sulphides
being generally more popular than oxides, and with each
company having their proprietary, undisclosed formulations
[266]. Unfortunately, despite the large amount of interest,
published performance figures are extremely scarce and a
set with both capacity and cycle life remains unavailable,
making comparisons with contemporary LIBs challenging.
Polymer ASSBs, while less popular, have slightly longer
histories, with Blue Solutions having produced an example
for more than a decade [251]. However, while cell-level per-
formance data are not available, all performance parameters
at the pack level, including capacity of ~140 Wh kg™, cycle
life of 4000 and a discharge rate of ~1 C, appear highly simi-
lar to contemporary LIBs [37, 253-255] and generally not in
line with expectations from academic results. The reason for
this cannot be deduced without further information on the
electrolyte chemistry and battery architecture. Nonetheless,
it should be noted that like silicon anodes, the energy density
of lithium metal batteries is limited to an approximately 30%
improvement over LIBs if there are no significant changes
in the cathode or packaging, arising from a 20% reduction
in cell weight due to the removal of the graphite anode and
a slightly higher cell potential. Hence, if a lithium metal
ASSB is designed with low electrode mass loading or thick
electrolyte layers, the theoretical capacity advantage can eas-
ily be eroded.

Aqueous LIBs have received far less recent attention than
ASSBs, and commercial cells are rare. A notable exam-
ple is the LTO anode aqueous LIB under development at
Toshiba [267], utilising a WiS-esque concentrated salt elec-
trolyte. The usage of an LTO anode places it in a different
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application category from graphite anode LIBs, and its less
negative reduction potential conveniently sidesteps the sta-
bility issues at the anode that WiSEs generally face. The
cycle life is impressive, showing near 100% capacity reten-
tion after 2000 cycles, although the cathode and cell-level
energy density has not been disclosed.

6.4 Progress with Conversion Cathodes

Batteries using conversion cathodes usually also use conver-
sion anodes, leading to substantially higher charge capaci-
ties and energy densities than the insertion and mixed elec-
trode batteries previously covered (Fig. 18c). Among these,
lithium—sulphur batteries stand out as a chemistry that has
achieved the best balance of energy density and cycle life
in academia so far. The performance of the metal-air bat-
teries depends heavily on the anode, with lithium—air bat-
teries achieving extremely high energy densities due to the
high cell discharge voltage, but relatively poor cycle life.
Zinc—air batteries, on the other hand, generally exhibit bet-
ter rechargeability but lower energy density due to the lower
energy zinc anode. Aluminium and magnesium—air batter-
ies, being generally newer technologies than lithium and
zinc—air, do not compare favourably, with slightly higher
energy densities than zinc—air but far poorer cyclability.
Lithium metal halide batteries, likewise, do not compare
favourably in both energy density and cycle life to the more
successful zinc—air and lithium—sulphur chemistries.
Commercially, examples of these high energy conversion
cathode batteries remain rare. Among the solid conversion
cathodes, only lithium—sulphur has established any com-
mercial presence, and lithium metal halide batteries remain
unavailable. Battery manufacturer Oxis is notable as one of
the first to publish a complete set of cell-level performance
figures for lithium—sulphur batteries. Its cell is also particu-
larly interesting as it employs several advanced techniques
explored in academia to a commercial cell, including arti-
ficial SEIs for the lithium metal anode and nanostructured
sulphur at the cathode [175]. The achieved cell capacities
are as high as 400 Wh kg™, considerably higher than both
LIBs and current silicon anode batteries, with continuous
discharge rates of 1C, although the cycle life of less than 100
makes it unsuitable for replacing LIBs [248]. Notably, the
energy density and cycle life performance are substantially
worse than what is generally observed in academia. The
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lower energy density indicates that the amount of inactive
mass in the cell is far higher than the approximately 50%
that is typical of LIBs [264, 265] and which is assumed in
Fig. 18c. This starkly illustrates the importance of achiev-
ing high electrode mass loading and minimising electrolyte
use while designing strategies to improve sulphur utilisation
and cycle life. The lower cycle life also indicates potential
issues with the rapid cycling tests that are commonly done
in academia, which may not reflect charge-discharge condi-
tions in real applications, indicating the need for long-term
cycling investigations in addition to the typical rapid tests.
This appears to be a larger issue for lithium—sulphur bat-
teries than other chemistries, likely due to kinetic nature of
the polysulphide shuttling problem. Finally, nanostructured
sulphur cathodes are likely to face the same issues with
commercialisation as silicon anodes due to challenges with
high-throughput production processes. Hence, like silicon
anodes, nanoparticulate cathodes should not be completely
neglected despite their tendency for worse performance than
nanostructured cathodes.

Rechargeable metal-air batteries, facing difficult simul-
taneous issues with the metallic anode, electrolyte and air
cathode, have not yet established any commercial presence,
although numerous start-up attempts have been made. The
popular method of stabilising metallic anodes with a solid
electrolyte is also much more difficult to implement with an
air cathode than with solid cathodes. While rechargeable
zinc—air [268] and iron—air [269] batteries are being actively
explored for grid energy storage, commercial examples for
high-energy applications are not known. It should be noted
that the key performance factor for batteries for grid storage
is their round-trip efficiency, for which air cathodes perform
generally quite poorly at in academia.

