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Development of energy storage systems is a topic of broad societal and economic relevance, and lithium

ion batteries (LIBs) are currently the most advanced electrochemical energy storage systems. However,

concerns on the scarcity of lithium sources and consequently the expected price increase have driven

the development of alternative energy storage systems beyond LIBs. In the search for sustainable and

cost-effective technologies, sodium ion batteries (SIBs) and potassium ion batteries (PIBs) have attracted

considerable attention. Here, a comprehensive review of ongoing studies on electrode materials for SIBs

and PIBs is provided in comparison to those for LIBs, which include layered oxides, polyanion

compounds and Prussian blue analogues for positive electrode materials, and carbon-based and alloy

materials for negative electrode materials. The importance of the crystal structure for electrode materials

is discussed with an emphasis placed on intrinsic and dynamic structural properties and electrochemistry

associated with alkali metal ions. The key challenges for electrode materials as well as the interface/

interphase between the electrolyte and electrode materials, and the corresponding strategies are also

examined. The discussion and insights presented in this review can serve as a guide regarding where

future investigations of SIBs and PIBs will be directed.
1. Introduction

Burgeoning environmental issues stemming from societal
dependence on fossil fuels necessitate a major shi toward new
energy production, storage, and utilization technologies. While
energy production from solar and wind appears promising and
virtually unlimited compared with fossil fuels, its imple-
mentation requires signicant improvements in energy storage
for proper delivery. Electrochemical energy storage systems,
such as rechargeable batteries and electric double layer capac-
itors, have received considerable attention as a potential solu-
tion to deal with the growing energy demand without increasing
our carbon footprint. Among developed energy storage systems,
lithium ion batteries (LIBs) have remained at the forefront since
their rst commercialization in 1991, and continue to expand
their applications from portable consumer electronics toward
transportation and powering the grid.1 However, applying LIBs
in thesemore demanding sectors has increased concerns on the
scarcity of lithium sources.2 In addition, other raw materials
used in LIBs, e.g. Co, Ni, Cu, etc., face environmental and ethical
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challenges including their concentration within limited regions
of the world.3 Such conditions are accelerating the discovery of
novel alternatives for electrochemical energy storage, including
sodium ion batteries (SIBs) and potassium ion batteries (PIBs),
to compete with and/or compensate for the LIB market.4–12

SIBs and PIBs have seen rapid development in recent years,
partially drawing from their likeness to LIBs where they can
show similar energy storage mechanisms and are composed of
analogous cell components.4,6,7 For example, they can be con-
structed using insertion materials and carbon-based materials
for the positive and negative electrodes, respectively, a standard
porous separator made of glassy ber or polymer, and a uo-
rophosphate, carbonate ester electrolyte (Fig. 1). However,
utilizing Na+ and K+ as ionic carriers results in distinct coordi-
nation preferences in the electrode materials, different inter-
actions with the electrolyte, and unique properties for their
solid electrolyte (SEI) and cathode electrolyte interphases
(CEI).4,13 These differences result in limitations and benets
when preparing a battery based on Li+, Na+ or K+, indicating
they are not directly interchangeable. Instead, their unique
physical properties, as summarized in Table 1, directly impact
their performance.

Based on Faraday's law, the lower mass to charge ratio
delivers the higher gravimetric capacity for a cell. In this
respect, electrode materials containing Na+ and K+ would seem
to show lower capacity than Li+ counterparts. Actually, the
delivered capacity is determined by the total mass of the
Chem. Sci., 2022, 13, 6121–6158 | 6121
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Fig. 1 Schematic presentation of SIBs or PIBs showing the electrode configuration, the interface/interphase between the electrode and
electrolyte, and the crystal structure of electrode materials.
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electrode material including the framework which generally
governs a larger portion of the active material mass compared to
the carrier ion. For example, the theoretical capacity of KCoO2 is
206 mA h g�1, equivalent to 75% of LiCoO2 (274 mA h g�1). This
physical property becomes determinant only in the specic
positive electrode cases, where the carrier ion makes up a large
portion of the active material mass, but not the case of negative
electrodes such as carbon and alloys.

Aside from adding mass, the framework further plays a key
role in the stability of the electrode during operation. With
reference to positive electrode materials, the amount of
extractable alkali metal ions (A+) is strongly correlated with the
stability of the framework upon extraction of A+, which oen
restrains upper cut-off voltage, delivering much less than the
theoretical capacity. Structural integrity is also key to negative
electrode materials such as common graphite and alloys, which
rely on a crystalline structure to accommodate A+ insertion.
Large volume changes can result in loss of capacity and can
disrupt key SEI structures. Maintaining the framework and
Table 1 Physical properties of Li+, Na+, and K+ as charge carriers for rec

Relative atomic mass
Mass to charge ratio
Shanon's ionic radius (Å) with six-fold coordination14

Stokes radius (Å) in PC15

Limiting molar ionic conductivity in PC (S cm2 mol�1)15

Desolvation energy in PC (kJ mol�1)16

E� vs. SHE (V) in aqueous solution
E� vs. Li/Li+ (V) in PC
Melting point of metal (�C)
Crust abundance (mass%)
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interphase structures is an important task to provide batteries
with reliable behavior and high cyclability.

Improving rate capabilities is another important target for
the next generation of batteries. The smaller Stokes radii of K+

and Na+ compared with Li+ (Fig. 2) result from their coordina-
tion with solvent/electrolyte species and their transfer at the
SEI.15 The large ionic radius of K+ produces a relatively low
surface charge density, namely classied as weak Lewis acid,
resulting in weaker interactions between K+ and solvent mole-
cules. This has been demonstrated experimentally with K+ in
propylene carbonate (PC), showing the highest limiting molar
ionic conductivity and implying the fastest diffusion rate.15

Likewise, Na+ represents a weaker Lewis acidity than Li+,
implying faster diffusion and a smaller activation energy of Na+

transfer at the SEI formed in PC.17 In addition, DFT calculations
show that the desolvation energy of both Na+ and K+ is smaller
than that of Li+ in several aprotic solvents.16 Kinetics of A+

transfer at the interphase between the electrode and electrolyte
is strongly linked to this desolvation energy as shown in
hargeable batteries

Li+ Na+ K+

6.94 22.99 39.10
6.94 22.99 39.10
0.76 1.02 1.38
4.8 4.6 3.6
8.3 9.1 15.2
215.8 158.2 119.2
�3.04 �2.71 �2.93
0 0.23 �0.09
180.5 97.8 63.4
0.0017 2.3 1.5

© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 Comparison of Shannon's radii and Stokes radii in PC for Li+,
Na+ and K+ ions. Adopted with permission from ref. 4. Copyright 2020
American Chemical Society.
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LIBs.18,19 Altogether, these results suggest promising rate
performance capabilities for Na+ and K+ systems.

Operating voltage is a critical factor in determining the
energy density of a battery, which is dened by the difference in
potential between negative and positive electrodes. To achieve
high energy densities, a high and low operating potential is
desired for the positive and negative electrodes, respectively.
When an alkali metal is used as the negative electrode, the
standard electrode potential (E�) of alkali metal determines the
lowest potential. In this respect, Li/Li+ shows the lowest stan-
dard electrode potential, E�, in aqueous electrolytes. However,
in PC, the E� of K/K+ was calculated to be �0.09 V vs. Li/Li+,20

and thereaer, experimentally conrmed for multiple
carbonate ester solvents by our group.21,22 Taking this into
consideration, PIBs possibly have a wide potential window
which is advantageous to achieve higher energy density than
LIBs under certain conditions. As seen in Fig. 3, the voltage
window of a PIB widens compared to either LIBs or SIBs in PC-
based electrolytes, assuming that the anodic limit of the elec-
trolyte is consistent for all systems. It is worth noting that the
operating voltage is also limited by electrolyte stability and
passivation. Therefore, the formation of a reliable SEI and CEI
becomes important to prevent continuous reduction and
oxidation of the electrolyte by inhibiting direct electron transfer
between the electrode and the electrolyte. In general, the SEI
and CEI should prevent solvent breakdown and permeability
Fig. 3 Comparison of standard electrode potentials, E�, of alkali
metals in aqueous (left), and PC (right) solutions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
while enabling fast ionic conductivity and mechanical
stability.13 Development of electrolytes with high oxidation and
reduction resistance as well as understanding the interface
between the electrode and electrolyte are indispensable to
achieve high-voltage SIBs and PIBs.

Other important points in the development of high-
performance SIBs and PIBs are safety and cost. Considering
commercial graphite-based LIBs, the potential of graphite
continuously increases upon deep discharge and reaches above
3 V (vs. Li/Li+), eventually causing Cu oxidation and Cu plating
onto the positive electrode.23–25 The consequences of extreme
discharge yield not only capacity fade but also severe thermal
hazards. In contrast, SIBs and PIBs can use an Al current
collector for the negative electrode since Al foil does not
undergo alloying reactions with Na and K.21 This bypasses such
issues related to deep discharge in graphite-based LIBs and can
reduce the weight and cost of the battery, permitting 0 V storage
and/or transportation in the case of SIBs.23–25 Aside from
graphite, the interest for using large capacity alkali metals as
negative electrode materials brings about other safety concerns.
For one, these metals are highly reactive posing potential re
and explosion hazards. The metal plating reactions can lead to
dendrite formation as oen occurs at overcharged states, and
this can lead to shorting and thermal runaway.26–28 Further-
more, plated Na and K metals can react with the electrolyte
relatively easily compared with Li metal, leading to redis-
solution into the electrolyte.29,30 Signicant research efforts have
been exploring ways to minimize and prevent dendrite forma-
tion through electrolyte and interphase engineering.

The performance of SIBs and PIBs still needs to be enhanced
for practical application beyond LIBs. Parameters including
capacity, available voltage range, rate capability, cycle life,
energy efficiency, and temperature range are important criteria
to make SIBs and PIBs competitive. Here, we consider the
strong correlations between these parameters and the impact of
electrode material structure on the interaction with each A+, the
associated advantages as well as limitations, and the role of
interphase structures between the electrode material and elec-
trolyte. Of note, among the new chemistries such as Li–air, Li–S,
Mg, and Ca batteries that have been considered as beyond LIB
technologies, SIBs are the closest to reach the maturation stage,
having given birth to companies such as Faradion in the UK,
Novasis in the USA, Tiamat in France, and so on. Furthermore,
systematic studies of three different A+ ions and their electro-
chemistry are expected to provide synergistically deeper
understanding and accelerate development of PIBs, taking
advantage of low Lewis acidity and weak ionic interaction of K+.

In this review, we will rst focus on positive electrode
materials for SIBs and PIBs, classied as layered oxides, poly-
anion materials, and Prussian blue analogues (PBAs). In the
section of layered oxides, polymorphs of layered oxides and
their evolution upon cycling will be explained, followed by the
discussion on different electrochemical features including
charge/discharge curves, capacity, working voltage, and cycla-
bility as a function of A+. Thereaer, we will examine binary
transition metal systems which present peculiar properties
including transition metal ordering and oxygen redox activity.
Chem. Sci., 2022, 13, 6121–6158 | 6123
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The benets of binary and ternary transition metal systems for
electrochemical performance derived from the reversible/stable
crystal structure, fast kinetics, and stable interface will be
described as well. In the following section on polyanion mate-
rials, we will discuss how the covalency of bonds between the
redox active metal and ligand inuences the operating potential
of polyanion compounds. Important compounds are grouped
based on their structure types, and their electrochemical
properties are examined, highlighting the effects of different A+.
Furthermore, the inuences of ligand type and symmetry for
polyhedral groups are described in the sub sections. Aer that,
material design of PBAs for SIBs and PIBs will be discussed
based on their crystal and electronic structures, which are
varied by transition metal species, crystal water, insertion ions,
and crystal defects.

In the second half of this review, we will discuss carbon-
based materials and alloy compounds as negative electrode
materials, as well as the interphase that occurs at the negative
electrode. In carbon-based materials, we will describe the
different types of carbon electrodes and their impact on the
energy storage mechanism with each of the A+. The limitations
of graphitic materials with Na+ and K+ ions, and methods for
improving their energy storage capabilities through incorpora-
tion of more functional binders and concepts of co-solvent
intercalation will be detailed. Thereaer, we will discuss
efforts toward preparing hard and so carbons for application
in SIBs and PIBs. The impact of the precursor and preparation
method will be described as well as the assumed mechanisms
for different types of non-graphitic carbons. For alloy materials,
we will briey focus on their benets and current challenges.
Lastly, the importance of interphase studies will be reviewed,
highlighting the different characteristics of interphases with
each of A+.
Fig. 4 Crystal diagrams of O3, P3, P2 and O2 type layered oxides. The M
yellow and grey, respectively. Adopted with permission from ref. 8. Cop
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2. Layered oxides for positive
electrode materials

Lithium layered oxides have been the most widely used class of
positive electrode materials in LIBs since their commercializa-
tion in 1991 using LiCoO2 as a positive electrode material. With
the success of lithium layered oxides and the superior proper-
ties of layered oxides over other chemistries, e.g. their low
formula weight, sodium and potassium analogues have been
extensively investigated since the 1980s.31
2.1. Polymorphs of layered oxides

Classication proposed by Delmas et al. has been widely used to
describe layered oxides with the AxMO2 (A ¼ alkali metal and M
¼ transition metal(s)) formula.31 The layered oxides are built up
of MO2 slabs of edge-sharing MO6 octahedra and A+ ions
occupying interlayer spaces. Depending on the various oxygen
stacking sequences along the c-axis, they can be categorized into
groups including O3, P3, P2 and O2, as illustrated in Fig. 4. The
letter indicates the coordination environment of A+ and the
number corresponds to the number of transitionmetal layers in
a hexagonal unit cell. When the hexagonal lattice is distorted,
the prime symbol (0) is added between the alphabet and the
number while the number of MO2 is counted in a pseudohex-
agonal unit cell.

In the O3 type structure, A+ ions occupy octahedral sites
between MO2 slabs with AB CA BC oxygen stacking and three
MO2 slabs are included in a hexagonal unit cell as seen in Fig. 4.
Layered oxide materials commonly applied in commercialized
LIBs such as LiCoO2, LiNi0.8Co0.15Al0.05O2 and LiNi1/3Mn1/3Co1/
3O2 adopt the O3 type with a space group of R�3m, also referred to
as a-NaFeO2 type. To the best of our knowledge, LiMO2
O2 slabs are shown in blue. A+ and vacancies in A+ layers are shown in
yright 2014 American Chemical Society.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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compounds, prepared by solid state synthesis, only crystallize in
O3 type among the four groups described above because of the
small ionic radius of Li+. It is worth noting that there are other
structure types such as g-LiFeO2 type, in which Li+ and transi-
tion metal cations are ordered, and b-NaMnO2 type known as
a corrugated (zig-zag) layer type.32–34 In the O3 type LixMO2,
cationic mixing is oen observed due to the similar radius size
between Li+ and transition metal ion(s). In contrast, larger A+

such as Na+ and K+ show a large variety of transition metals
adopting the O3 type structure without cation mixing.9 When
Jahn–Teller active elements such as Mn3+ (3d4 in high spin) or
Ni3+ (3d7 in low spin) consist of O3 type layered oxides, elon-
gation or shortening of M–O bonds of MO6 octahedra induces
the cooperative Jahn–Teller effect. The macroscopic distortion
of hexagonal symmetry results in the compounds adopting
a monoclinic lattice with the C2/m space group in the O03 type
structure, which is observed for NaMnO2 (ref. 35) and NaNiO2.36

Note that NaxCoO2 also crystallizes in the O03 structure with
a slightly decient Na content.37

In the P3 type structure, the number of MO2 slabs in
a hexagonal unit cell with the R3m space group is three and A+

ions occupy trigonal prismatic sites between MO2 slabs with the
AB BC CA array of oxygen packing along the c-axis. In contrast to
LiMO2, NaxMO2 and KxMO2 can crystallize in P3 or P03 type
structures in as-synthesized materials due to their larger ionic
radii. In the case of NaxMO2, P3 type is preferred when x < 0.5.
Removal of alkali metal ions from the O3 type structure in
general induces a structural change to the P3 structure through
gliding of MO2 slabs without breaking of M–O bonds (Fig. 4).
OP2 type is also reported as an intergrowth structure between
O3 and P3 types upon charge/discharge. In an ideal OP2
structure, two types of A+ layers, O type and P type layers, are
alternately stacked along the c-axis.38

The P2 type structure is favored for alkali metal decient
compositions, and therefore found for NaxMO2 (0.6 < x < 0.7)
and KxMO2 where A+ ions occupy trigonal prismatic sites
between MO2 layers with AB BA oxygen array stacking along the
c-axis. In the P2 type structure, there are two MO2 slabs in
a hexagonal unit cell with the space group of P63/mmc. The P2
phase transforms into the O2 phase upon extraction of A+ by
gliding MO2 slabs. The gliding ideally occurs either (1/3, 2/3, 0)
or (2/3, 1/3, 0) vector, leading to O2 type 1 or O2 type 2,
respectively (Fig. 4).39 The formation of intermediate structure
Table 2 Structure types of AxMO2 layered oxides directly synthesized (A

Atomic numberM
(M ¼ 3d metal and Rh) 21Sc 22Ti 23V 24Cr

LixMO2 — — O3 O3
NaxMO2 O3 O3 O3 O3

KxMO2 O3 — — O3/O03
P3/P03

© 2022 The Author(s). Published by the Royal Society of Chemistry
OP4 proceeds upon charge as well. An ideal OP4 type has pris-
matic and octahedral A+ layers, piled up alternately along the c-
axis and two types of O2 layers are alternately stacked as octa-
hedral A+ layers.38

The different polymorphs inuence electrochemical perfor-
mance. In reference to capacity, O3 type compounds deliver
higher initial charge capacity due to the high concentration of
A+ ions compared to A+ decient phases (P2 or P3). On the other
hand, A+ ions in prismatic sites enable the realization of larger
reversible extraction of A+ from the structure and faster diffu-
sion compared to those in octahedral sites. The absence of
tetrahedral sites in P2 or P3 type structures prevents migration
of transitionmetal ions fromMO2 slabs to A+ layers and permits
direct A+ migration to neighboring face-shared prismatic sites.

