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Na-ion batteries (NIBs), as one of the next-generation rechargeable battery systems, hold great potential in large-
scale energy storage applications owing to the abundance and costeffectiveness of sodium resources. Despite the extensive
exploration of electrode materials, the relatively low attainable capacity of NIBs hinders their practical application. In
recent years, the anionic redox reaction (ARR) in NIBs has been emerging as a new paradigm to deliver extra capacity and
thus offers an opportunity to break through the intrinsic energy density limit. In this review, the fundamental investigation
of the ARR mechanism and the latest exploration of cathode materials are summarized, in order to highlight the significance
of reversible anionic redox and suggest prospective developing directions.
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1. Introduction

Confronting the pressing energy and environmental chal-
lenges, energy storage technology is crucial in the ongoing
electrification process. As the most successful rechargeable
battery, Li-ion batteries (LIBs) have been powering portable
electronics for decades and hold great potential in the emerg-
ing electric vehicle market. However, the large-scale utiliza-
tion is limited by the scarcity and high cost of lithium. Na-
ion batteries (NIBs), promising candidates to supplement cur-
rent energy storage technologies, have been extensively in-
vestigated due to the abundance and accessibility of sodium
in recent years.!!'=5 The cathode material is the crucial com-
ponent in determining the electrochemical performance of
cells, including operating voltage and specific capacity. Lay-
ered transition metal oxides, polyanion compounds, Prus-
sian blue analogues are applicable NIB cathode materials,
and among which layered transition metal oxides are consid-
ered the most promising candidates and have received exten-
sive investigation.[®~1?! Delmas et al.!'3! classified the crystal
structure of layered transition metal oxides by the coordina-
tion environment of alkali metal ions as shown in Fig. 1(a):
“0” and “P” represent the octahedral and prismatic coordi-
nation, respectively, and “2” or “3” represent the number of
alkali layers in a unit cell. The conventional LIB transition
metal oxide cathodes, e.g. LiCoO,, are indexed with O3-type
structures, while the layered structure of NIB oxide cathodes
is more complex and diverse in TM component and structure,
which can be categorized into O2, O3, P2, and P3 types. [14-16]
Although NIBs work on a similar principle as LIBs, i.e.,

fCorresponding author. E-mail: rong@iphy.ac.cn
fCorresponding author. E-mail: yshu@iphy.ac.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac81ab

intercalation chemistry of alkali metal ions (A™), their prac-
tical application is hindered by the relatively low gravimet-
ric/volumetric energy density because Na‘t is heavier and
larger than LiT. In this context, the research of anionic redox
reaction (ARR) of Li excess cathodes is an inspiration because
the research in LIBs suggests that it provides extra capacity,
thus enabling higher energy density than conventional cationic
redox reaction. Conceivably, anionic redox offers an opportu-
nity for the development of high-energy-density NIBs.[!7-19]
In this review, we briefly outline the fundamental studies of
the underlying reaction mechanism, the progress of the an-
ionic redox-based NIB cathode materials, and the challenges
hindering practical applications, from which we highlight the
significance of reversible anionic redox and suggest prospec-
tive developing directions.