Existing primary zinc—air batteries are able to achieve
energy densities of up to approximately 400 Wh kg~' [210,
256], which, while higher than LIBs, is lower than primary
lithium metal batteries at approximately 600 Wh kg [270],
making them less attractive for high-energy applications.
High-capacity aqueous primary batteries, utilising higher
energy metal anodes such as magnesium and aluminium
instead of zinc, have thus also been a popular development.
The design goal for these is usually for the ability to recharge
via mechanical replacement of the anode. Hence, while una-
ble to replace LIBs, these may find use in niche applications
requiring very high energy capacity with promised energy den-
sities exceeding 1000 Wh kg™ in the case of aluminium [271].
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However, published cell-level performance figures remain
generally unavailable, including cycle stability of the cathode,
which is important if mechanical recharging of the anode is
to be accomplished. Aqueous magnesium-—air batteries have
been commercialised as emergency batteries, but are only
able to achieve capacities in the region of 100-150 Wh kg™!
[272-274]. Like lithium—sulphur, the energy density of these
primary commercially available metal—air batteries is far worse
than what is expected from laboratory results, again illustrating
the impact that inactive battery mass, which is often omitted in
academia, can have on the overall energy density of the cell.

The commercial success of metal—air batteries will also
be dependent on their current capabilities. A typical 18650
cylindrical LIB with a total electrode area of approximately
of 500 cm? [275, 276] and an energy capacity of 11.4 kW
would require an electrode power density of approximately
23 mW cm™2 to discharge at 1 C, a reasonable peak discharge
rate for most applications. An air battery of the same geometry
would have a much lower cathode area of around 40 cm? due
to the inability to coil the cathode, corresponding to the exter-
nal surface area of the 18650 cell, requiring a power density
of close to 300 mW cm™2 to deliver the same power as a typi-
cal LIB at 1 C. This, at first glance, is not far from the values
that are being achieved in academia under galvanodynamic
testing. However, it should be noted that commercial zinc—air
batteries of energy densities exceeding 300 Wh kg~!, utilising
MnO, catalysts that can exhibit around 100 mW cm~ under
similar testing conditions, are only able to achieve continuous
discharge rates of less than 0.05 C [210, 256]. Much of this
discrepancy is due to instantaneous oxygen availability, and
pulse currents can be close to 0.5 C [210]. This is more in
line with expectations from galvanodynamic measurements,
and indicates that the power limitations faced by commercial
air-cathode batteries are due at least as much to insufficient
rates of oxygen supply as low ORR catalyst activity. Resolv-
ing this, along with other practical issues like electrolyte con-
tamination, may require engineering solutions such as forced
induction or air filters, compromising the energy density of the
energy storage system as a whole.

7 Summary and Perspectives
Through a systematic approach, suitable materials and ele-

ments for high-energy “beyond lithium-ion™ batteries have
been identified and correlated with cell-level developments
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in academia and industry, each of which have their advan-
tages and limitations compared with LIBs as the benchmark.
There are alternative ions to lithium that promise lower
costs. However, the capacities of SIBs remain substantially
lower than LIBs. While the theoretical understandings of the
topics have improved considerably, the multifaceted chal-
lenges faced by multivalent-ion batteries such as ZIBs, MIBs
and AIBs in the electrodes and electrolyte have so far been
insurmountable as a whole. New, computer-driven methods
of searching for solutions may be useful in speeding up this
process. Solely replacement of the active ion may also not
produce significant cost savings, and care must be taken that
low-cost electrolytes and electrodes are also utilised.

Conversion electrodes are expected to lead to significantly
higher cell capacities, and the commonly faced issues of low
conductivity, electrode disintegration and dissolution are
slowly being successfully resolved. Silicon and metal anode
LIBs have begun appearing on the market. However, capac-
ity improvements appear to be rather modest in both cases,
even though commercial silicon anode batteries appear to
be performing approximately as expected from academic
results. This appears to be due to the upper limit of these
improvements being removal of the graphite anode weight in
LIBs, which is not a sufficiently large proportion of the over-
all cell weight, and simultaneous usage of higher capacity
conversion cathodes is necessary for larger improvements.
The conversion cathodes, however, suffer from limited
rechargeability, with the cycle life of sulphur cathodes, for
example, being limited to 100 commercially for the time
being. Higher cycle lives observed in academia could be
due to the shorter time scales at which they are tested as
compared to commercial applications. A rift is also seen
in capacities achieved in academia and industry, suggesting
the former may be underestimating the amount of inactive
mass required in the solutions designed. Halide cathodes suf-
fer from greater issues and see substantially less success in
both academia and industry. The challenges facing recharge-
able oxygen cathodes in the form of metal-air batteries have
likewise proven to be too difficult for commercialisation.
Primary metal—air batteries continue to be plagued by very
low power density, and this appears to be due to engineering
challenges related to air supply, on top of the intrinsic reac-
tion rate limitations of the cells and catalysts.

Alternative electrolytes promise better safety and may
also address several issues with conversion electrodes.
Expansion of the ESW for aqueous electrolytes remains an
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issue, and current commercial examples operate at lower
voltages than typical LIBs with organic electrolytes. Solid
electrolytes have seen rapid development and have played a
major role in enabling metal anode batteries commercially.
Although cell-level performance parameters are currently
unavailable for a full comparison to LIBs, these are likely
to become available within the next few years.

When it comes to the overall combination of energy,
power, cyclability and cost, there is little doubt that LIBs
remain the gold standard for the time being. Nonetheless,
progress in many of these “beyond lithium-ion™ alternatives
has been encouraging, although clear gaps to commercialisa-
tion remain in each case. As these remaining issues continue
to be resolved for the wider spectrum of end-users that are
emerging in the exponentially growing battery market, sev-
eral of these frontrunners could very well coexist alongside
LIBs or even begin to challenge their dominance, as early
as within the decade.
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