Table 2 summarizes structure types of AxMO2 (A ¼ Li, Na or
K, M ¼ a single 3d transition metal and Rh, x # 1) obtained
from direct synthesis methods, not including the ion-exchange
step, with a single 3d transition metal and Rh. As mentioned
above, the size of A+ governs the structure of as-prepared
materials, and therefore LixMO2 with the smallest Li+ crystal-
lizes in the O3 structure which is a most thermodynamically
stable phase. In contrast, KxMO2 and NaxMO2 can crystallize in
P type structures. In particular, Na+ with an intermediate radius
size permits a large variety of phases, drawing scientic interest.
2.2. Different electrochemical features of AxMO2

2.2.1. Different electrochemical features of O-type and P-
type AxCoO2. Since the average operating potential of positive
electrode materials is one of the key factors in determining the
energy density of batteries, it is of interest to compare the
average voltage (identical to the potential of the positive elec-
trode in a full cell) as a function of A+ in AxCoO2. In this
manuscript, the average voltage is determined by dividing the
area of the charge or discharge curve by the delivered capacity.

Fig. 5a shows charge/discharge proles of AxCoO2 adopting
the O3 or P(0)3 structure. O3 type NaxCoO2 shows a signicantly
lower operating voltage compared to that of LiCoO2. Given that
both compounds are composed of Co with octahedral coordi-
nation and adopt the same O3 phase, the site energy of A+ and
the coordination and bond lengths of A–O and M–O seem to be
comparable. The lower working voltage in NaxCoO2 can be
attributed to the changes in the redox energy of Co3+/4+.
¼ Li, Na or K, M ¼ a single 3d transition metal and Rh, x # 1)

25Mn 26Fe 27Co 28Ni 29Cu 45Rh

— — O3 O3 — O3
O03 O3 O3/O03 O03 O03 O3
P03 P03
P2/P02 P2

— — — O3
P3/P03 P3
P02 P2/P02 P2

Chem. Sci., 2022, 13, 6121–6158 | 6125



Fig. 5 Typical charge/discharge profiles of (a) O3 and P(0)3 type AxCoO2, (b) O2 and P(0)2 type AxCoO2, (c) O3 type AxCrO2 with an inset for those
cycled in higher upper cut-off voltage, and (d) O3 type AxRhO2 in non-aqueous Li, Na, and K cells. Filled circle represents a starting point of
charge.
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According to a paper by Goodenough et al., stronger covalent
mixing of Co–O in the Na system raises Co–O antibonding
orbital energy, and thus stronger Na+–Na+ repulsion increases
the Co–O bond length, particularly at a higher Na+ content,
rendering lower voltage than the counterpart in the Li system.40

In the same vein, P2 type NaxCoO2 and KxCoO2 display a lower
voltage than O2 type LiCoO2 (Fig. 5b) due tomore covalent Co–O
bonds, weaker Lewis acidity of Na+ or K+ and stronger Na+–Na+

or K+–K+ repulsion than those related to Li+.
Another striking difference depending on the A+ ion is the

charge/discharge voltage prole upon galvanostatic cycling:
LiCoO2 exhibits smooth curves whereas the stepwise voltage
prole is observed in NaxCoO2 and KxCoO2 regardless of the
initial crystal structure type. The unique stepwise voltage curves
are attributed to the A+-vacancy ordering for the peculiar A+

concentration such as 3/4, 5/8, 2/3, 4/7, 1/2, 1/3, etc.41–44 The
voltage jumps are related to the formation of a highly stable
phase in a narrow A+ concentration range surrounded by
biphasic regimes that display voltage plateaus. During contin-
uous changes in the concentration of A+ in AxCoO2, an AxCoO2

single-phase is feasible, resulting in slopy voltage curves. Clear
voltage jumps are evidenced at the well-known compositions of
P2 type Na1/2CoO2 and Na2/3CoO2 (ref. 41) (Fig. 5b) and the
phase transformation from O3 to O03 for NaxCoO2 results in the
voltage plateau at 2.5 V (Fig. 5a).37

When a certain amount of Na+ ions are extracted, Na+ in
NaxCoO2 favors prismatic sites,37,45 leading to similar voltage
curve evolution as shown in O3 and P03 type NaxCoO2 (Fig. 5a).
The analogous voltage proles in the range of x# 2/3 in P03 and
6126 | Chem. Sci., 2022, 13, 6121–6158
P2 type NaxCoO2 (Fig. 5a and b, respectively) upon extraction/
insertion of Na+ are probably due to fast and liquid-like Na+

diffusion in P03 and P2 types and weaker interaction between
Na+ and CoO2 slabs having a wider interlayer distance than
those of O3 type. The comparable voltage curves for P3 and P2
type KxCoO2 (Fig. 5a and b, respectively) can be explained in the
same way.

2.2.2. Different electrochemical features of O3-type
AxCrO2. Interestingly, KCrO2 adopts an O3 structure because
the electronic conguration of Cr3+ (3d3), half lling t2g orbitals,
strongly prefers octahedral CrO6 coordination, and the ionic
radius of Cr3+ is large enough to compensate the penalty from
K+–K+ repulsion.46 It is of scientic interest to compare ACrO2

since all the Li, Na, and K compounds adopt the O3 structure
and the possibility of using the Cr3+/6+ redox process is unique.

As shown in Fig. 5c, LiCrO2 shows unsatisfactory electro-
chemical performance with notable irreversible capacity on the
rst cycle irrespective of particle size.47,48 The main reason for
the inferior discharge capacity is related to the irreversible
structural change in the voltage range of 3.0–4.5 V (vs. Li/Li+).
During delithiation of LiCrO2, oxidized Cr4+ (3d2) tends to
undergo the disproportionation reaction, forming Cr3+ (3d3)
and Cr6+ (3d0). Besides, the interlayer distance in LiCrO2

matches well with that in tetrahedral CrO4
2�, which can be

a driving force to migrate Cr4+ (3d2) into the interstitial tetra-
hedral sites in Li layers in an irreversible disproportionation
manner.47 Using high angle annular dark eld (HAADF) scan-
ning transmission electron microscopy (STEM) and DFT
calculation, the Cr migration from transition metal layers to Li
© 2022 The Author(s). Published by the Royal Society of Chemistry
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layers on the surface and the increased Li diffusion barrier are
shown, which are responsible for the unsatisfactory electro-
chemical reactivity.48

In contrast to LiCrO2, NaCrO2 delivers a reasonable
discharge capacity of ca. 110 mA h g�1, corresponding to 0.43
Na+ intercalation between 2.2 and 3.6 V (vs. Na/Na+). In this
voltage range, the compound undergoes O3–O03–P03 phase
transformation with two biphasic regimes while 0.52 Na+ is
deintercalated. The structural evolution is reversible, leading to
decent cycling performance.49,50 When the upper cut-off voltage
is extended to 4.5 V (vs. Na/Na+), extremely small capacity is
delivered on the rst discharge. This is due to irreversible Cr
migration induced by further phase transformation to O03
beyond 3.6 V – in the O03 phase vacant tetrahedral sites are
formed by Na+ extraction where oxidized Cr cations favorably
migrate from their original transition metal layers, eventually
the migrated Cr cations move to vacant octahedral sites and
become pinned.51 In addition, the signicant voltage jump from
3.3 to 3.65 V (vs. Na/Na+) shown at x ¼ 1/2 in NaxCrO2 (Fig. 5c
inset) originates from the Na+-vacancy ordering, which is not
observed in the counterpart of Li+.52

In the case of KCrO2, the stepwise voltage prole is more
pronounced than the counterpart of Na+ which represents
a more complex phase transition. In situ XRD reveals the
complex phase transition with the sequence of O3–O03–P03–P3–
P03–P3–O3 in the voltage range of 1.5–4.0 V (vs. K/K+). This is
probably attributed to the strong K+–K+ repulsion that requires
several intermediate phases to minimize the K+–K+ repulsive
interaction. The phase changes during charge are almost
reversible except for the fact that the initial O3 phase is not
recovered. Sluggish kinetics of K+ is considered reason for the
incomplete intercalation. As observed in NaCrO2, once KCrO2 is
charged to 4.5 V, an additional plateau at around 4.3 V is found
and signicantly reduced discharge capacity is delivered (Fig. 5c
inset) because the amorphous-like phase formed at the end of
charge to 4.5 V lasts until the following discharge to 1.5 V.46

2.2.3. Different electrochemical features of O3-type
AxRhO2. The effect of the transition metal on the operating
voltage can be explained by the covalent character of the M–O
bonds. A more covalent Rh–O bond than the Co–O bond causes
a wider energy gap between bonding and antibonding orbitals.
The raised anti-bonding orbitals are closer to the Fermi level
and decrease the voltage, which is reected in the case of
LiCoO2 (Fig. 5a) and LiRhO2 (Fig. 5d), both adopting an O3
structure. In terms of a dynamic structure, it has been believed
that the poor reversible capacity of O3 type LiRhO2 between 1.0
and 4.5 V (vs. Li/Li+) is related to Rh migration towards empty
sites in Li layers, similar to O3 type LiCrO2.53 Later, it is revealed
that when the Li content is smaller than 0.5, a novel phase is
formed, identied as a rutile-ramsdellite intergrowth mono-
clinic LixRh3O6. This newly formed phase partially transforms
back to the layered phase upon lithiation, providing stable
capacity up to 15 cycles in the voltage range of 1.2–4.1 V (vs. Li/
Li+) and producing a novel plateau at 3.15 V (vs. Li/Li+). More-
over, additional lithiation occurs as rutile-type and ramsdellite-
type tunnels can accommodate Li+, delivering slightly larger
© 2022 The Author(s). Published by the Royal Society of Chemistry
discharge capacity than the theoretical one (one electron per
formula unit).54

In the case of O3 type NaRhO2, the charge/discharge proles
are reversible in the voltage range of 2.5–3.8 V (vs. Na/Na+) and
a voltage jump is distinct when the Na+ content is about 0.5 as
shown in Fig. 5d. No phase transformation is observed until
removal of a Na+ content of 0.67 (charge to 3.8 V (vs. Na/Na+)),
different from NaCoO2 in which gliding of CoO2 results in P(0)3
type phases upon desodiation.55 In addition, cation migration is
expected to be prevented due to the increased covalency of Rh–
O bonds using 5d electrons compared to that of 3d metal, Co–O.

From the above discussion by comparing charge/discharge
proles of AxCoO2, AxCrO2 and AxRhO2, we can understand
that (i) larger A+ tends to exhibit more notable stepwise load
curves, (ii) dynamic structural evolution is more complex with
larger A+, (iii) the transformed phase at the end of charge
dictates the reversibility of the structural transition, and (iv)
using 4d or 5d transition metals might suppress MO2 gliding
upon extraction/insertion of A+. From the practical points of
view, layered oxides with a single metal, AxMO2, deliver gener-
ally limited capacity in Na and K cells. This drives spontane-
ously the research on layered oxides towards introducing
multiple elements in transition metal layers.
2.3. Ordering in transition metal layers

Multiple elements in transition metal layers have been investi-
gated as the electrochemical characteristics in the systems are
signicantly different from single transition metal systems,
oen resulting in enhanced performance. Thereby, we focus on
binary and ternary systems in SIBs and PIBs here. In particular,
transition metal ordering is oen observed in binary systems
(Ax½MyM

0
1�y�O2 where square brackets represent transition

metal layers). The differences in ionic radii as well as the
valence between two cations composed of transition metal
layers is believed to be a driving force to form the ordering.
Honeycomb ordering is the most known in layered oxides where
a cation (M) is surrounded by six cations (M0) and gives rise to
the O3a � O3a superlattice. The ribbon superstructure is
another ordering observed in the Li–Mn binary system where
Li+ ions separate ribbons composed of four Mn cations. The two
different types of transition metal ordering are presented in
Fig. 6a and b. In binary systems with adjacent transition metals,
most of the compounds exhibit a disordered phase except for
Na2/3[Ni1/3Mn2/3]O2 (ref. 56) in which Ni2+ is a center of the
honeycomb superlattice. The honeycomb ordering between Ni
and Mn seems to induce a stronger coupling between MO2

layers, preventing the intercalation of water. In contrast, when
Co is substituted for Ni, Mn3+ cations are formed and the
superlattice of Ni(Co)–Mn ordering is suppressed, leading to
a hydrophilic character.56 Among layered oxides for PIBs, K2/

3[Te1/3Ni2/3]O2 (ref. 57) is an interesting example having the
honeycomb ordering. These transition metal ordered materials
oen have unique features such as moisture/air stability and
oxygen redox activity.

2.3.1. Oxygen redox activity in Ax½MyM
0
1�y�O2. To enhance

the electrochemical activity of the AMO2 electrode, reversible
Chem. Sci., 2022, 13, 6121–6158 | 6127



Fig. 6 Structural diagrams of (a) honeycomb and (b) ribbon ordering in the transition metal layers and (c) charged Na0.67[Mg0.28Mn0.72]O2

(Na0[Mg0.28Mn0.72]O2 adopting O2 type), highlighting a local oxygen environment coordinated octahedrally by two Mn and one Mg from the
transition metal layer and three vacancies from the Na layer. Reprinted with permission from Springer Nature Customer Service Centre GmbH:
Springer Nature, Nature Chemistry, ref. 60 copyright 2018. (d) Schematic charge/discharge curves of Li-rich and Na-rich layered oxides.
Reprinted with permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature, ref. 77 copyright 2019 (e) In-planeMn
migration (arrows) required to form O2 molecules (orange ellipses) in the transition metal layers of charged honeycomb ordered Na0.75[-
Li0.25Mn0.75]O2 and ribbon ordered Na0.6[Li0.2Mn0.8]O2. Reprinted with permission from Springer Nature Customer Service Centre GmbH:
Springer Nature, Nature, ref. 73 copyright 2019.
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redox of Mn+/m+ and O2�/(2�d)� couples can be combined and
has been investigated to date.58 Table 3 summarizes the
compounds not only having transition metal ordering but also
exhibiting oxygen redox in the case of A ¼ Na and K. Extensive
theoretical studies together with experimental support have
been carried out to explain the oxygen redox mechanism in
layered oxides. Ceder and co-workers report that unhybridized
O 2p orbitals, derived from the specic 180� Li–O–Li congu-
rations in Li-rich layered oxides (one Li in transition metal
layers and the other in Li layers), are responsible for the acti-
vation of the oxygen redox process.59 This mechanism can
Table 3 Binary systems of Na or K layered oxides exhibiting ordering in

Composition Ax½MyM
0
1�y�O2

Ionic radii M/M0

(Å) in six-fold coordination Ordering

Na[Li1/3Mn2/3]O2 (ref. 69) 0.76/0.53 Honeycom
Na0.75[Li0.25Mn0.75]O2 (ref. 73) 0.76/0.53 Honeycom
Na0.6[Li0.2Mn0.8]O2 (ref. 73 and 76) 0.76/0.53 Ribbon
Na2/3[Mg0.28Mn0.72]O2 (ref. 60) 0.72/0.53 Honeycom
Na[Na1/3Ru2/3]O2 (ref. 61) 1.02/0.62 Honeycom
Na[Na1/3Ir2/3]O2 (ref. 62) 1.02/0.625 Honeycom
Na2/3[Ni1/3Mn2/3]O2 (ref. 63–66) 0.69/0.53 Honeycom
K2/3[Te1/3Ni2/3]O2 (ref. 57) 0.69/0.97 Honeycom
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explain the oxygen redox activity in sodium layered oxides
containing Li+ in transition metal layers. In the presence of
specic Li–O–Na congurations, the energy level of orphaned O
2p orbitals is relatively higher than that of hybridized transition
metal orbitals which trigger oxygen redox. In a similar vein,
oxygen redox in the Mg–Mn binary systems can be attributed to
the ionic Mg–O bonds that allow the O 2p orbitals to place at the
top of the valence band upon extraction of Na+.60

In the case of Na[Na1/3Ru2/3]O2, the honeycomb ordered
phase is essential to trigger oxygen redox because the short O–O
bonds are created only in the ordered phase, which raises
transition metal layers and oxygen redox

type Oxygen redox activity Lattice oxygen loss Voltage hysteresis

b Active O2 evolution Signicant
b Active Suppressed Signicant

Active Suppressed Suppressed
b Active Suppressed Signicant
b Active Suppressed Suppressed
b Active Suppressed Suppressed
b Active/inactive O2 evolution/suppressed Suppressed
b Active — Suppressed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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unhybridized O 2p orbitals nearby the Fermi level. The honey-
comb ordering is maintained between cationic vacancies and
Ru cations aer 1/3 Na+ extraction from the transition metal
layers of [Na1/3Ru2/3]O2 slabs and leads to cooperative distor-
tion, producing shorter O–O bonds.61 Similarly, the shorter O–O
bonds are formed in the honeycomb ordered Na[Na1/3Ir2/3]O2

upon desodiation, featuring oxygen redox.62 Moreover, the
stronger overlapping between Ir 5d and O 2p orbitals allows
oxygen redox to trigger in the earlier charge state than the 4d Ru
case – oxygen redox is activated aer removal of 0.5 Na+ and 1
Na+ in the Na–Ir and Na–Ru binary systems, respectively.

Oxygen participation in the charge compensation mecha-
nism in P2-type Na2/3[Ni1/3Mn2/3]O2 was rst proposed by Lee
et al.63 based on the electronic structure and density of state
(DOS) calculation. However, whether oxygen redox is triggered
or lattice oxygen loss dominates in the high voltage region is
still under debate.64–66

Little investigation on oxygen redox has been performed in
potassium layered oxides. Masesse et al. showed the participa-
tion of oxide anions in K2/3Te1/3Ni2/3O2 via strong hybridization
between Ni 3d and O 2p orbitals.57 Theoretical and experimental
studies reveal that O 2p orbitals are in the vicinity of the Fermi
level and reversible formation of ligand holes in O 2p bands
during the rst cycle.

Although oxygen redox represents a strategy to enhance the
capacity of layered oxides via using cumulative cationic and
anion redox processes, irreversible oxidation of the oxide anion,
also referred to as lattice oxygen loss via O2 evolution, and the
voltage hysteresis between oxidation and reduction processes
are major drawbacks for better application.