2. Fundamental of anionic redox reaction

The discovery of charge compensation by oxygen
redox in LipMnOsz (or Li(Lij;3Mny/3)O2) preludes the
extensive investigation of anionic redox chemistry in
LIBs, 29211 after which several Li-excess cathode materials,
eg., Li]_zNi().zMHObOZ and Li]_2Ni0.13C00,13Mn0.5402, also
deemed solid solutions of layered LiTMO; and Li;MnO3,
were reported to deliver extra capacity by anionic redox.!*?!
The typical voltage profiles (versus state of charge) of the
classical layered cathode LiCoO, and Li-excess cathode
Lij oNig>,Mny O, are compared, as depicted in Fig. 1(b).
During charging and discharging, the charge neutrality by Li
extraction/insertion is balanced by TM redox in the conven-
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tional layered cathode. In Li-excess cathodes, the oxidation of
stable Mn** has not been experimentally verified during de-
lithiation, while oxygen participates in the redox process at a
high voltage which provides partially reversible capacity dur-
ing cycling. The fundamentals underlying reversible anionic
redox have been widely investigated by theoretical studies in
recent years. As illustrated in Fig. 2(a), oxygen ions are co-
ordinated with 3 Li ions in the Li layer and 3 TM ions in the
TM layer in the structure of ideal Li-stoichiometric LiTMO,
where TM ions are octahedrally coordinated with 6 oxygen
atoms; O 2p orbitals hybridize with the TM orbitals along the
linear Li—-O-M configuration, forming o-type bonds.?3! The
linear combination of TM outer p, d, and s orbitals and O 2p
orbitals generates bonding molecular orbitals (MO) at a lower
energy level and antibonding molecular orbitals (MO*) at a
higher energy level (Fig. 2(b)).["°! For 3d transition metal ox-
ides, the bonding eg and anti-bonding e states arise from the
overlap between TM d,» —y2 d,> and O 2p orbitals; the bond-
ing all)g and antibonding a’fg states are generated from overlap
between TM 4s and O 2p orbitals; the bonding ttl’u and anti-
bonding tj, states stem from the overlap between TM 4p and
O 2p orbitals; the overlap between the TM dy,, dy,, and d,;
orbitals form ty, states. The antibonding ez, a’{g, t],» and tog
states have dominating TM character, while the bonding eg,
a'fg, and t©, states have dominating O character.?! The elec-
trons in the MO* states reversibly participate in the redox ac-
tivity by charging and discharging. With more than half of
the Li extraction from LiCoO,, irreversible lattice oxygen loss
was observed, which can be ascribed to the formation of holes
in the O 2p state.[>>) Researchers generally accept that such
an anionic oxidation process in charging is essentially irre-
versible and leads to electrochemical degradation, so that the
intrinsic voltage limit is determined by the energy of the O 2p
state. In Li-excess cathodes, 1/3 of the TM sites are occupied
by A ions in the Li,MnO3 phase, forming a so-called honey-
comb structure. *%! Seo et al.>3! demonstrated that the oxygen
2p orbitals are unhybridized (orphaned) in the direction of the
Li—O-Li configuration owing to the large energy difference
between the Li 2s and O 2p states as depicted in Fig. 2(c).
The non-bonding O 2p state participates in the redox and pro-
vides extra reversible capacity, the energy of which is located
below antibonding orbitals and on the top of bonding orbitals
(Fig. 2(d)). The nature of oxidized oxygen by anionic redox
during cycling is another crucial issue. Irreversible capacity
loss has been widely reported in the initial charging process as
depicted in Fig. 1(b). (O2)"~ species and even molecular oxy-
gen are formed in the first de-lithiation, leading to irreversible
reorganization of the oxygen network and cation migration to
stabilize the formation of O—O bonds; after the initial charg-
ing, (0O2)"~ species reversibly participate in the subsequent cy-
cling process.[?7-28]

To theoretically elucidate the reversibility of anionic re-
dox, researchers introduced the Mott—Hubbard theory: the
partially filled MO* band is split into a fully-filled lower-
Hubbard band (LHB) and an empty upper-Hubbard band
(UHB), as illustrated in Figs. 2(e)-2(g).['%*°! The d—d
Coulomb interaction term U is the energy gap between LHB
and UHB that increases from the left to right in the periodic
table and decreases from 3d to 5d transition metals. The
charge transfer term A represents the energy difference be-
tween bonding MO and antibonding MO*, determined by the
electronegative difference between the metal and anion ligand.
The reversibility of anionic redox depends on the interplay be-
tween U and A. For the situation U < A, electrons in fully-
filled LHB participate in the redox as in classical cationic re-
dox. For U /2 = A, the LHB overlaps with the non-bonding O
2p state, leading to reversible cationic and anionic redox and
MOg distortion and O-O shortening. For U > A, electrons
are directly removed from the non-bonding O 2p state located
above the filled LHB, resulting in reactive (O,)"~ species and
irreversible oxygen loss. From the discussion in terms of the
o-type hybridization, we summarize the prerequisite of re-
versible anionic redox for intercalation oxide cathodes: (i) the
formation of oxygen lone pairs and associated non-bonding O
2p states and (ii) rational modulation of the U and A terms of
the material (U /2 =~ A).
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Fig. 1. (a) Ilustration of the O3-, P2-, and P3-type crystal structures of NIB
cathodes exhibiting ARR, the oxygen of which has ABCABC, ABBA, and
ABBCCA stacking, respectively. (b) Comparison of conventional layered
oxide cathodes and A-excess oxide cathodes: typical voltage versus state
of charge profiles of cells with conventional LiCoO, cathode (blue) and Li-
excess Lij 2Nip2Mng 6O, cathode (yellow). The light color denotes the per-
formances of the 2nd cycle.