2.3.2. Oxygen redox competing with lattice oxygen loss.
Bruce and co-workers proposed that at least three cations are
necessary to mitigate the lattice oxygen loss by systematic
studies of three compounds: Li[Li0.2Ni0.2Mn0.6]O2, Na0.78[-
Li0.25Mn0.75]O2 and Na0.67[Mg0.28Mn0.72]O2.67 For the two Li+

substituted compounds, Li+ migrates from the transition metal
layers to alkali metal layers, however only Li[Li0.2Ni0.2Mn0.6]O2

suffers from the lattice oxygen loss when almost equivalent
charge is removed from their pristine state. This implies that
the created transition metal vacancies through the migration of
mobile Li+ are not fully responsible for the lattice oxygen loss.
Instead, the number of elements coordinated with oxygen
anions upon charge is critical. For example, Mg2+ is retained in
the transition metal layers even at deep charge for Na0.67[-
Mg0.28Mn0.72]O2 whereas the substituted Li+ is extracted in
Na0.78[Li0.25Mn0.75]O2. The remaining Mg2+ allows oxygen
anions to remain coordinated by three cations, avoiding the
lattice oxygen loss as illustrated in Fig. 6c. Using mapping of
resonant inelastic X-ray scattering (mRIXS), it is shown that
oxygen redox for Na2/3[Mg1/3Mn2/3]O2 is reversible and 87% of
the initial capacity is sustained aer 100 cycles.68 An analogous
result is reported for Na[Li1/3Mn2/3]O2 where O2 gas release
commences when all Li+ ions migrate to Na layers, meaning
that oxygen anions bonded with only two Mn from the transi-
tion metal layers favor O2 formation and are eventually
released.69
© 2022 The Author(s). Published by the Royal Society of Chemistry
In the case of Na-rich layered oxides with a 4d or 5d metal
such as Na[Na1/3Ru2/3]O2 and Na[Na1/3Ir2/3]O2, ordering in the
Na–Ru and Na–Ir slabs, respectively, becomes more
pronounced upon desodiation, which is induced by the coop-
erative effect for maximizing the coulombic attraction between
Na+ and transition metal vacancies and minimizing the
coulombic repulsion between Na+ and Ru5+ or Ir5+. This leads to
the reversible phase transition O3–O1–O01 upon cycling and
provides a rigid structure to stabilize oxygen redox without
lattice oxygen loss.70

2.3.3. Voltage hysteresis. The voltage hysteresis observed in
most of the oxygen redox active materials is also correlated with
the local oxygen coordination environment. Gent et al.
proposed that transition metal migration is involved in stabi-
lizing oxygen redox for Li-rich compounds and changes drasti-
cally the local oxygen coordination upon charge.71,72 This lowers
the oxygen redox potential relative to that of transition metal
associated redox during discharge. As a consequence, the
voltage hysteresis features charge/discharge proles. Interest-
ingly, the voltage hysteresis is suppressed for certain Na de-
cient compounds such as Na0.6[Li0.2Mn0.8]O2 (ref. 73–76) and
Na-rich compounds composed of 4d or 5d metal.61,62,70 Fig. 6d
illustrates different scenarios driven by cationic and anionic
processes in Li-rich and Na-rich layered oxides based on
rigorous concepts of electronic structure theory.77 Without
cation migration and O2 gas release, both cationic and anionic
redox processes are fully reversible, resulting in a suppressed
hysteresis between charge and discharge curves (top le). When
lattice oxygen loss occurs due to cation migration in the rst
charge, a persistent hysteresis is expected in subsequent cycles
(top right). The charge plateau in the high voltage region is
recovered if no O2 release takes place and cation migration is
fully reversible (bottom right).

Recently, the importance of ordering in transition metal
layers to alleviate the voltage hysteresis associated with cation
migration has been reported by investigation of two compounds
having a similar composition but adopting different transition
metal ordering: honeycomb ordered Na0.75[Li0.25Mn0.75]O2 and
ribbon ordered Na0.6[Li0.2Mn0.8]O2.73 In the honeycomb super-
lattice, Mn migration, primarily in-plane, forms vacancies that
accommodate O2 molecules and the honeycomb ordering is lost
upon charge. During discharge, the trapped O2 molecules in the
bulk are reduced and Li+ returns to transition metal layers.
However, the Li+ ions occupy the sites where Mn is displaced
rather than their original sites. The discharge voltage for this
process is much lower, leading to voltage hysteresis. On the
other hand, the in-plane Mn migration in the ribbon super-
structure is less likely than in the honeycomb superlattice
because multiple Mn displacements via already lled sites are
necessary in the former as shown in Fig. 6e. Thereby, the ribbon
type ordering provides narrow polarization of oxygen redox,
which is also revealed in the Li-rich system.78

For the compounds based on 4d or 5d metals, large delo-
calization of 4d or 5d orbitals permits a larger overlap with O 2p
orbitals than 3d metals. This leads to a strong covalent char-
acter of M–O bonds that suppresses transition metal migration
to interlayers, as observed in Na[Na1/3Ru2/3]O2,

61,70 Na[Na1/3Ir2/3]
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O2 (ref. 62) and Li[Li1/3Ir2/3]O2.79 Additionally, the well main-
tained honeycomb superstructure upon desodiation as
mentioned above is attributed to the absence of voltage
hysteresis.

Given the examples above, transitionmetal ordering plays an
important role in not only activating oxygen redox but also
stabilizing its electrochemical activity via suppressing lattice
oxygen loss and/or voltage hysteresis. To exploit these advan-
tages, the design of materials should be coupled with develop-
ment of ultra-high-resolution XAS and RIXS to explain the
complete mechanism of oxygen redox. Furthermore, a stable
electrolyte at very high voltage should be considered for accu-
rate understanding without interference from parasitic elec-
trolyte reactions.
Fig. 7 Typical charge/discharge curves for (a) P2 type Na2/3[Ni1/3Mn2/
3]O2 and (b) Na0.8[Li0.12Ni0.22Mn0.66]O2 and Na0.67[Mg0.1Ni0.23Mn0.67]
O2 in red and blue, respectively. SEM images showing (c) secondary
particles assembled by primary nanoparticles in P2 type
K0.65[Fe0.5Mn0.5]O2. Reprinted with permission from ref. 88. Copyright
2018 John Wiley and Sons, and (d) interconnected P3 type
K0.7[Fe0.5Mn0.5]O2 nanowires. Reprinted with permission from ref. 89.
Copyright 2017 American Chemical Society. TEM images of (e) P2 type
Na2/3[Ni1/3Mn2/3]O2 and (f) P2 type Na2/3[Al1/18Ni11/36Mn23/36]O2 after
10 cycles in 2.0–4.5 V (vs. Na/Na+). (e) and (f) are adopted with
permission from ref. 90. Copyright 2018 John Wiley and Sons.
2.4. Binary and ternary systems for improved
electrochemical performance

Designing binary and ternary system materials has been one of
the strategies to enhance electrochemical performance in SIBs
and PIBs as reversible and stable crystal structures both in bulk
and in local and sufficient kinetics strongly depend on the
composed elements. In parallel, surface modication to stabi-
lize the interface between the electrolyte and electrode material
and decreasing the primary particle size have been widely
applied to achieve satisfactory performance. In the current
section, P2 type Na2/3[Ni1/3Mn2/3]O2 is selected as a model
compound for SIBs to examine the role of an additional
substitution and its inuence on electrochemical properties
since this compound has been considered as a possible candi-
date for positive electrode materials due to not only its high
operating voltage (around 3.8 V vs. Na/Na+) and capacity (ca.
173 mA h g�1) but also its air stability that is an intrinsic
advantage for mass production.39 As relatively fewer systematic
studies have been carried out for layered oxides in PIBs, some
examples exhibiting excellent performance are discussed,
underlining the benets of binary and ternary systems.

2.4.1. Reversible and stable crystal structure. Despite
attractive features of P2 type Na2/3[Ni1/3Mn2/3]O2 described as
above, long term cyclability of this compound is unsatisfactory,
which is partially attributed to lattice stress induced by the
phase transformation from P2 to O2 and the presence of Na+-
vacancy ordering, whose characteristics are well presented in
the charge/discharge prole (Fig. 7a). Structural investigation
using experimental and computational methods reveals that
the P2–O2 phase transition is favored when Na+ < 1/3, resulting
in a long plateau at around 4.22 V (vs. Na/Na+). Although this
phase change is reversible,39 the signicant volume shrinkage
by about 23% at the end of charge to 4.5 V (vs. Na/Na+) causes
signicant capacity fade.80 Limiting the upper cut-off voltage to
4.1 V, thus avoiding the phase transformation to P2, can be one
way to enhance cyclability.63 Another way is introducing elec-
trochemically inactive elements including Li+,81 Mg2+,82,83 or Ti4+

(ref. 84) in transition metal layers. The presence of the third
element renders a smooth voltage prole as shown in P2 type
Na0.8[Li0.12Ni0.22Mn0.66]O2 and Na0.67[Mg0.1Ni0.23Mn0.67]O2

(Fig. 7b), indicative of a solid-solution process and provides
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improved cycling performance. In the case of Li+ doping,
migration of Li+ to Na layers at a deep charge state enables the
adjacent MO2 to be maintained, inhibiting the gliding to form
the O2 phase.81 Mg2+ substituted compounds also prohibit the
P2–O2 phase transition, but the P2–OP4 phase transition, where
the OP4 phase shows alternate stacking of octahedral and
trigonal prismatic Na+ layers along the c-axis, occurs in
a reversible way.82 Substitution of 1/6 Ti4+ for 1/6 Mn4+ in P2 type
Na2/3[Ni1/3Mn2/3]O2 improves cycling performance through
suppression of Na+-vacancy ordering and reduced volume
change upon charge to 4.5 V (23% and 12–13% for Na2/3[Ni1/
3Mn2/3]O2 and Na2/3[Ti1/6Ni1/3Mn1/2]O2, respectively), despite
the presence of a plateau in the high voltage region.84

Using P2 type Na2/3[Ni1/3Mn2/3]O2 as a starting material, P2
type K0.75[Ni1/3Mn2/3]O2 is prepared using electrochemical ion-
exchange by Myung and co-workers.85 Aer 20 cycles, ion-
exchange is completed where the honeycomb ordering is ex-
pected to be retained and a larger interlayer distance is found
due to larger K+. In contrast to Na2/3[Ni1/3Mn2/3]O2, there is no
phase transformation to the O2 phase when K0.75[Ni1/3Mn2/3]O2

is charged to 4.3 V (vs. K/K+) because the formation of O2 is
predicted to occur below 1.5 V and beyond 4.3 V (vs. K/K+) based
on the computational studies. Therefore, a solid-solution reac-
tion happens during cycling in the voltage range of 1.5–2.3 V
with a voltage step due to the presence of ordering with a K+

content of 1/2 in P2 type K0.75[Ni1/3Mn2/3]O2. This leads to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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satisfactory cycling performance, retaining 86% of the initial
capacity aer 300 cycles at 20 mA g�1.

2.4.2. Rate performance. In some cases, the substituted
element contributes improvement in rate performance. For
instance, Mg2+ (ref. 83) or Ti4+ (ref. 86) doping in P2 type Na2/
3[Ni1/3Mn2/3]O2 provides enhanced rate performance by
disruption of Na+-vacancy ordering because high Na+ diffusivity
and low activation energy barriers are realized in Na layers. The
interruption of K+-vacancy ordering upon cycling also leads to
good rate performance as observed in P3 type K0.54[Co0.5Mn0.5]
O2, delivering a discharge capacity of 78 mA h g�1 even at
500mA g�1. In this compound, the low activation barrier of K+ is
calculated to be around 260 meV which is comparable to that
for Li+ diffusion. Besides, overlapping of O 2p orbitals with Co is
anticipated to facilitate electron transfer.87 Downsizing particles
offers good rate capability as observed in P2 type
K0.65[Fe0.5Mn0.5]O2 (ref. 88) and P3 type K0.7[Fe0.5Mn0.5]O2.89 The
former exhibits a hierarchical morphology consisting of
a primary particle size of around 100 nm (Fig. 7c) and the latter
displays a nanowire structure (Fig. 7d). They show superior
capacity (151 and 178 mA h g�1 at 20 mA g�1 for P2 type
K0.65[Fe0.5Mn0.5]O2 and P3 type K0.7[Fe0.5Mn0.5]O2, respectively)
and rate capability (103 and 114 mA h g�1 at 100 mA g�1 for P2
type K0.65[Fe0.5Mn0.5]O2 and P3 type K0.7[Fe0.5Mn0.5]O2, respec-
tively), which are attributed to the specic particle size and
morphology whereas micrometer-sized counter compounds
exhibit unsatisfactory capacity and rate performance. In addi-
tion, the carbon framework interconnected with P3 type
K0.7[Fe0.5Mn0.5]O2 nanowires can offer 3D continuous electron
transport pathways, leading to the excellent performance.

2.4.3. Stable interface. As electrolyte decomposition and
dissolution of transition metals occur in the high voltage
region, a stable interface between the electrodematerial and the
electrolyte is in demand to realize satisfactory electrochemical
performance similar to LIBs. The substituted element can affect
surface degradation as the electronic state and catalytic prop-
erties of the electrode material surface can be altered by the
dopant. For example, 1/18 Al substitution for P2 type Na2/3[Ni1/
3Mn2/3]O2 shows a clear difference in the particle surface aer
10 cycles. The Al substituted compound (P2 type Na2/3[Al1/
18Ni11/36Mn23/36]O2) demonstrates shallower pockets with 5 nm
depth from the surface (Fig. 7f) while the non-doped compound
has pockets with 15–20 nm depth from the surface (Fig. 7e).90

These pockets (or micro-cracks) are proposed to be caused by
the dissolution of transition metals in the electrolyte at high
voltage due to the attack of HF produced by the decomposition
of the electrolyte.91 The Al substitution probably forms a more
insoluble surface and suppresses the transition metal dissolu-
tion. Alvarado et al.92 reported that Al2O3 coating via Atomic
layer deposition (ALD) on the P2 type Na2/3[Ni1/3Mn2/3]O2

composite electrode affects the interface. X-ray photoelectron
spectroscopy (XPS) results reveal that the CEI on the ALD-coated
electrode contains fewer organic species, e.g. carbonates, esters,
and alkoxyl functionalities, and more inorganic species such as
NaF, which enables fast Na+ kinetics and increases coulombic
efficiency. Besides, the large CO component formed, associated
with polymeric species such as poly(ethylene oxide) from the PC
© 2022 The Author(s). Published by the Royal Society of Chemistry
electrolyte decomposition, in the ALD-coated electrode plays an
important role in forming a more exible CEI, preventing active
material particle exfoliation. The research on the CEI for PIBs is
still at an early stage and optimization of the electrolyte is
undergoing. Nevertheless, homogeneous surface coating and
decent selection of substitution for potassium layered oxides
would mitigate detrimental surface reactions and concomitant
structural degradation.

3. Polyanion compounds

While layered oxides have signicant precedence in research
and as commercial materials, they suffer from stacking modi-
cation with slab gliding or irreversible structural trans-
formation when the number of extracted A+ is high. In contrast,
polyanionic materials provide long-term structural stability and
high thermal stability, which are their major advantages despite
weight penalty. Polyanionic compounds possess an open
framework structure consisting of MOx (M ¼ transition metals)
and (XOx)n (X ¼ P, S, As, Si, Mo, or W) polyanionic groups. This
3D structure offers not only structural and thermal stabilities
but also a large interstitial space to accommodate larger A+

during insertion reactions. In addition, the nature of the poly-
anionic groups permits tuning Mn+/(n+1)+ redox potentials,
which represents a way to enhance the working voltage for
positive electrode materials. There are so many types of poly-
anionic compounds due to the diversity of their composition
and structure, and it is possible to ne-tune their electro-
chemical properties such as capacity, rate capability, and
operating potential.

In layered oxides, the selection of transition metals
predominantly affects the working potential of the electrode
and the cell voltage. In the same vein, the type of transition
metal is essential to achieve high electrode-potential in poly-
anionic compounds. In addition to that, polyanionic
compounds crystalize into many more structural types.
Thereby, polyanionic compounds provide many more
numerous ways to adjust the Mn+/(n+1)+ redox potential, which is
highly correlated mainly with the transition metals and struc-
tural types. Depending on the structural type, the ionicity/
covalency of the M–O bonds in the MOx polyhedron is varied.
The three most important structural factors are (i) the type of
ligand, (ii) the presence and number of oxygen atoms that are
simultaneously shared by all MOx, XOx, and AOx polyhedra,
called as commonly shared oxygen hereaer, and (iii) the
sharing mode between adjacent MOx–MOx and the position of
the ligand introduced into MOx.

As shown in Fig. 8a, the ligands include not only XOx oxy-
anionic groups but also –F� or –OH� that are more electro-
negative than –O2�. When XOx is coordinated to M, the higher
electronegativity of the oxyanionic groups increases the ionic
character of M–O bonds, signicantly raising the Mn+/(n+1)+

redox potential as a primary inductive effect.93 The order of their
electronegativity is (SiO4)

4� < (BO3)
3� < (PO4)

3� < (P2O7)
4� <

(C2O4)
2� < (SO4)

2�, determined by the electronegativity of Si, B,
P, C, and S which is 1.9, 2.04, 2.19, 2.55, and 2.58, respectively.
Therefore, (SO4)

2� containing polyanionic compounds exhibit
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Fig. 8 Schematic illustration of (a) M-ligand bonds with various types
of ligands including oxyanionic groups (dashed box) and highly elec-
tronegative anions (blue Y ¼ F� and OH�), (b) oxygen shared by
polyhedra of MOx, XOx, and AOx at the same time, called as commonly
shared oxygen, (c) sharing types between two adjacent MOx poly-
hedra, (d) sharing types between MOx and XOx polyhedra, and (e)
configuration types of substituted Y in MOx. Orange represents the O
atom.
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a higher redox potential as long as other parameters, e.g. the
valency of the redox center and the sharing mechanism, are
comparable. Replacing oxygen with a highly electronegative
anion, referred to as Y from now on, such as F� (3.98) and OH�

(3.44) in the MOx polyhedron is also shown to raise the ionic
character of M–O bonds and the Mn+/(n+1)+ redox potential.

The second major factor is the presence and the number of
commonly shared oxygen (Fig. 8b), which raises the Mn+/(n+1)+

redox potential as the secondary inductive effect.94 When an A+

ion is coordinated to the oxygen commonly shared by both the
MOx and XOx polyhedra, the ionic character of M–O bonds
further increases. This extra effect beyond the primary inductive
effect is called the secondary inductive effect. The higher
number of the commonly shared oxygen increases the ionicity
of M–O bonds.95 Of note, the number of commonly shared
oxygen is normalized by the number of transition metals to
avoid the effect of unit cell size throughout the section. Simi-
larly, the electropositivity (low electronegativity close to zero) of
A+ would affect the secondary inductive effect.

The third major factor of the positional effects is categorized
into three: sharing types between two adjacent MOx polyhedra
(Fig. 8c), sharing types between MOx and XOx polyhedra
(Fig. 8d), and conguration types of substituted Y (Fig. 8e). First,
the sharing types between MOx affect the distance between two
neighboring M: M-to-M distance. In the edge- or face-sharing,
the M-to-M distance is shorter than in the corner-sharing,
which promotes symmetry change through the shiing of
the M position systematically from its original position to
reduce electrostatic repulsion between Mn+ and Mn+. The
changes in the symmetry, namely distortion of MOx, lower the
6132 | Chem. Sci., 2022, 13, 6121–6158
energy of antibonding molecular orbitals, leading to a higher
Mn+/(n+1)+ redox potential.94 The effect of sharing type between
MOx and XOx on the redox potential is also signicant. When
the MO6 shares the edge, face, or corner with the XO4, cationic
repulsion betweenM and X increases the ionic character of M–O
bonds in MO6, resulting in increased redox potentials. This
effect is also more pronounced in edge- or face-sharing than
corner-sharing. When two O atoms in MOx are substituted by
a more electronegative element Y such as F and OH, two
congurations exist based on the position of the substituted
element. In the cis-conguration the substituted elements exist
at an angle of Y–M–Y about 90� in the polyhedron, whereas in
the trans-conguration, the Y–M–Y angle is approximately 180�

(Fig. 8e). The cis-conguration tends to alter the symmetry of
the polyhedron more signicantly than the trans-conguration.
For example, the MO4F2 octahedron with cis-congurated F has
asymmetrical charge distribution compared to the MO4F2
octahedron with trans-congurated F. This asymmetrical charge
distribution and the strong interaction between F–F in the cis-
conguration leads to high distortion in the MO4F2 octahe-
dron.96 As a result, the cis-congurated octahedron delivers
a higher Mn+/(n+1)+ redox potential compared to the trans-con-
gurated octahedron. Sometimes, the cis-congurated
substituted elements are part of the edge- or face-sharing
between two adjacent polyhedra. In this case, the effect of
repulsion between two metals (M–M or M–X) on the redox
potential is minor.94

In the following sections, we will review important poly-
anionic compounds classied by structure types, focusing on
how the nature of transition metal affects electrochemical
performance as well as how the ionicity/covalency of the M–O
bonds in the MOx polyhedron inuences the Mn+/(n+1)+ redox
potential by presenting important examples.
3.1. Olivine related and amorphous types

To date, the most successful polyanionic material is triphylite
LiFePO4 with its successful application in LIBs. LiFePO4 has an
olivine-like structure based on a distorted oxygen hexagonal
closed packing. However, unlike olivine Mg2SiO4 where Mg
occupies both 4a and 4c octahedral sites (Fig. 9b), Li+ and Fe2+

ions separately occupy the 4a and 4c sites, respectively (Fig. 9a).
LiFePO4 has a one-dimensional Li+ diffusion path along the b-
axis.97 Despite its attractive properties such as high redox
potential and excellent cycling stability, LiFePO4 shows key
drawbacks, including low intrinsic electronic conductivity and
anti-site defect formation that signicantly impede Li+ diffu-
sion.98,99 Various synthetic approaches have been employed to
overcome the low electronic conductivity nature,100 e.g. making
composites using carbonaceous materials (carbon, graphite,
carbon nanotube, etc.), metal particle dispersion on the surface,
and doping of supervalent cations (Zn4+, Nb5+, Ti4+, Mg2+, Al3+).
To enhance the Li+ diffusion, nanosizing is one of the strategies.
As per previous reports, when the same concentration of Li/Fe
anti-site defects is present, the nano-size LiFePO4 shows less
trapped Li+ compared to the micron-size one, reducing the
possibility of Li+ diffusion tunnel blocking.101 The nano-sized
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 9 Structural illustration of (a) triphylite LiFePO4, (b) olivine Mg2SiO4, (c) lithiophilite LiMnPO4 with an inset showing Jahn–Teller distortion in
MnO6, (d) maricite NaFePO4, and (e) KFePO4.
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LiFePO4 may enhance its properties, but low electrode tap
density signicantly reduces the volumetric energy density.
Lithiophilite LiMnPO4 also has a triphylite-type structure having
distinctive Li+ andMn2+ sites (Fig. 9c). The redox potential driven
byMn2+/3+ (4.1 V vs. Li/Li+) is higher than that of Fe2+/3+ (3.43 V vs.
Li/Li+), but LiMnPO4 is a highly insulating material with
a bandgap of 2 eV, and has structural instability in a fully charged
state. During the charge, oxidation of Mn2+ generates Mn3+ (high
spin) which is Jahn–Teller active in the MnO6 octahedra. Asym-
metrical distribution of electron density leads to elongation of
bonds between Mn3+ and ligands in the z-direction, called Jahn–
Teller distortion. Due to the cooperative distortion of the MnO6

octahedron inMn(III)PO4, the one-dimensional Li+ diffusion path
shrinks, which is unfavorable for the subsequent lithiation
process.102,103 Although triphylite-type LiCoPO4 and LiNiPO4

provide higher redox potentials, the lack of a stable electrolyte in
the high voltage region hinders their practical application. In
addition, Ni3+ has a high spin conguration in the NiO6 octa-
hedron that has a strong Jahn–Teller distortion, hindering the
one-dimensional Li+ diffusion path.

Since the successful application of LiFePO4, its counterparts
have been extensively investigated in SIBs. Similar to triphylite
LiFePO4, maricite NaFePO4 also has an olivine-like structure.
However, Na+ and Fe2+ ions occupy 4c and 4a octahedral sites,
respectively (Fig. 9d), and the positions of the A+ and Fe2+ are
opposite to those of the triphylite. In the maricite-type structure,
parallel FeO6 chains are formed by FeO6 octahedral edge-
sharing, and the PO4 tetrahedron connects three parallel FeO6

chains, which restrict the migration of Na+.104 Interestingly, it
has been demonstrated that maricite NaFePO4 is transformed to
amorphous FePO4 upon the rst charge, which allows Na+ to hop
© 2022 The Author(s). Published by the Royal Society of Chemistry
between adjacent sites with lower activation energy along the b-
axis.105 Triphylite-type NaFePO4 can be obtained by electro-
chemical or chemical ion exchange from triphylite LiFePO4 and
this material delivers a discharge capacity of 154 mA h g�1,106

comparable to that of the amorphous compound.
In the case of KFePO4, synthesized by a solid-state reaction, it

contains units of FeO4 tetrahedral groups linked by corner-
sharing with another FeO4 and PO4 tetrahedral groups
(Fig. 9e), different from the olivine-related types (triphylite and
maricite types).107 KFePO4 (space group of P21/n) delivers very
low capacity (20 mA h g�1) with a slopy voltage prole, indi-
cating an unfavorable crystal structure for K+ extraction/
insertion reactions. Recently, it has been reported that amor-
phous FePO4 and amorphous KFePO4 deliver 160 mA h g�1 and
90 mA h g�1, respectively, in PIBs.108 Once K+ inserted into the
amorphous FePO4, it becomes a crystalline monoclinic
KFe2(PO4)2 phase delivering a high reversible capacity.109 In
2018, our group demonstrated the K+ storage ability of the
delithiated triphylite FePO4/C composite. The FePO4/C
composite shows a very stable capacity of 120 mA h g�1 with
a mid-point discharge voltage (corresponding to the voltage at
SOC ¼ 50%, Table 4) of 2.3 V (vs. K/K+).110 But, it shows very
slopy charge/discharge curves, indicating that insertion of
larger K+ into FePO4 lowers its crystallinity, accompanied by
irreversible transformation into the phase with insufficient
ionic diffusivity.

3.2. NASICON type

Na1+xZr2SixP3�xO12 is a promising sodium super ion conductor,
so-called NASICON.111 The general formula of NASICON type
compounds is AxM2(XO4)3, where A is the alkali metal, alkaline
Chem. Sci., 2022, 13, 6121–6158 | 6133
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Fig. 10 (a) Structural diagram of Na3V2(PO4)3; charge/discharge
curves of the carbon coated Na3V2(PO4)3 composite in the (b) SIB and
(c) PIB.

Review Chemical Science
earth metal, or vacancy, M is any of the trivalent, tetravalent, or
pentavalent transition metal alone or in combination, and X is
one of P, S, Si, or As.112 The valence of transition metals is varied
between divalent and pentavalent to realize charge neutrality in
the compounds. The NASICON type structure (Fig. 10a) consists
of a three-dimensional network made up of MO6 octahedra
sharing all their corners with XO4 tetrahedra and vice versa to
form so-called lantern units (M2(XO4)3). The lantern units are
aligned parallel to each other, offering a free space for A+

migration, and the number of commonly shared oxygen of
six.113 Despite the high value, its effect on redox potential is
negligible because the MO6 octahedron shares its six ligand (O)
commonly with other polyhedral groups, and thereby the
covalency of six M–O bonds is equal. NASICON type materials
have been promising electrode materials due to their high ionic
conductivity and structural stability. However, their low-activity
polarons for electron transfer due to the absence of direct
contact between MO6 octahedra leads to low electronic
conductivity.

Since lithium vanadium phosphate, Li3V2(PO4)3 (LVP) is the
rst positive electrode material applied to LIBs among the
NASICON type compounds, its electrochemical behaviors will
be compared to those of Na and K counterparts. LVP displays
a voltage plateau at around 3.7 V (vs. Li/Li+) based on the V3+/4+

redox potential, corresponding to a two-phase transition
between the compositions of Li3V2(PO4)3 and LiV2(PO4)3.114,115

Sodium vanadium phosphate, Na3V2(PO4)3 (NVP) exhibits
exactly the same reaction with a at voltage plateau at about
3.4 V (vs. Na/Na+), corresponding to the reactions from
Na3V2(PO4)3 to NaV2(PO4)3 and vice versa.116 Inspired by NVP,
potassium vanadium phosphate, K3V2(PO4)3 (KVP), has been
studied by a few research groups117,118 and is usually prepared by
the sol–gel reaction. In contrast to the NVP case, asymmetric
charge/discharge proles are observed. Upon depotassiation,
KVP delivers a capacity of 55 mA h g�1 (about half of its theo-
retical capacity), with reaction from K3V2(PO4)3 to K1.5V2(PO4)3,
which is reversible, and its mid-point discharge voltage is 3.7 V
(vs. K/K+). During potassiation, extra K+ can be inserted into the
© 2022 The Author(s). Published by the Royal Society of Chemistry
K3V2(PO4)3 using the V2+/3+ redox couple, forming the nal
composition of K4V2(PO4)3 and its mid-point discharge voltage
is 1.4 V (vs. K/K+).119 Our group studied a Na-based carbon-
coated NVP composite in both the NIB and PIB. As shown in
Fig. 10b, NVP shows three at voltage plateaus on the rst cycle,
corresponding to three different two-phase reactions during
sodiation in the voltage window of 3.9–0.05 V (vs. Na/Na+). In
contrast, NVP shows no clear plateaus upon potassiation
between 3.9 and 0.05 V (vs. K/K+) (Fig. 10c). Although the exact
exchange mechanism between Na+ and K+ upon depotassiation
is under investigation, the sloping voltage proles upon potas-
siation imply that K+ can insert into the structure due to the
large enough empty space. From comparison between the rst
and second cycle, there is a high irreversible capacity due to the
electrolyte decomposition in the rst discharge and therefore in
the second cycle onwards less K+ is reversibly inserted into the
NVP structure. Similar to A3V2(PO4)3, ATi2(PO4)3 (A ¼ Li and Na)
compounds, adopting the NASICON structure, are also elec-
trochemically active in LIBs and SIBs based on the Ti3+/4+ redox
couple of 2.4 V (vs. Li/Li+) and 2.1 V (vs. Na/Na+). As a charac-
teristic of NASICON type compounds, NaTi2(PO4)3 also shows
an excellent 3D open crystal structure, leading to superior A+

migration.120

There are only two NASICON type sulfates reported for alkali
metal ion battery applications: Fe2(SO4)3 and NaFe2PO4(SO4)2.
The former one contains no A+ at the pristine state, but Li+ and
Na+ can be inserted and extracted reversibly in the LIB and SIB,
respectively. It is shown that the maximum insertion is
restrained to about 1 Li+ and 0.6 Na+ per Fe2(SO4)3.121 Both,
Fe2(SO4)2 and NaFe2PO4(SO4)2 demonstrate the same average
Fe2+/3+ redox potential of 3.1 V (vs. Na/Na+).122,123 Even though
high electronegativity (SO4)

2� may increase the Fe–O bond
ionicity, all the six oxygens of FeO6 participate in primary and
secondary inductive effects, and thereby the resultant effect of
(SO4)

2� on the redox centre is insignicant in the NASICON
phase. This is different from the cases in the alluaudite phase
that will be discussed later. NaFe2PO4(MoO4)2 is another
example having the Fe2+/3+ redox couple (2.5 V vs. Na/Na+) and
crystallizing in the NASICON type structure. Astonishingly,
NaFe2PO4(MoO4)2 has high electronic conductivity due to the
formation of Mo 4d orbitals at the bottom of the conduction
band, which results in the formation of electronically connec-
tive MoO4 groups in this compound.124 Despite the general
trend of low electronic conductivity for NASICON type
compounds, the NASICON structure offers a rich ability for
chemical substitution, which can be an effective way to increase
the working voltage of the positive electrodes as shown in
Na2TiV(PO4)3, Na3FeV(PO4)3, Na4MnV(PO4)3, Na3MnZr(PO4)3,
and Na3MnTi(PO4)3.112,125 In addition, various methods such as
carbon coating and reducing the particle size have been shown
to improve the electronic conductivity, eventually providing
satisfactory electrochemical properties.100,126
3.3. Tavorite and triplite types

Tavorite is a type of structure for polyanion compounds with
a general formula of AMXO4Y (A¼ Li, Na, K; M¼ Fe, V, Mn, Ti; X
Chem. Sci., 2022, 13, 6121–6158 | 6135



Chemical Science Review
¼ P, S; Y¼ OH, O, F). The Y atoms are coordinated to M to form
the trans-coordinated MO4F2 octahedron and innite [Y–MO4–

Y–MO4–] chains, and XO4 tetrahedra connect to these chains to
form a 3D network as well as channels for A+ diffusion. The
number of commonly shared oxygen by MO4F2, AOX, and XO4

polyhedral groups is three in the tavorite structured materials.
Tavorite-type phosphates such as LiFePO4F127 and LiFePO4OH
have been studied as positive electrode materials for LIBs.
Unlike the materials mentioned above, the Fe ions in these
phosphate materials are initially trivalent, and the electro-
chemical test generally starts from lithiation. These materials
show an average lithiation potential of 2.7 and 2.6 V (vs. Li/
Li+),128 respectively, via Fe2+/3+ reduction. Comparing the redox
potentials of LiFePO4F and LiFePO4OH, it is clear that the
relatively high electronegativity of F provides a slightly higher
redox potential in a given structure. Vanadium based tavorite
LiVPO4F and NaVPO4F are also reported as high-capacity posi-
tive electrode materials. LiVPO4F and NaVPO4F deliver an
average voltage of 4.3 V (vs. Li/Li+) and 3.8 V (vs. Na/Na+),
respectively. In particular, the high working voltage in NaVPO4F
can be explained by the primary inductive effect of F and the
four commonly shared oxygen.129–131

LiFeSO4F is an interesting material as it can crystallize in
either tavorite or triplite type, as shown in Fig. 11a and b,
respectively. An interesting point is that triplite LiFeSO4F shows
a higher voltage of 3.9 V (vs. Li/Li+) than that of tavorite
LiFeSO4F (3.6 V vs. Li/Li+) and the voltage is the highest among
Fe-based polyanion compounds reported. This particularly high
voltage relies on its crystal structure. In the triplite LiFeSO4F,
two F atoms are arranged into a FeO4F2 octahedron in a cis-
coordination, and are shared by two adjacent FeO4F2 octahedra
to form a shared F–F edge.94 Furthermore, the number of the
commonly shared oxygen is three, while the tavorite type has
two commonly shared oxygen. The voltage increase in triplite
LiFeSO4F is directly related to the cis-congurations of the F in
FeO4F2, not because of the strong Fe3+–Fe3+ repulsive interac-
tions in the edge-sharing mechanism.132,133 Preliminary elec-
trochemical properties of tavorite type NaFeSO4F are reported,
Fig. 11 Typical compounds representing (a) tavorite, (b) triplite, (c)
KTiOPO4, and (d) alluaudite types.
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and 55% of the theoretical capacity is achieved with a plateau
near 3.55 V (vs. Na/Na+).134 The Na+ migration energy in
NaFeSO4F is ca. 0.9 eV; higher than the Li+ migration energy of
0.4 eV in LiFeSO4F. The difference is due to the size effect of A+

in the same structure – small size Li+ favors the 3D pathway in
LiFeSO4F while larger size Na+ mobility takes place within the
1D channels in NaFeSO4F.135

3.4. KTiOPO4 type

The KTiOPO4 structure comprises a three-dimensional frame-
work of MO4Y2 octahedra and XO4 tetrahedra with a formula of
AMXO4Y. The corner-sharing MO4Y2–MO4Y2 octahedra form
innite chains along the bc plane, and A+ ions are located in the
channels (Fig. 11c), providing extraordinary mobility of K+ ions:
high ionic conductivity around 10�4 S cm�1 at room tempera-
ture.136 Hence, this structural type is attractive for designing
electrode materials for alkali metal ion batteries.137,138 Even
though the KTiOPO4 structure has four commonly shared
oxygens, the covalency of Ti–O bonds slightly decreases due to
the distortion in the octahedron induced by cis- and trans-con-
gurated oxygen compared to other frameworks. KTiOPO4 itself
demonstrates a mid-point discharge voltage of 0.8 V (vs. K/K+)
via the Ti3+/4+ redox reaction, thereby being unsuitable for
a positive electrode material despite a discharge capacity of
135 mA h g�1.139 Replacing V for Ti in the same structure
enables the V4+/5+ redox couple to be used as shown in LiVOPO4,
NaVOPO4, and KVOPO4 with the mid-point discharge voltage of
3.9 V (vs. Li/Li+),140 3.5 V (vs. Na/Na+),141 and 3.95 V (vs. K/K+).142

In particular, the KTiOPO4 type materials are attractive for PIBs,
and one of the promising materials is KVPO4F. This compound
shows a wider open framework than KVOPO4, assembled by
corner-sharing V3+O4F2 octahedra and PO4 tetrahedra, lowering
the activation energy of K+.143 In addition, its average high mid-
point discharge voltage of 4.05 V (vs. K/K+) is due to the highly
electronegative F atoms. KTiPO4F shows cis- and trans-cong-
uration effects since two different TiO4F2 octahedra exist as
a result of the F conguration within the TiO4F2 octahedra: one
with cis-congurated F and another with trans-congurated F.
The Ti3+/4+ redox in trans-congurated TiO4F2 octahedra is re-
ected in the lower slopy plateau at 2.9 V (vs. K/K+) while that in
cis-congurated octahedra shows a plateau around 3.5 V (vs. K/
K+).144 Similar inuence is observed in KFeSO4F, i.e., Fe2+/3+

redox potential at 3.5 and 4.1 V (vs. K/K+) originating from the
trans- and the cis-conguration of F, respectively.145

3.5. Alluaudite type

Alluaudite type compounds have the general formula of
AA0MM0

2ðXO4Þ3: The structure consists of innite chains of
edge-sharing MO6 and M'O6 octahedra, and XO4 tetrahedra link
these chains to form a 3D architecture with two tunnels where
the A and A0 ions are located (Fig. 11d). So far, only one
alluaudite structured material has been reported for LIBs, i.e.,
Li0.67FePO4, prepared by the so chemical ion-exchange
method.146 Its redox potential of Fe2+/3+ is lower (3.0 vs. Li/Li+)
than that of triphylite LiFePO4 (3.4 vs. Li/Li

+) probably due to the
less localized charge in Fe as a result of edge-sharing of all FeO6
© 2022 The Author(s). Published by the Royal Society of Chemistry
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octahedra, and the reduced inductive effect due to the corner-
sharing between FeO6 and PO4 in the alluaudite.146 In SIBs,
the alluaudite type Na0.67FePO4/CNT composite electrode
delivers a discharge capacity of 143 mA h g�1 based on the Fe2+/
3+ redox reaction (2.5 V vs. Na/Na+) and exhibits stable cycla-
bility.147 Yamada et al. reported that the alluaudite type Na2-
Fe2(SO4)3 demonstrates the redox potential of Fe2+/3+ at 3.8 V (vs.
Na/Na+) and fast kinetics, which draws much attention for the
low-cost Fe-based sulfates for SIBs.148 Another alluaudite type
Fe-based sulfate is Na2Fe(SO4)2 (can be described as Na3Fe1.5(-
SO4)3) that displays a high operating voltage of around 3.6 V (vs.
Na/Na+) based on the Fe2+/3+ redox couple as well as superior
thermal stability (around 580 �C).149 These alluaudite type
sulfate compounds show higher voltage compared to the
NASICON type NaxFe2(SO4)3 due to the more covalent Fe–O
bonds originating from the six equal corner sharingmechanism
between FeO6–SO4 polyhedra and four commonly shared
oxygens.121
3.6. Other types

Sodium vanadium oxyuoride phosphates, Na3V2O2x(PO4)2-
F3�2x (0 # x # 1),150,151 have been gaining much attention since
the successful implementation of Na3V2(PO4)2F3 in Tiamat's
prototype SIB cells. In the structure of the Na3V2O2x(PO4)2F3�2x

family, MO4F2 octahedra are corner-shared via their trans-con-
gurated F and form a M2O8F3 octahedron dimer. This dimer is
bridged by PO4 tetrahedra, building a 3D framework and
offering Na+ migration channels along the a and b-axes. The
number of the commonly shared oxygen is four. All compounds
in this family have three Na+ ions occupying two different sites:
two fully lled Na(1) sites and two half-lled Na(2) sites. Even
though one can see two main voltage plateaus at 3.6 V and 4.1 V
in the charge–discharge curves, precise mechanistic studies
reveal more voltage plateaus and very complicated reactions,
which include the multiple redox processes of vanadium ions
through vanadium's disproportionation (2V4+ / V3+ + V5+) and
simultaneous extraction/insertion of Na+ from/into the both
Fig. 12 Charge/discharge curves of Na3V2(PO4)2F3 in black and Na3-
V2O2(PO4)2F in blue for SIBs. Both structures show the connectivity of
VO6 (orange) octahedra and PO4 (green) tetrahedra along the [010]
direction. The pink, red, and silver balls represent sodium, oxygen, and
fluorine, respectively.
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sites (Fig. 12).152 The phase evolution is rather complicated:
three biphasic reactions of Na3V2(PO4)2F3–Na2.4V2(PO4)2F3,
Na2.4V2(PO4)2F3–Na2.2V2(PO4)2F3, and Na2.2V2(PO4)2F3–Na2V2(-
PO4)2F3 in the lower voltage region and two biphasic and one
monophasic reactions of Na2V2(PO4)2F3–Na1.8V2(PO4)2F3, Nay-
V2(PO4)2F3 (1.8 < y < 1.3), and Na1.3V2(PO4)2F3–NaV2(PO4)2F3 in
the higher voltage region during the charging process.153

Recently, our group observed excellent electrochemical prop-
erties of the Na3V2O2x(PO4)2F3�2x/MWCNT composite in K cells.
The composite electrode delivers an initial discharge capacity of
118 mA h g�1 at 13 mA g�1 with amid-point discharge voltage of
3.8 V (vs. K/K+). During the rst charge, two Na+ ions are
extracted from Na3V2O2x(PO4)2F3�2x and form NaV2O2x(PO4)2-
F3�2x. The remaining one Na+ is exchanged with K+ during
subsequent discharge, producing K3V2O2x(PO4)2F3�2x. Once
K3V2O2x(PO4)2F3�2x is formed insertion/extraction of K+ take
place reversibly, maintaining K3V2O2x(PO4)2F3�2x at the end of
4th discharge.154

In 2010, Yamada and co-workers successfully developed
a new polyanionic group, pyrophosphate (P2O7)

4� to increase
the Mn+/(n+1)+ redox potential.155 They have reported the elec-
trochemical and structural characteristics of new pyrophos-
phate compounds A2MnP2O7 (A ¼ Li and Na; M ¼ Fe, Mn and
Co) synthesized by a conventional solid–state reaction. In a-
Li2FeP2O7 (space group of P21/n), FeO6 octahedra and FeO5

pyramids are connected in an edge-sharing manner. The redox
potential of Fe in the FeO5 pyramid is affected by the commonly
shared oxygen atoms and more attractive interaction between
Fe and O atoms in FeO5 than in FeO6 delivers a higher redox
potential of Fe2+/3+. Based on the calculation, 3.9 V (vs. Li/Li+) is
anticipated, however the experimental redox voltage is 3.5 V (vs.
Li/Li+) due to structural rearrangement related to Fe migra-
tion.156 In SIBs, b-Na2FeP2O7 (space group of P�1) shows two
different voltage plateaus at 2.9 V and 2.5 V (vs.Na/Na+), because
of two distinct constituent Fe sites.157,158 Na2FeP2O7 also shows
K+ storage ability with a mid-point discharge voltage of 2.8 V (vs.
K/K+), however huge polarization and a slopy voltage plateau are
observed due to the size of K+.159 As expected, replacing Fe with
Mn or Co provides a higher mid-point discharge voltage, which
is shown in Na2MnP2O7 with 3.4 V (vs. Na/Na+)160 and Na2-
CoP2O7 with 4.0 V (vs. Na/Na+).161 Na2CoP2O7 adopts a layered
structure where each of four O in a CoO4 tetrahedron is linked
with four of the surrounding PO4 units to form [Co(P2O7)]22
layers parallel to h001i and stacked alternately with a layer of Na.
In this layered structure, Na2CoP2O7 demonstrates mid-point
discharge voltage at 4.0 V (vs. Na/Na+) via Co2+/3+. This differ-
ence might be explained by the less ionic character of Co–O
bonds in the tetrahedral coordination.162

Mixed phosphates of Na4M3(PO4)2(P2O7) using M2+/3+ have
emerged as promising positive electrode materials for NIBs,
which are unique frameworks only obtained in the Na system
using direct synthetic methods. In particular, cost effective Fe-
containing Na4Fe3(PO4)2(P2O7) shows low volume change
during desodiation/sodiation (<4%) via a one-phase reaction
and superior thermal stability.163,164 The trivial volume variation
is attributed to the P2O7 bitetrahedron that is able to rotate and
distort to accommodate the structural change in the desodiated
Chem. Sci., 2022, 13, 6121–6158 | 6137
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phase of NaFe3(PO4)2(P2O7) in a reversible way.165 The replace-
ment of Fe with Co166 or Ni167 raises the M2+/3+ redox potential
from 3.2 to 4.5 or 4.8 V (vs. Na/Na+), respectively. However,
electrochemical performances of Na4Co3(PO4)2(P2O7) and Na4-
Ni3(PO4)2(P2O7) are not as good as Na4Fe3(PO4)2(P2O7), and the
Co containing compound exhibits complex phase trans-
formation upon charge including four biphasic and a solid-
solution reactions.168,169

Park et al. carried out computation studies to propose suit-
able high voltage polyanionic compounds for PIBs.170 They
found seven electrochemically active pyrophosphate
compounds (KCrP2O7, KFeP2O7, KTiP2O7, KVP2O7, KMoP2O7,
K2(VO)3(P2O7)2, and K2MnP2O7). Among these, redox potentials
of KCrP2O7 and KFeP2O7 are suggested to be beyond the
stability window of common electrolytes. Experimentally,
KVP2O7 is shown to deliver 60% of its theoretical capacity
(based on V3+/4+) with a mid-point discharge voltage of 4.5 V (vs.
K/K+).170 Structural investigation reveals that KVP2O7 crystallizes
in the monoclinic phase in which VO6 octahedral groups
corner-share with the P2O7 diphosphate group and have one-
dimensional diffusion pathways along the h001i direction.
The monoclinic KVP2O7 undergoes reversible phase trans-
formation into triclinic (P�1) K0.4VP2O7 at the fully depotassiated
state.

Overall, polyanionic compounds deliver a high redox
potential along with high structural stability, and in
Fig. 13 Crystal structures of (a) A0M1[M2(CN)6] and (b) A2M1[M2(CN)6], w
and pink polyhedra represent M1N6 and M2C6, while the yellow spheres r
ref. 4. Copyright 2020 American Chemical Society. (c) Structure of the dom
of interstitial and coordinated water are represented as red and pale pin
between (d) theory and (e) experiment. In the DFT results, the solid lines
equilibrium conditions. The dashed red line is out of equilibrium, in which
be formed. In the experimental results, the volume of the Na poor and ri
these two phases. (d) and (e) are reproduced with permission from ref. 1
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consequence high energy density and higher thermal stability
related to battery safety. However, they have inherently low
electronic conductivity and should be prepared along with
different carbonaceous materials to provide efficient electron
conduction paths in the composite electrode.
4. Prussian blue analogues

As discussed in the previous polyanion compound section, open
structures are preferable for the electrochemical insertion of
larger A+ such as Na+ and K+. Among the various 3D framework
materials, open-channel hexacyanometallate compounds, also
known as PBAs, have been studied as Li+,171 Na+,172 and K+173–175

insertion hosts. Generally, Prussian blue (KxFe[Fe(CN)6]y) is well
known as a traditional pigment. Although it comprises cyanide,
it is not toxic because of the extraordinary stability of the
[Fe(CN)6]

4�/3� complex. Various PBAs containing different
metals have also been reported. The chemical formula of PBAs
is represented as AxM1[M2(CN)6]y$nH2O (0 # x # 2, y # 1),
where A is typically an alkali metal, and M1 and M2 can be
various metals such as Ti, V, Cr, Fe, Co, Ni, Cu, and Zn. AxM1
[M2(CN)6]y$nH2O is abbreviated as M1M2–PBA or AM1M2–PBA
for simplicity hereaer.

Fig. 13a and b illustrate a typical crystal structure of A0M1
[M2(CN)6] and A2M1[M2(CN)6], respectively. PBAs have 3D
open-frameworks in which M1N6 and M2C6 octahedra are
here A is an alkali metal, and M1 and M2 can be various metals. The blue
epresent alkali metals. (a) and (b) are reproduced with permission from
ain with the [M2(CN)6]

n� vacancy, where oxygen and hydrogen atoms
k spheres, respectively. Volume change comparison of NaMnFe–PBA
represent the average volume of the formula unit in the crystal under
the half-filled Na structure, slightly above the convex hull, is assumed to
ch phases is determined separately, and the value of x is an average of
76. Copyright 2015 American Chemical Society.
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Fig. 14 (a) Typical discharge curves of KFeFe–PBA and KMnFe–PBA in
K cells. (b) Electronic structures of KxM[Fe(CN)6], where x ¼ 0, 1, 2,
and M ¼ Fe or Mn.
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linked via cyano ligands.176 The framework structure provides
an open 3D channel available for mobile metal diffusion, which
is suitable for the diffusion of large ions. Another feature of
PBAs is the different spin states of the transition metals in the
M1N6 and M2C6 octahedra, which is explained by the ligand
eld theory. For transition metals such as Fe and Mn, the high-
spin (HS) M1 is located in the M1N6 octahedron, while the low-
spin (LS) M2 is located in the M2C6 octahedron owing to their
respective weak N-coordinated and strong C-coordinated ligand
elds.177 PBAs usually have the [M2(CN)6]

n� anion vacancy in
the framework as shown in Fig. 13c. In addition, the framework
contains two kinds of crystal water, i.e., interstitial water in the
interstitial site and coordinated water bound to M1 metal next
to the anion vacancy (Fig. 13c).

Typical PBAs whose alkali metal content is# 1.5 per formula
possess a cubic structure (space group of Fm�3m) in which all the
octahedra are arranged linearly (Fig. 13a). On the other hand,
the octahedra rotate cooperatively in the alkali metal-rich
phase, resulting in monoclinic (space group of P21/n) or
rhombohedral (typically the space group of R�3; Fig. 13b) struc-
tures. For example, Na-rich phases have monoclinic structures
when water molecules are in the interstitial site (interstitial
water), while dehydrated Na-rich PBAs have rhombohedral
structures whose lattice volume per formula is smaller than that
of the monoclinic phase.176,178 This structural change is
explained by Song et al. using experiments and DFT calculations
as follows. Fig. 13d and e compare the calculated and experi-
mental volume of the NaMnFe–PBA crystal with or without
interstitial H2O at different Na contents. The DFT calculation
shows that the volume of the Na-free structure is essentially the
same with and without interstitial H2O. In the fully sodiated
state, the volume of the hydrated phase is larger than that of the
desodiated phase. The calculation results are found to be in
quantitative agreement with the experimental data (Fig. 13e).
The volume reduction of the dehydrated structure indicates that
there is a strong coulombic interaction between the intercalated
Na+ and the host framework. On the other hand, the presence of
interstitial H2O in the lattice suppresses the lattice contraction
due to the strong Pauli repulsion. Similar to the Na-poor PBAs
adopting a cubic phase, K-poor PBAs have a cubic structure.
However, K-rich PBAs have monoclinic structures, regardless of
the presence of interstitial H2O.174,175,179,180 This phenomenon is
explained by the large ionic radius of K+, which increases the
Pauli repulsion in the lattice and prevents lattice shrinkage,178

and the formation of a monoclinic phase with a larger lattice
volume than that of the rhombohedral phase. Furthermore,
most K-rich PBAs contain signicantly less interstitial
water174,175,179 than Na-rich PBAs, which typically contain about
2 mol interstitial water per formula unit.178 These facts indicate
that K+ and water molecules rarely occupy the interstitial sites of
the PBAs simultaneously, because of the limited interstitial
space formed by the [Fe(CN)6] vacancy.

Based on the features of PBAs described above, the material
design of PBAs is achieved by varying transition metal species,
the amount of crystal water, the type and content of alkali
metals, and the number of anion vacancies. The varied transi-
tion metals result in a wide variety of redox potentials on Na+
© 2022 The Author(s). Published by the Royal Society of Chemistry
and K+ insertion. Among the reported PBAs, A2Mn[Fe(CN)6] and
A2Fe[Fe(CN)6] have attracted attention because of their high
reversible capacity and suitable high potential based on Fe2+/3+

and Mn2+/3+ redox.175,177,178,181–183 Fig. 14a shows the charge–
discharge curves of K2Mn[Fe(CN)6] (KMnFe–PBA) and K2Fe
[Fe(CN)6] (KFeFe–PBA) in K cells.175 KFeFe–PBA shows two
voltage plateaus at around 3.3 and 3.8 V, which are attributed to
HS Fe2+/3+ and LS Fe2+/3+, respectively.177 As shown in Fig. 14b, in
the half-discharged state (K1Fe(III)[Fe(II)(CN)6]) the high redox
voltage of LS Fe2+/3+ is due to the stable electronic state (t2g)6 and
low energy level of the t2g orbital caused by the large ligand eld
splitting. KMnFe–PBA shows two voltage plateaus at ca. 3.8 and
4.1 V. The plateau at ca. 3.8 V is attributed to LS Fe2+/3+, whereas
the higher voltage plateau at ca. 4.1 V is attributed to HSMn2+/3+

(Fig. 14). The higher redox potential of HS Mn2+/3+ in K2Mn
[Fe(CN)6] than HS Fe2+/3+ in K2Fe[Fe(CN)6] results in a higher
working potential of K2Mn[Fe(CN)6] than that of K2Fe[Fe(CN)6].
The correlation between the redox potential and transition
metals is quite similar to Na cases. Thus, K2Mn[Fe(CN)6] and
Na2Mn[Fe(CN)6] are promising materials in terms of their high
redox potential for the positive electrode in a full cell.

In addition to the transition metal species, the effects of
interstitial water, alkali metal species, and anion vacancies on
Na+ and K+ insertion have been investigated. In 2015, Song et al.
reported a signicant impact of interstitial water of NaMnFe–
PBA on electrochemical properties.178 Fig. 15a and b show the
charge/discharge curves of hydrated NaMnFe–PBA (Na1.89Mn
[Fe(CN)6]0.97$1.87H2O) and dehydrated (Na1.89Mn[Fe(CN)6]0.97)
in Na cells. The hydrated sample exhibits two slopy voltage
plateaus in the range of 3.17–3.45 and 3.5–3.8 V, whereas the
dehydrated sample shows a single clear plateau around 3.5 V.
So XAS reveals that the Fe and Mn redox reactions in hydrated
electrodes are separated to the lower and higher voltage
plateaus, respectively. In contrast, mixed Fe and Mn redox in
the same voltage range is found for the dehydrated system.184

Since the t2g orbital of C-coordinated LS Fe2+ has a low energy
Chem. Sci., 2022, 13, 6121–6158 | 6139



Fig. 15 Initial charge/discharge profiles of (a) hydrated NaMnFe–PBA and (b) dehydrated NaMnFe–PBA. Differential versus voltage (dQ/dV) plots
are shown in the insets (a) and (b) are reproduced with permission from ref. 178. Copyright 2015 American Chemical Society. (c) Galvanostatic
discharge curves of LixMn[Fe(CN)6]y (LiMnFe–PBA), NaxMn[Fe(CN)6]y (NaMnFe–PBA), and K1.75Mn[Fe(CN)6]0.93 (KMnFe–PBA) in nonaqueous Li,
Na, and K cells, respectively. (d) Variations of discharge capacity of S-KMnFe–PBA, L-KMnFe–PBA, and V-KMnFe–PBA. The electrodes were
charged at 0.1C (15.5 mA g�1) and discharged at different discharge current densities. Reproduced with permission from ref. 188. Copyright 2021
Wiley-VCH.
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level due to the strong ligand eld, the LS Fe2+/3+ exhibits
a relatively high redox potential in the case of the dehydrated
sample. Thus, the redox potential of LS Fe2+/3+ is competitive
with that of HS Mn2+/3+, eventually generating a single potential
merged from the two potentials in the dehydrated NaMnFe–
PBA. In contrast, the existence of interstitial water is believed to
dilute the strong ligand eld, resulting in a gap between the
redox potentials of Fe2+/3+ and Mn2+/3+.184 The structural change
caused by the interstitial water would also affect the change in
the redox potential. Although hydrated NaMnFe–PBA shows
a smaller volume change of about 10% during the charge/
discharge process than dehydrated NaMnFe–PBA (ca. 27%),
the release of crystal water into the electrolyte and the structural
change to the dehydrated phase could lead to capacity degra-
dation. Future studies would clarify the effects of volume
change and crystal water release on the capacity degradation to
develop long-life PBA materials for SIBs. In contrast to the
signicant effect of interstitial water of Na–PBAs, the interstitial
water has no signicant inuence on the electrochemical
performance of KMnFe–PBA in K half-cells,180 which could be
due to the fact that the large K+ and water molecules hardly
occupy the same interstitial sites of the PBA simultaneously.

Since the open-framework structure of PBAs suits reversible
storage of different cations, including Li+, Na+, and K+, we
6140 | Chem. Sci., 2022, 13, 6121–6158
compare the electrochemical properties of different A+ inser-
tions in nonaqueous electrolytes. Fig. 15c summarizes the
charge/discharge curves of LixMn[Fe(CN)6]y (LiMnFe–PBA),
NaxMn[Fe(CN)6]y (NaMnFe–PBA), and K1.75Mn[Fe(CN)6]0.93
(KMnFe–PBA) in the Li, Na, and K cells, respectively. The
NaMnFe–PBA and KMnFe–PBAs were synthesized by a simple
precipitation method. On the other hand, LiMnFe–PBA was
synthesized via electrochemical ionic exchange in the K cell
because it is hardly obtained via a simple precipitation method.
Fig. 15c illustrates that LiMnFe–PBA, NaMnFe–PBA, and
KMnFe–PBA deliver similar discharge capacities of 137, 140,
and 137 mA h g�1, respectively. The Mn–Fe-based PBAs exhibit
average discharge voltages of 3.3, 3.4 (3.7 V vs. Li), and 3.8 V
(3.7 V vs. Li) in the Li, Na, and K cells, respectively. The specic
energy densities of LiMnFe–PBA, NaMnFe–PBA, and KMnFe–
PBA were 446, 472, and 521W h kg�1 in the Li-, Na-, and K-metal
cells, respectively. These results indicate that PBAs are prom-
ising electrodematerials, especially for high-energy density SIBs
and PIBs.

The effect of anion vacancies on Na+ insertion performance
has been extensively studied, and several studies prove that
anion-vacancy free (stoichiometric) Na–PBAs demonstrate
larger capacity and better capacity retention in the repeated
cycles than the nonstoichiometric Na–PBAs with anion
© 2022 The Author(s). Published by the Royal Society of Chemistry



Review Chemical Science
vacancies.177,183,185 This larger reversible capacity is attributed to
a larger fraction of redox-active Fe in [Fe(CN)6] vacancy-free
samples.183 Similar to Na–PBAs, a previous study shows that
K–PBAs with few anion vacancies exhibit a large reversible
capacity.186 Additionally, it has been suggested that the anion
vacancies promote the diffusion of K+.187,188 To fully understand
the effect of anion vacancies on the K+ insertion, independent
control of the number of anion vacancies and particle size is
essential. This is because these two factors generally have
a strong negative correlation, i.e., samples with a small particle
size have many anion vacancies and vice versa. Thus, our group
synthesized three KMnFe–PBAs whose particle size and the
number of anion vacancies are varied by employing precipita-
tion synthesis with addition of a suitable amount of chelate
agent and the Na/K ion exchange route.188 The chemical
composition of the three samples, small (S)-, large (L)-, and
anion-vacant (V)-KMnFe–PBAs, are estimated to be K1.9Mn
[Fe(CN)6]1.0, K1.8Mn[Fe(CN)6]0.99,0.01, and Na0.10K1.6Mn
[Fe(CN)6]0.85,0.15, respectively aer drying at 200 �C. The
particle size of S-KMnFe–PBA ranges in 100–200 nm, whereas
the particle size of L- and V-KMnFe–PBA is approximately 1–2
mm. Thus, the effects of particle size and anion vacancies are
investigated by comparing S-KMnFe–PBA with L-KMnFe–PBA
and L-KMnFe–PBA with V-KMnFe–PBA, respectively. Fig. 15d
displays the variation in discharge capacities at different
discharge rates from 0.1 to 10C and a constant charge rate at
0.1C. The V-KMnFe–PBA electrode demonstrates superior rate
performance to L-KMnFe–PBA and is competitive with that of S-
Fig. 16 Structural differences for graphitic and hard carbons. (a) Structur
and long-range ordering in different forms of carbon. Reprinted with pe
Structure of hard carbons prepared with increasing temperature.
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KMnFe–PBA, consisting of much smaller particles. The superior
rate performance of V-KMnFe–PBA is attributed to the
enhanced K+ diffusion in the lattice with anion vacancies based
on the galvanostatic intermittent titration technique measure-
ments and DFT calculation results.188 These results prove that
the appropriate number of anion vacancies promotes K+ inser-
tion into PBAs, which is different from the sodium case.

Overall, PBAs are potential positive electrode materials for
SIBs and PIBs because of their relatively high gravimetric energy
density based on the Fe2+/3+ and Mn2+/3+ redox and good rate
and cycle performance. As a Chinese company, CATL,
announced the commercialization of SIBs using PBA as the
positive electrode material in July 2021, practical development
is expected to be accelerated based on the development of
advanced SIB/PIB materials.
5. Carbon-based negative electrode
materials
5.1. Types of carbon applied for batteries

While signicant effort is being made towards improving and
understanding positive electrode material performance for
emerging SIBs and PIBs, researchers are also approaching
better performance for negative electrode materials. As with
positive electrode materials, the structure is key to the interac-
tion with different A+ and not all electrode materials are equally
suitable for Li+, Na+ and K+ ions.21,189–192 In this section, we
e and stacking of graphite. (b) Neutron total scattering showing short-
rmission from ref. 272. Copyright 2017 American Chemical Society. (c)

Chem. Sci., 2022, 13, 6121–6158 | 6141



Fig. 17 Comparison of Li, Na and K interaction in the graphite elec-
trode. (a) Difference in inter-layer distance and ordering of alkali metal
atoms within the lattice for stage-1 Li-GIC (LiC6) and K-GIC (KC8). The
organization of Li atoms in subsequent layers is identical, denoted as
alpha, while K atoms organize into 4 unique layers with offset positions
relative to graphite, denoted as a, b, g, and d. C represents a graphene
layer. (b) Charge/discharge curves in a K-cell with graphite. Reprinted
with permission from ref. 7. Copyright 2018 John Wiley and Sons. (c)
Comparison of binder impact on graphite cycling between poly(-
vinylidene fluoride) (PVDF) and sodium polyacrylate (PANa). (a) and (c)
are reproduced with permission from ref. 205. Copyright 2021, Royal
Society of Chemistry.
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discuss carbon-based negative electrode materials which
continue to be heavily explored due to their wide array of
structure and morphological variability, continued application
in modern day LIBs, and promising performance within both
SIBs and PIBs.191,193,194 Aside from being made of an abundant
and sustainable material,195,196 carbon-based negative electrode
materials take advantage of multiple features including low
cost, good chemical stability, high conductivity, and large
specic surface area.8,191,193 Carbon materials applied in
batteries include a variety of structures ranging in dimension-
ality (e.g. 3D, 2D), order (e.g. long or short range ordering), and
heteroatom doping (e.g. N or O adatoms). Among highly
ordered carbons, the most common material is based on
graphite (Fig. 16a), a negative electrode material extensively
applied in commercial LIBs.191,197 Graphitic carbons are based
on a 3D crystalline structure with layered domains of sp2-
hybridized carbon (graphene) that typically follows hexagonal
AB stacking (a.k.a. Bernal stacking or 2H) for synthetic
graphite;198,199 though alternative stacking, e.g. ABC or rhom-
bohedral (3R), is also found for multi-layered graphene and
natural graphite.200

The other most common carbon-based electrode materials
being applied and explored for battery applications are those
based on hard carbons. Unlike graphite, hard carbons do not
display a long-range periodic structure in plane or along the
stacking direction (Fig. 16b). The name ‘hard carbons’ for these
materials derives from their oen observed mechanical hard-
ness and original patent,201 though they can be relatively so
when prepared under low-temperature conditions. More
appropriately, hard carbons can be labelled as non-
graphitizable; they do not change to a graphite structure even
at very high temperatures (e.g. 3000 �C) as demonstrated long
ago in the studies of Rosalind Franklin.202 Many of the struc-
tural features found in hard carbons including amorphous
regions (sp3) with randomly aligned sp2 graphitic micro-
domains, pore structures, and defect content, are directly
impacted by the preparation temperature (Fig. 16c). In contrast,
‘so carbons’ have a structure which enables greater mobility in
the carbon atoms to rearrange into graphite at temperatures
between 1500 and 3000 �C. Preparation of so carbons under
low temperature preparation shows some similar features to
hard carbons and can even form hard carbons when heated
under an oxygen environment.

The structure of carbon-based materials heavily determines
the energy storage mechanism and thus understanding rela-
tionships between the structure and performance becomes
essential for improving their performance inside batteries. In
the following sections, we outline the main progress with
different types of carbon-based anode materials applied in LIBs,
SIBs and PIBs, discuss their limitations, and highlight research
efforts to push these materials to higher performance.
5.2. Graphitic electrodes for Li+, Na+, and K+

Graphite remains one of the most common anode materials for
LIBs191,197 and also is a promising candidate for PIBs.4,21,192,203,204

The graphite structure features weak van der Waals bonding in
6142 | Chem. Sci., 2022, 13, 6121–6158
the vertical direction between the graphene sheets producing an
average interlayer spacing of approximately 3.35 Å. When the
graphite electrode is charged, the layers are lled by the inter-
calated alkali metal atoms (A) (Fig. 17a) and the interlayer
spacing increases to accommodate the insertion, as conrmed
with in situ/operando XRD methods.7,205–208 This process follows
a staging mechanism where alkali metal atoms order within
domains in the graphite crystal structure and initially are
accompanied by empty layers between the A-lled regions
forming a series of stages or graphite intercalation compounds
(A-GICs), e.g. KC36, KC24, KC8.21,203,209 The stage-number signies
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the number of layers in between the A layers, e.g. stage-4 has
three empty layers between the subsequent A-lled layers within
a four graphene layer domain. Moving from Li to the much
larger K leads to an increase in the interlayer distance upon
intercalation and some differences in the staging process
(Fig. 17a).21,205 The increased A size also impacts the distance
between adjacent A atoms relative to the surrounding carbon
atoms,210 and this leads to a lower number of intercalated A
from LiC6 with a theoretical capacity of 372 mA h g�1 to KC8

with a capacity near 279 mA h g�1.21,203 Ultimately, the matching
of the graphite structure to the intercalated A and chemical
affinities are key to the electrochemical (de)intercalation
process, where interactions of graphite with A energetically
compete with A-to-A and A-to-solvent interactions. The
mismatch in structure leads to unfavorable thermodynamic
interactions between graphite and Na and poor capacity access
during cycling (Fig. 17b), though Na+ is smaller in ionic radius
than K+.210–213 Na-GICs have a lower energetic stability and their
calculated formation potentials are shown to be below that of
sodiummetal.211–215 As such, most research efforts have focused
on applying graphite with K+ and Li+ for better cyclability and
capacity access.

Considering the volume expansion that occurs within
graphite during A+ insertion, the role of the binder becomes
vital in maintaining the electrode structure during
cycling.5,216–218 In general, the binder is a polymeric material that
functions by adhering the electrode particles together with the
current collector; while at the same time, enabling ow of A+

and solvent molecules to/from the bulk electrolyte. At times,
binders also incorporate conductive additives, especially for
poorly conductive materials, e.g. oxides used as positive elec-
trodes. Commercial binders include polyvinylidene uoride
(PVDF), carboxyl methylcellulose (CMC), and styrene-butadiene
rubber (SBR).216 As seen in Fig. 17c, the choice of binder can
signicantly impact the capacity retention of the electrodes
during cycling.219 Binders become even more important when
considering large increases in interlayer distance, as in the K+

case, and for some of the emerging high capacity negative
Fig. 18 Na+ intercalation into graphite via solvent co-intercalation. (a) Diff
diglyme. Bottom: pristine graphite electrode, middle: charged to 0.01
permission from ref. 229. Copyright 2014 John Wiley and Sons. (b) St
intercalation with graphite during charge/discharge in ether-based solv
diethylene glycol dimethyl ether (blue), and dimethoxyethane (black). (b
Chemistry.

© 2022 The Author(s). Published by the Royal Society of Chemistry
electrode materials which undergo more signicant volume
changes during cycling, e.g. Si, P, etc.216,217,220,221 Also, the binder
choice can have a direct impact on the forming interphase
structures on carbon-based electrodes.222–225 Recent efforts have
pushed to better understand the role of the binder, improve its
preparation, and provide more functionality beyond acting as
a glue, such as interphase stabilization and inherent conduc-
tivity.216,226–228 Ultimately, the role of the binder remains some-
what overlooked, though it seems to play an important role in
achieving higher performance.

In addition, solvated Na+ ions can interact favorably and
form stable intercalation compounds with graphite when their
insertion is accompanied by co-intercalating solvent molecules.
The reversible formation of these structures, known as ternary
graphite intercalation compounds (t-GICs), was rst pioneered
in the work by Jache and Adelhelm.229 It is reported that t-GICs
can be formed in a diglyme electrolyte (Fig. 18a) showing
reversible insertion of Na+ with a structure of Na(diglyme)2C20

and capacity close to 100 mA h g�1 at 0.1C for 1000 cycles. These
solvated Na+ ions are much larger than the native Na+, resulting
in expansion of the interlayer spacing to very large distances
(>10 nm) to accommodate the Na(diglyme)2 insertion
(Fig. 18b).230,231 To date, several ether solvents have been
demonstrated to reversibly co-intercalate with Na+

(Fig. 18c).230,232,233 The co-intercalation process occurs due to
a high Na-solvent solvation energy which maintains a stable Na-
solvent structure during insertion.230,234 In a Na-ion full cell like
graphite/Na+-diglyme/NaMO2, asymmetric reactions of co-
intercalation and solvent-free intercalation at graphite and
NaMO2 electrodes, respectively, will cause a change in diglyme
concentration in the electrolyte, which may be an issue for
stable battery operation. Recent research efforts have focused
on improving the binder to accommodate this breathing
process of large expansion and shrinkage and on manipulation
of the material interlayer spacing.235,236 Likewise, Li+ and K+ can
form t-GICs.229,237–239 While all three A+ ions show similar initial
capacities, the cyclability of Li+ t-GICs tends to be unstable due
to the strong interactions between graphite and Li+ resulting in
raction patterns of graphite electrodes in 1 M sodium triflate (NaOTf) in
V (vs. Na/Na+), top: discharged to 3.0 V (vs. Na/Na+). Reprinted with
ructure of co-intercalated Na+ in dimethyl ether (DME). (c) Na+ co-
ents of varying chain length; tetraethylene glycol dimethyl ether (red),
) and (c) reproduced from ref. 230. Copyright 2015, Royal Society of
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separation and free solvent that remains in the graphite struc-
ture.237,240 On the other hand, both Na+ and K+ t-GICs show good
cyclability at high rates. Nevertheless, ether-based electrolytes
remain limited in their application toward actual batteries due
to their narrow voltage windows compared with carbonate ester-
based electrolytes.
Fig. 19 Impact of the carbon structure on capacity. (a) Proposed alkali
ion storage mechanism of hard carbon electrodes. Reprinted with
permission from Springer Nature Customer Service Centre GmbH:
Springer Nature, npj Computational Materials, ref. 253. Copyright
2021. (b) Cycling behavior of hard carbons prepared with different
precursors. Reproduced from ref. 256.
5.3. Hard carbon electrodes for Li+, Na+, and K+

Hard carbons are promising alternatives to graphite with
improved compatibility with Na+.189,241,242 They have already
been applied as commercialized negative electrodes in LIBs and
continue to be used for high power applications.243 Currently,
hard carbons are the negative electrodes of choice and only
materials likely to be commercialized for SIBs due to their
promising electrochemical properties including: a low working
potential, high capacity, good cycling stability;8,10,190 and their
preparation from environmentally friendly, low cost
sources.244–246

While graphitic carbons mostly rely on (de)intercalation to
store energy, hard carbons show a more complex mechanism
involving multiple presumed ion storage modes.194,247–249

Depending on the hard carbon structure, the overall charge/
discharge response may result from cumulative reactions
including: (i) adsorption/desorption to heteroatom, edge and
defect structures, (ii) (de)intercalation processes and (iii) pore-
lling.189,194,249 The (de)intercalation process involves insertion
into layered structures of the hard carbon that tends to display
greater disorder and interlayer spacing than graphite.247,248,250

The A+ adsorption process involves cations adsorbing at edge
sites and defects within the pore structure.249,251 Depending on
the adsorption site, A+ adsorption can either irreversibly trap A+

ions or enable rapid A+ migration.251 The pore-lling process
involves adsorption and gradual lling of the pore structures
with A+ leading to high capacities >400 mA h g�1.252,253

As seen in Fig. 19a, the electrochemical behavior for this
complex mechanism can be broken down into different
regions.253,254 An initial sloping region (red part of the curve) is
attributed to adsorption on defects in the pore wall and at edge
sites, and A+ intercalation into defective graphite-like
domains.253 As such, this process is highly dependent on the
amount and type of defects in the material. Thereaer, the
plateau region involves intercalation into graphitic domains or
the formation of island-shaped clusters in the pore wall (blue
part of the curve) followed by eventual A+

lling of the pore
structure (green part of the curve).194,255 To account for observed
electrochemical behaviors for various hard carbons, multiple
mechanisms incorporating these reactions have been proposed
including: adsorption-pore lling,249 adsorption-intercalation250

and intercalation-pore lling or the “house of cards”
model.247,248 Considering the vast number of hard carbons that
have been explored some materials may show different mech-
anisms or predominant reactions that are dependent on their
structure and energetics for each process.193,241,242

The structure and performance are highly impacted by the
preparation precursors and temperature as presented in
Fig. 19b.256 Hard carbons for battery applications are typically
6144 | Chem. Sci., 2022, 13, 6121–6158
prepared through a complex carbonization process involving
chemical pre-treatment steps followed by thermal–driven reac-
tions including decomposition of organic materials and s-bond
rearrangement.241,244 During carbonization, small molecules are
removed from the structure including H2O, CO2 and N2 leading
to extensive porosity, low apparent desnsity, low particle
density, and low bulk powder density.202,257,258 Interestingly, the
prepared hard carbon material tends to maintain much of its
original microstructure and morphology based on the parent
material. At the same time, very different hard carbon end
products with unique structural and morphological properties
can be obtained from the same parent material depending on
how the hard carbon is prepared.257,259–261 The nal product can
be considered a combination of distorted graphene-like nano-
sheets and fullerenic structures, with edges, defect/heteroatom
substitutions, and closed and/or open pores.262,263 The
graphene-type layers are stacked randomly in a turbostratic
structure that cannot be unfolded or attened and contain
a wide size-range of voids and pores.262 The exact nature of these
structures can greatly impact electrode performance. Having
open structures can enable greater electrolyte penetration
leading to high irreversible charge capacities and SEI forma-
tion. Materials with large pores may inhibit the effectiveness of
the pore-lling mechanism. Not all defect adsorption sites are
highly reversible, so the type and amount will impact electro-
chemical performance. Overall, the structure of hard carbons
© 2022 The Author(s). Published by the Royal Society of Chemistry
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can vary substantially, and no single model should be expected
to cover all of the possible hard carbon structures, and thus
characterization is essential for understanding the origin of
high performance or issues with the material.

Recent efforts to further improve the capacity and cyclability
of hard carbons have focused on template-synthesis
methods.264,265 Template synthesis involves the incorporation of
inorganic materials, such as MgO,265 zeolites266 or silica,267 which
act to control the pore structure during synthesis. As discussed
above, micro- and nano-pores can accommodate A+ clusters252

leading to high capacities with Na+ (>400 mA h g�1).264,268

Recently, our group reported novel hard carbon materials that
were synthesized via a MgO template technique and demon-
strated a reversible capacity of 478 mA h g�1 at 25 mA g�1.264 As
seen in Fig. 20a–c, the structure of the hard carbon is prepared by
tuning the size and concentration of the MgO templates through
using mixtures of Mg gluconate (Glu) and glucose (Glc). The
compounds were mixed by dry mechanical mixing and freeze–
drying methods, Fig. 20a, showing distinct electrochemical
behavior (Fig. 20d). The freeze–drying aided in dispersion of the
Mg Glu and suppressed its crystallization. Our methods
demonstrated the potential for optimizing and improving hard
carbon behavior through exploring various synthetic routes. The
structure of the pores is not fully understood, yet higher capac-
ities may still be attainable as we come to understand the opti-
mization of this mechanism.
5.4. Other carbon materials

With the vast variety of carbon materials there are other carbon
structures being explored for battery applications. Like hard
Fig. 20 Improving the pore structure in hard carbons through template-s
synthesis for hard carbons. (b) Small-angle X-ray scattering of magnesiu
temperatures; 400 �C (blue), 600 �C (black) and 800 �C (red). (c) First-
structures and MgO-removed. Brown, orange, and red spheres represe
discharge profile for hard carbons prepared with 50 : 50 molar ratio (Mg
preheating at 600 �C, acid treatment, and post-heating at 1500 �C. (a)–
Wiley and Sons.

© 2022 The Author(s). Published by the Royal Society of Chemistry
carbons, so carbons can also be prepared with a structure and
mechanism dependent on preparation conditions.269 These
materials show more graphitic character and take advantage of
heteroatom doping to give them distinctly different microstruc-
tures and energy storage behaviors from hard carbon or
graphite.194,270–273 So carbons contain signicant sp2 carbon and
layers with interlayer distances greater than that found in natural
graphite enabling (de)intercalation even for Na+.202,272 In 1991,
so carbons were used as the negative electrode materials in
Sony's rst-generation of LIBs,243 and their energy storage
mechanism has been investigated.194,272,274 They tend to show
some irreversible character with expansion and A+ remaining in
the structure aer charging. Still, they show relatively fast
kinetics and long cycle-lifetimes at high rates.273,275 For SIBs, so
carbons can potentially present higher capacities than graphite
while taking advantage of some of the aspects of hard carbons.
Our knowledge on the potential for so carbons remains limited
due to the much fewer studies compared with hard carbons and
graphite. Perhaps, we will see some exciting materials being
developed in the near future toward SIBs and PIBs.

Yet other carbon allotropes include a wide variety of nano-
scale and thin layered structures such as graphene.276 Such
graphene materials show higher Li+ storage capacity than
graphite,277 and upon doping they can show promising results
for Na+ and K+ storage.278,279
6. Alloy materials

As discussed in the previous section, carbon-based negative
electrode materials provide the capacity to store A+ in the
ynthesis. (a) Schematic of the preparationmethods for template-based
m gluconate-based hard carbons prepared with different preheating
principles molecular dynamic calculations of MgO/carbon composite
nt carbon, magnesium, and oxygen atoms, respectively. (d) Charge–
Glu : Mg Glc) for powder mixing (P) or freeze–drying (F) methods with
(d) are reprinted with permission from ref. 264. Copyright 2021 John
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interlayers or nanopores of the carbon structure. In this section,
we introduce active materials that can store A+ via alloying
reactions. In LIBs, Si280 forms metastable crystalline phases
such as Li12Si7, Li14Si6, Li13Si4, Li15Si4, and Li22Si5.281 Hereaer,
electrochemical lithium insertion into Si forming these sili-
cides, which are compounds correctly, not alloys, is regarded as
an alloying reaction for simplicity. When the metastable phases
are formed, the alloying reaction proceeds via complex combi-
nation of amorphization and recrystallization.282 Since the study
of the electrochemical performance of various alloy materials
and alloying mechanisms has been exhaustively explained in
the literature,280,283–289 we will focus our discussion on the most
promising alloy materials in SIBs and PIBs.

One of the advantages of alloy materials is delivering
extremely high capacity due to their superior ability to accom-
modate multiple A atoms in the matrix structure compared to
topotactic insertion materials290 as shown in Fig. 214,221,291–297

where the theoretical gravimetric and volumetric capacities of
alloy materials in Li, Na, and K systems are compared.

With reference to the gravimetric capacity (Fig. 21a), Si is
known to be themost promising alloy material for LIBs owing to
its high gravimetric capacity (4200 mA h g�1 for Li4.4Si and
Fig. 21 Theoretical (a) gravimetric and (b) volumetric capacities of
selected alloy materials for LIBs, SIBs, and PIBs. The volumetric
capacities were calculated at the fully charged state. (a) and (b) are
adopted with permission from ref. 4. Copyright 2020 American
Chemical Society. (c) Volume of AxSi per mole of Si plotted as
a function of the charge stored. Reproduced with permission from ref.
303. Copyright IOP Publishing.
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3580 mA h g�1 for Li3.75Si).280 NaSi and KSi are recognized as the
most alkali metal-rich silicide phases in Na and K systems,
respectively, being expected to deliver 954mA h g�1.298However,
to the best of our knowledge, the electrochemical formation of
NaSi and KSi in the SIB and PIB has not hitherto been reported.4

Similar to Si, other group-14 elements (Ge, Sn, and Pb) are
known to form 1 : 1 alloys with alkali metals. Although the
reaction mechanism and nal discharge products were
different among various alloys, the corresponding theoretical
capacities for Na+ and K+ are generally lower than those for Li+

due to the increased weight of the alkali metal (Li < Na < K).298

However, it is worth noting that the Na–Sn alloy shows lower
reaction voltage compared with the Li–Sn case, which could
increase the energy density of SIBs when used as a negative
electrode.299 While Na-rich Na15Sn4 formation (847 mA h g�1)
was reported in the Na cell, only KSn formation (226 mA h g�1)
was conrmed in K cells.300 Regarding group-15 elements (P, Sb,
and Bi), alkali metal-rich phases are formed, for example, Li3P
and Na3P (2597 mA h g�1), Li3Sb, Na3Sb and K3Sb
(660 mA h g�1), and Li3Bi, Na3Bi, and K3Bi (385 mA h g�1).4 For
phosphorus based alloys, alkali metal rich Li3P and Na3P can be
formed in Li and Na cells, however, only KP301 or K4P3 302 can be
formed in the K cell, where the detailed reaction mechanism for
KxP formation is still unclear.

In addition to the gravimetric capacity, volumetric capacity is
an important factor, and it should be discussed with respect to
the volume at the fully charged state. Fig. 21b shows the volu-
metric capacities calculated based on the expanded volume.4,303

In general, the molar volume of K in K compounds tends to be
higher because of the larger ionic radius of K+ than that of Na+

and Li+. Therefore, the volumetric capacity of K-alloy materials
is lower than that of Li-and Na-alloy materials. For example, Sb
shows the same theoretical gravimetric capacity in Li, Na, and K
cells, but their volumetric capacities calculated with fully
alloying volume are 1890, 1120, and 760 A h L�1 in the Li, Na,
and K cells, respectively.

Not only the higher capacity but also relatively low reaction
potential of alloy materials is benecial for negative electrode
materials, leading to the increase in the cell voltage and even-
tually increasing the energy density of the cell. However, the
electrode suffers from a large volume change during charge and
discharge. As a result, the alloy-based electrode is physically
pulverized through repeated volume expansion/shrinkage
during cycling.304,305 The interfacial resistance between the
electrode and the electrolyte continuously increases due to the
repetitive decomposition reaction of the electrolyte on the newly
formed charged alloy surface in every charge cycle. Fig. 21c
shows the volume expansion of the alkali metal-Si alloys as
a function of the alkali metal content.298 The volumes of the
materials increase monotonically with increasing alkali metal
content, and the volume expansion increases in the order of Li <
Na < K. This large volume change destroys the electrode struc-
ture and triggers side reactions such as continuous decompo-
sition of the electrolyte, leading to a decrease in capacity,
accompanied by electrical isolation of active materials.

To reduce the detrimental effects of volume expansion, core–
shell306–308 or thin platelets materials,309 highly elastic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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binders,310–315 and nanosized particulates316 are used, when
employing alloy-based materials. Particularly, nanoparticles are
widely used to prevent degradation of the electrode structure
during battery cycling.280,317,318 It is well known that the use of
nanosized Si for LIBs enables the suppression of pulverization
by continuous volume change.280,315,319–321 However, nano-
particles are industrially expensive and a hazard to health,
requiring complicated preparation methods. In addition, the
use of nanoparticles cannot completely suppress the contin-
uous electrolyte decomposition on the surface of the active
materials because a new surface is still formed in every cycle
through repetitive expansion/shrinkage.304 The formation of the
new surface cannot be prevented by solely modifying the active
material architecture. To control the continuous growth of the
surface decomposition layer, two methods have been investi-
gated: (i) the use of functional binders to coat the active mate-
rial surface and form a passivation layer;219,315,322–324 and (ii)
design of the electrolyte with appropriate solvents, salts, and
additives to control the decomposition reaction of the electro-
lyte.304,325–329 The surface reaction of the active material is
strongly affected by the components of the electrolyte. As shown
in Fig. 22, the cycling performance is signicantly affected by
the electrolyte components, such as salts and organic
Fig. 22 Comparative performance of alloy materials in Na cells filled wi
NaCF3SO3 or NaClO4 in DME and in (b) 1.0 MNaPF6 in DME, EC/DEC, or P
Bi particles. (c) Cycling performance and (d) coulombic efficiency of Bi in
behaviors of alloying electrode materials in the incompatible electroly
Copyright 2020 American Chemical Society.
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solvents.304 With regard to the Na–Bi alloy system, the PF6
�

anion shows superior capacity retention compared with that of
ClO4

� and CF3SO3
� (TfO�) anions (Fig. 22a). Additionally, the

ether-based solvent shows higher retention than the carbonate
ester solvent (Fig. 22b). Similar behavior can be observed in the
K–Bi alloy system as shown in Fig. 22c and d, where the ether-
based electrolyte shows superior capacity retention compared
with carbonate solvents. This is because continuous electrolyte
decomposition occurs on the new surface formed in every
charging cycle, and pulverization of the macroparticles occurs
due to volume expansion, as shown in Fig. 22e. Therefore,
a major challenge lies in passivating the repeatedly exposed new
surface by using a functional binder or additive, or by appro-
priate electrolyte design, in order to use an alloy-based anode
with extremely high reversible capacity.

7. Interphases on positive and
negative electrodes

As highlighted in the sections of negative electrode materials,
interphases between the electrode and the electrolyte signi-
cantly impact battery performance.330–332 The interphases
represent highly complex, multiphase structures that control
th different electrolytes. Cycling performance of Bi in (a) 1.0 M NaPF6,
C, respectively. Inset in the panel (a) is the SEM images of themicrosized
K cells filled with 1.0 M KPF6, in DME or PC. (e) Alloying reaction model:
te upon cycling (a–e) are reprinted with permission from ref. 304.
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the ux of A+ carrier ions to and from the electrolyte before A+

ions interact with the electrodes' bulk structure.332–334 As such,
these structures directly inuence the rate performance of
batteries and improving their chemistry is essential for attain-
ing higher rates. Further, the formation of interphase struc-
tures, especially at the negative electrode, is crucial for attaining
high voltage batteries.332,335 Only a few studies reported elec-
trolytes that showed no apparent SEI formation and instead
likely involved solvent co-intercalation.336 In general, the lack of
an interphase on the negative electrode leads to continuous
electrolyte degradation during charging and would not effec-
tively store energy.

Though the SEI has been extensively studied within LIBs,
interphase chemistry is also a well-known phenomenon in high-
voltage SIBs and PIBs.337,338 However, compared with our
knowledge on the properties of bulk electrodes, these inter-
phases are much less understood due to their thin and complex
composition, uctuation across the lifetime of the battery,
heterogeneity across the electrode surfaces,339 and strong
dependence on the electrolyte composition.332,335,340,341 Because
of their multi-phase and dynamic nature, it becomes essential
to conduct in situ or operando analyses.342,343 Through various
materials characterization techniques, understanding of the
SEI components,344,345 their reactivity and formation,346,347 and
their A+ content and transfer properties are being revealed.348–350

To date, most research has focused on better comprehend-
ing the behavior of the SEI that occurs at negative electrodes.
The SEI forms when electrons at the negative electrode surface
meet and reduce electrolyte species, solvent molecules, or
electrolyte additives in a cascade of complex reactions.351–353

These reactions heavily depend on the content of the electrolyte,
electrochemical conditions, electrode surface, temperature, and
so on. In the electrolyte, the cations can coordinate with the
solvent molecules or anions (depending on electrolyte concen-
tration),354,355 and this can result in changes in thermodynamics
and oxidation/reduction stability.356,357 Generally, most of this
chemistry occurs during initial cycles and results in the nano-
scale lm with a compact inorganic layer, consisting mainly of
metal uorides, oxides and carbonates, and a mostly organic,
outer layer of more alkyl carbonates, semicarbonates, and
polymers.332,353 However, the thickness of this interphase can
change with cycling and is heavily dependent on the electro-
lyte.341 Further, concentrated electrolytes tend to show inter-
phases that are anion-derived producing predominantly
inorganic passivating structures.358,359

The SEI impacts battery performance in multiple ways
including the initial capacity loss, self-discharge behavior,
voltage efficiency, cycle life and safety. Since it is desirable to
have low potentials for the negative electrodes to achieve a high
voltage for the battery, this generally always leads to interface
chemistry that occurs during the initial charging of the battery;
that is an irreversible component. In the case of graphite and
other uncharged electrodes, this leads to consumption of some
of the positive electrode material capacity and some of the
electrolyte content. Therefore, having a large irreversible loss
during the rst charging step is undesirable since it would
require an additional positive active material and less efficient
6148 | Chem. Sci., 2022, 13, 6121–6158
utilization. The electrolyte components and additives can have
a signicant impact on this rst cycle coulombic efficiency and
subsequent cycle life.340,360,361 Metals and other negative elec-
trode in their charged state can continue to react with the
electrolyte if not effectively covered with an SEI, leading to
undesirable self-discharge, further electrolyte consumption and
a decrease in coulombic efficiency.341,353 Lastly, the SEI directly
impacts plating reactions and potential for dendrite formation;
therefore, it can play an important role in maintaining battery
safety in developing metal and air batteries.362–365

While signicant work has been done regarding Li+ (Li-SEI),
only a limited number of papers have focused on the inter-
phases that occur in SIBs and PIBs with most focusing on
characterization of the SEI composition, morphology and
structure. As with other components of the electrolyte, the kind
and concentration of A+ ions impact the reduction stability of
the electrolyte and the SEI formation. The Li-SEI tends to show
stable SEI components with greater polymerization and cross-
linking, while Na-SEI components tend to show poorer stability
and higher solubility.366,367 In addition, the K-SEI can show
incomplete coverage leading to higher likelihood of plating.368 A
comparison of the SEI on hard carbons conducted by our group
indicates that 1 M Li+, Na+ and K+ (bis(uorosulfonyl)imide)
(FSI�) electrolytes show differences in initial reversible capacity/
coulombic efficiency and structural compositions based on XPS
and time-of-ight secondary ion mass spectrometry (TOF-SIMS)
analyses.4 Specically, these results show that the overall
organic and inorganic contents in the Li and K cells are more
signicant than the Na cell, suggesting a thinner Na-SEI in
agreement with other studies.367 The K-SEI shows unique anion-
derived chemical components and a relatively small amount of
KF,4 strongly contrasting with LiF which is thought to play a key
role in Li-SEI function.369 In terms of distribution across the SEI,
TOF-SIMS further indicates that only the Li-SEI shows organic
and inorganic content at the outer layer of the SEI, while the Na
and K cells show mainly inorganic components.4 Interestingly,
utilizing a preformed Li-SEI for applications in a K electrolyte
has shown improved cycling, further emphasizing differences
in the properties of the formed SEI.368 Altogether these results
suggest different formation mechanisms, structures and
stabilities for the Li-, Na-, and K-SEI with dramatically diverse
results even when using analogous electrolytes.

In terms of performance, symmetrical cells and impedance
measurements show that the equivalent Na- and K-SEIs display
poorer ionic conductivity compared with Li, leading to polari-
zation even at low current densities.370 Localized measurements
further indicate higher Li+ uptake during SEI formation and
more rapid passivation.371 This likely derives from not only the
overall interphase structure, but the individual components
which can show different properties. For example, theoretical
studies have indicated signicant differences in ion-transfer
capabilities of NaF compared with LiF while metal carbonates
and oxides can attain faster ion-transfer rates.372 Likewise, the
observed stability of the SEI toward dissolution also derives
from the individual components as solubility for Li, Na, and K
salts is known to vary drastically and depends on the solvent.
When considering practical batteries, research also shows that
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the Li-SEI chemistry has greater stability toward extreme oper-
ating temperatures.373 Understanding these individual compo-
nents and their synergistic interactions remains quite complex,
but is still an important goal toward obtaining high-
performance batteries.4,374

In general, improving the interphase chemistry focuses on
two main strategies: engineering of the electrolyte, through
concentration and additive approaches, and articial inter-
phases, where a preformed structure is prepared before con-
structing a battery. Toward electrolyte engineering, vinylene
carbonate (VC) and uoroethylene carbonate (FEC) are two
widely explored additives applied for improving LIBs.375,376 In
PIBs, FEC can show mixed effects toward the positive and
negative electrodes360,377 and at different additive concentra-
tions.378 Therefore, modications cannot be easily generalized
across different battery systems.379 Still, the use of electrolyte
additives can improve polarization, change the reaction prod-
ucts, and inhibit electrolyte degradation during cycling.365,380

Another option is engineering of the interphase directly with
the so-called articial SEI381,382 or alternatively through direct
modication of the electrode structure that interacts with the
forming SEI.383,384 An articial SEI generally refers to an inter-
phase structure formed on the surface of the negative electrode
through various means before cycling or assembly of the
battery. Articial SEIs have been widely explored for Li and Na
metals including the use of Al2O3, graphene, carbon nanotubes,
and polymers, to list a few.381,382 Comparatively, less work has
focused on highly reactive K metal anodes.380,385 Due to their
highly reducing potentials, articial SEIs can be electrochemi-
cally prepared on such alkali metal electrodes under sponta-
neous conditions.385,386 Harnessing this chemistry could lead to
interesting interphase properties before the electrodes make
contact with the electrolyte. It seems that both additive and
interphase engineering can provide benets toward battery
performance and safety, thus determining optimal conditions
from both could be very useful for future battery concepts.

Though they have received much less attention, the CEI
structure and processes may also play an important role in
battery stability and achieving high voltage batteries as
decomposition of the electrolyte at LIB cathodes is a well-known
occurrence.387,388 Recently, Scipioni et al. used atom probe
tomography to examine the CEI layers on LiMn2O4. Their
results indicated a mixed nanometer-thick, layered-mosaic
structure consisting of an inner layer of MnxOy and MnFx and
an outer network made of LiF, Li2O and organic components,
e.g. polycarbonates.330 Likewise, interfacial chemistry involving
Co atoms was revealed on LiCoO2 showing some link to elec-
trocatalytic behavior of the transition metal oxide and battery
degradation,389 and other reports have indicated that the CEI
can continuously grow with cycling, storage time and temper-
ature.387 CEI chemistry is also known to occur on cathode
materials for SIBs92,390 and PIBs,391 though signicantly less
knowledge has been acquired on these structures. Much
remains unknown about the prevalence of the CEI or its
importance in SIB and PIB operations, but future studies will
reveal further details for achieving better performance.
© 2022 The Author(s). Published by the Royal Society of Chemistry
8. Conclusions

We have reviewed promising positive (layered oxides, polyanion
materials, and PBAs) and negative electrode (graphitic carbon,
hard carbon, so carbon, and alloy) materials for SIBs and PIBs,
focusing on the crystal structure and interfacial phenomena.

Characteristics of Na+ provide a large variety of structure
types and the appropriate selection of substitutional elements
in transition metal layers enables not only the enhancement of
electrochemical performance but also activates oxygen redox in
the case of layered oxides. As a result, layered oxides are in
leading positions for positive electrode materials in SIBs. In
contrast, layered oxides with larger K+ oen suffer from struc-
tural instability with consecutive phase transitions and deliver
inferior capacity in PIBs. Cation permutation either in the
transition or alkali metal layers is one of the strategies to
overcome those disadvantages. Alternatively, polyanion mate-
rials and PBAs are favorable choices since the 3D framework
structure provides decent channels and interstitial sites for
large K+ diffusion and insertion/extraction, respectively. In
addition, high working voltage driven by tuning the covalency of
M–O bonds is one of the advantages for open-framework
materials for both SIBs and PIBs.

With reference to negative electrode materials, Na+ and K+

show distinctive features with graphite, the most commonly
used carbon-based electrode material in LIBs. In the case of
Na+, the unfavorable thermodynamic interaction with the
graphite results in no stable intercalation compounds. In
contrast, graphite is promising for PIBs although the number of
intercalated K+ ions is lower than that of Li+. Using co-
intercalating solvent molecules also enables the formation of
stable intercalation compounds for both Na+ and K+. This
further opens possibilities for graphite application even for
SIBs.

Hard carbons are the most promising for SIBs and meet the
philosophy of SIBs: environmentally friendly preparation
methods and low-cost sources. Depending on the synthetic
conditions of hard carbons including precursors, temperatures,
and templates, their structure is rather complex and diverse.
This simultaneously necessitates the incorporation of multiple
mechanisms to elucidate observed electrochemical behaviors.

Alloy materials are attractive due to their superior gravi-
metric and volumetric capacities. However, the volume change
during charge/discharge produces mechanical stress, rapidly
leading to the electrochemical pulverization of active materials.
In addition, new portions of metal surface are exposed to the
electrolyte at each charge, which promotes continuous electro-
lyte degradation and impedes stabilization of the SEI. Two
promising methods to overcome the issues related to the
volume change include the use of functional binders and the
design of appropriate electrolytes.

Those strategies spontaneously stress the importance of
comprehending the exclusive SEI features observed in SIBs and
PIBs, e.g. unstable and soluble SEI components in the electro-
lyte and poor ionic conductivity. Since the SEI formation
mechanism highly depends on the electrolyte such as its
Chem. Sci., 2022, 13, 6121–6158 | 6149
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concentration and composition, the design of the electrolyte
formulation is critical. Moreover, in situ/operando character-
ization is much preferred to understand the SEI properties, but
these measurements under realistic conditions are still chal-
lenging. Few studies have been carried out for the CEI although
a stable CEI would expand the selection of transition metal as
well as the use of oxygen redox for positive electrode materials.
As the lower Lewis acidity of Na+ and K+ might allow fast ionic
diffusion in the electrolyte and the interphase, comprehensive
studies on the SEI and CEI would further shed insights on the
rate capability for SIBs and PIBs.

A global push to reduce fossil fuel reliance will create
a massive market for energy storage. For stationary applications
where cost, safety, ease of maintenance, reliability, and lifetime
are more important than size and weight, SIBs can be compet-
itive against LIBs in the near term based on their current state of
development. The practical application of PIBs necessities
further improvement of their electrochemical performance and
decent safety strategies. However, as evidenced by recent
intensive studies on PIBs, PIBs are also promising next gener-
ation battery candidates. From a scientic point of view,
research on the development of SIBs and PIBs should be
approached in a multidisciplinary way to understand rather
complex phenomena involved in electrode materials, electro-
lytes, electrolyte additives, and functional binders.
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28 W. Lu, C. M. López, N. Liu, J. T. Vaughey and A. Jansen, J.
Electrochem. Soc., 2012, 159, A566.

29 N. Xiao, W. D. McCulloch and Y. Wu, J. Am. Chem. Soc.,
2017, 139, 9475–9478.

30 H. Kondou, J. Kim and H. Watanabe, Electrochemistry, 2017,
85, 647–649.

31 C. Delmas, C. Fouassier and P. Hagenmuller, Physica B+C,
1980, 99, 81–85.

32 R. Kanno, T. Shirane, Y. Inaba and Y. Kawamoto, J. Power
Sources, 1997, 68, 145–152.
© 2022 The Author(s). Published by the Royal Society of Chemistry



Review Chemical Science
33 T. Shirane, R. Kanno, Y. Kawamoto, Y. Takeda, M. Takano,
T. Kamiyama and F. Izumi, Solid State Ionics, 1995, 79, 227–
233.

34 L. Hoffmann and R. Hoppe, Z. Anorg. Allg. Chem., 1977, 430,
115–120.

35 J.-P. Parant, R. Olazcuaga, M. Devalette, C. Fouassier and
P. Hagenmuller, J. Solid State Chem., 1971, 3, 1–11.

36 E. Chappel, M. Nunez-Regueiro, G. Chouteau, O. Isnard and
C. Darie, Eur. Phys. J. B, 2000, 17, 615–622.

37 C. Delmas, J.-J. Braconnier, C. Fouassier and
P. Hagenmuller, Solid State Ionics, 1981, 3, 165–169.

38 N. Yabuuchi, M. Kajiyama, J. Iwatate, H. Nishikawa,
S. Hitomi, R. Okuyama, R. Usui, Y. Yamada and
S. Komaba, Nat. Mater., 2012, 11, 512–517.

39 Z. Lu and J. Dahn, J. Electrochem. Soc., 2001, 148, A1225.
40 J. B. Goodenough, K. Mizushima and T. Takeda, Jpn. J. Appl.

Phys., 1980, 19, 305.
41 R. Berthelot, D. Carlier and C. Delmas,Nat. Mater., 2011, 10,

74–80.
42 J. L. Kaufman and A. Van der Ven, Phys. Rev. Mater., 2019, 3,

015402.
43 M. Y. Toriyama, J. L. Kaufman and A. Van der Ven, ACS Appl.

Energy Mater., 2019, 2, 2629–2636.
44 Y. Hironaka, K. Kubota and S. Komaba, Chem. Commun.,

2017, 53, 3693–3696.
45 Y. Lei, X. Li, L. Liu and G. Ceder, Chem. Mater., 2014, 26,

5288–5296.
46 H. Kim, D.-H. Seo, A. Urban, J. Lee, D.-H. Kwon, S.-H. Bo,

T. Shi, J. K. Papp, B. D. McCloskey and G. Ceder, Chem.
Mater., 2018, 30, 6532–6539.

47 S. Komaba, C. Takei, T. Nakayama, A. Ogata and
N. Yabuuchi, Electrochem. Commun., 2010, 12, 355–358.

48 Y. Lyu, L. Ben, Y. Sun, D. Tang, K. Xu, L. Gu, R. Xiao, H. Li,
L. Chen and X. Huang, J. Power Sources, 2015, 273, 1218–
1225.

49 S. Komaba, T. Nakayama, A. Ogata, T. Shimizu, C. Takei,
S. Takada, A. Hokura and I. Nakai, ECS Trans., 2009, 16, 43.

50 Y.-N. Zhou, J.-J. Ding, K.-W. Nam, X. Yu, S.-M. Bak, E. Hu,
J. Liu, J. Bai, H. Li and Z.-W. Fu, J. Mater. Chem. A, 2013,
1, 11130–11134.

51 K. Kubota, I. Ikeuchi, T. Nakayama, C. Takei, N. Yabuuchi,
H. Shiiba, M. Nakayama and S. Komaba, J. Phys. Chem. C,
2015, 119, 166–175.

52 N. Yabuuchi, I. Ikeuchi, K. Kubota and S. Komaba, ACS
Appl. Mater. Interfaces, 2016, 8, 32292–32299.

53 A. Mendiboure, H. Eickenbusch, R. Schöllhorn and
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M. A. Pérez-Osorio, Nat. Chem., 2018, 10, 288–295.

61 B. M. De Boisse, G. Liu, J. Ma, S.-i. Nishimura, S.-C. Chung,
H. Kiuchi, Y. Harada, J. Kikkawa, Y. Kobayashi and
M. Okubo, Nat. Commun., 2016, 7, 1–9.

62 A. J. Perez, D. Batuk, M. Saubanère, G. Rousse, D. Foix,
E. Mccalla, E. J. Berg, R. Dugas, K. HW van den Bos and
M.-L. Doublet, Chem. Mater., 2016, 28, 8278–8288.

63 D. H. Lee, J. Xu and Y. S. Meng, Phys. Chem. Chem. Phys.,
2013, 15, 3304–3312.

64 K. Dai, J. Mao, Z. Zhuo, Y. Feng, W.Mao, G. Ai, F. Pan, G. Liu
and W. Yang, Nano Energy, 2020, 74, 104831.

65 Y. Zhang, M. Wu, J. Ma, G. Wei, Y. Ling, R. Zhang and
Y. Huang, ACS Cent. Sci., 2020, 6, 232–240.

66 C. Cheng, S. Li, T. Liu, Y. Xia, L.-Y. Chang, Y. Yan, M. Ding,
Y. Hu, J. Wu and J. Guo, ACS Appl. Mater. Interfaces, 2019,
11, 41304–41312.

67 R. A. House, U. Maitra, L. Jin, J. G. Lozano, J. W. Somerville,
N. H. Rees, A. J. Naylor, L. C. Duda, F. Massel,
A. V. Chadwick, S. Ramos, D. M. Pickup, D. E. McNally,
X. Lu, T. Schmitt, M. R. Robers and P. G. Bruce, Chem.
Mater., 2019, 31, 3293–3300.

68 K. Dai, J. Wu, Z. Zhuo, Q. Li, S. Sallis, J. Mao, G. Ai, C. Sun,
Z. Li and W. E. Gent, Joule, 2019, 3, 518–541.

69 Q. Wang, S. Mariyappan, G. Rousse, A. V. Morozov,
B. Porcheron, R. Dedryvère, J. Wu, W. Yang, L. Zhang and
M. Chakir, Nat. Mater., 2021, 20, 353–361.

70 B. M. de Boisse, M. Reynaud, J. Ma, J. Kikkawa,
S.-i. Nishimura, M. Casas-Cabanas, C. Delmas, M. Okubo
and A. Yamada, Nat. Commun., 2019, 10, 1–7.

71 J. Hong, W. E. Gent, P. Xiao, K. Lim, D.-H. Seo, J. Wu,
P. M. Csernica, C. J. Takacs, D. Nordlund and C.-J. Sun,
Nat. Mater., 2019, 18, 256–265.

72 W. E. Gent, K. Lim, Y. Liang, Q. Li, T. Barnes, S.-J. Ahn,
K. H. Stone, M. McIntire, J. Hong and J. H. Song, Nat.
Commun., 2017, 8, 1–12.

73 R. A. House, U. Maitra, M. A. Perez-Osorio, J. G. Lozano,
L. Jin, J. W. Somerville, L. C. Duda, A. Nag, A. Walters and
K.-J. Zhou, Nature, 2020, 577, 502–508.

74 K. Du, J. Zhu, G. Hu, H. Gao, Y. Li and J. B. Goodenough,
Energy Environ. Sci., 2016, 9, 2575–2577.

75 X. Rong, J. Liu, E. Hu, Y. Liu, Y. Wang, J. Wu, X. Yu, K. Page,
Y.-S. Hu and W. Yang, Joule, 2018, 2, 125–140.

76 E. J. Kim, P. A. Maughan, E. N. Bassey, R. J. Clément,
L. A. Ma, L. C. Duda, D. Sehrawat, R. Younesi, N. Sharma,
C. P. Grey and A. R. Armstong, Adv. Energy Mater., 2021,
2102325.

77 M. Ben Yahia, J. Vergnet, M. Saubanère and M.-L. Doublet,
Nat. Mater., 2019, 18, 496–502.
Chem. Sci., 2022, 13, 6121–6158 | 6151



Chemical Science Review
78 R. A. House, G. J. Rees, M. A. Pérez-Osorio, J.-J. Marie,
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