On the other hand, the metal-ligand 7-type interaction
has attracted wide attention in recent years, which was pre-
dicted to play a key role in anionic redox reaction.?% As
has been stated, the o-type overlap between TM dyy, d,, and
dy, orbitals (t2 states) and O 2p orbitals has been considered
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negligible.>3) However, Sudayama et al.'3!! demonstrated the
presence of 7-type interaction between TM tp, orbitals with
O 2p orbital. From the conventional perspective, TM and O
usually form ¢ bond with the o donation from oxygen, the
2p orbitals of which are fully filled; by O oxidation, instable
holes are formed in the O 2p orbitals and stabilized by 7 back-
donation from TM, termed as the (¢ + 7) multiorbital bonds.
Tsuchimoto et al.3?! experimentally studied the nonpolarizing
oxygen redox in NaMn3O7 and verified that the formation of
(0 + ) multiorbital bond stabilizes the O 2p holes thus leads
to better reversibility of ARR. Kitchaev et al.*3! also demon-
strated that the nonhysteretic excess capacity in NaMn3 Oy
and LiIrOj3 is a result of a network of mw-bonded TM d and
O 2p orbitals, TM migration is mitigated by which as well.
Song et al.®¥ also reported the Li—-O-Li axis indeed has 7-
type interaction with Mn tp, states in Li-excess cathode, which

() E

(c)

can account for the fact that the number and type of neighbor-
ing TM species significantly influence the ARR performance.
Zhang et al.’®) suggested that the 7-type metal-ligand inter-
action can trigger a new low-voltage oxygen redox activity,
which is distinct from the above-stated high-voltage oxygen
redox reaction of the nonbonding O 2p state. Although the
recent inspiring advances of the fundamental knowledge of-
fer new perspectives of the anionic redox reaction mechanism,
more experimental researches in atomic level is highly desired
for in-depth understanding and validated this concept in more
SIB anionic redox cathode materials with diverse TM compo-
sition and structure. In a word, investigating the fundamental
mechanism underlying ARR can provide critical insights for
researchers to explore strategies of designing and modifying
ARR cathode materials.
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Fig. 2. (a) Local coordination environment of oxygen consisting 3 Li-O-TM configurations and (b) the schematic diagram of the band structure in
Li-stoichiometric LITMO;. (c) The local coordination environment of oxygen consisting one Li—O-Li and two Li—-O-TM configurations and (d)
the schematic diagram of the band structure in the Li-excess Li,MnO3. Reproduced with the permission from Ref. [23]. Copyright ©2016, Nature
Publishing Group. Schematic diagram of the band structure in Li;MnO3 considering the Mott-Hubbard splitting in the condition of (e) U < A, (f)

U/2~ A, and (g) U > A. Reproduced with the permission from Ref. [19]. Copyright ©2018, Nature Publishing Group.

3. Progresses of anionic redox based NIB cath-
odes

Inspired by studies in LIBs, the as-described anionic re-
dox has emerged as a promising paradigm to break through the
intrinsic energy density limit of NIBs. Figure 3 summarizes
the average discharge voltage (versus Na™/Na’) and attain-
able capacity of several NIB cathodes based on pure cationic

redox and pure anionic redox or cumulative cationic and an-

ionic redox; the latter is significantly advantageous in raising
the battery’s energy density and even drawing near the per-
formance of LIBs. Although the NIBs work on the same in-
tercalation principle as the LIBs, the counterparts of the two
systems are not exactly comparable. As has been stated in
terms of the classification of layered oxides, layered cathodes
for LIBs (including Li-excess materials) usually have O3-type
structures where “O” and “3” represent the octahedral coor-
dination environment of alkali metal ions and the ABCABC
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stacking, respectively.!'3] Different from the Li counterpart,
the crystal structure of anionic redox NIB cathodes is more di-
verse. Sodium oxide cathodes exhibiting anionic redox can be
synthesized in different structures, including not only the O3-
type but also the P2 and P3 structures (Fig. 1(a)), where “P”
indicates the prismatic coordination environment of the alkali
metal ion, and ‘“2” and “3” indicate the ABBA and ABBCCA
oxygen stacking, respectively.

A-rich compounds with the general formula
A[A,TM|_,]Oy (x # 0) are widely accepted as ARR cath-
odes, including A, TMOs3 isostructural with Li;MnOs, as well
as AsTMOg, etc. The anionic redox reaction in such materials
can be interpreted by the above-stated A—O—A configuration
(Li—-O-Li or Na—O-Na), along which the nonbonding O 2p
state is formed. Deduced from the universal octet rule, four
electron pairs are needed in the oxygen valence shell for sta-
bilization. The x stoichiometry of A[A,TM|_,]O; is directly
related to the number of oxygen lone pairs. For typical com-
positions ATMO, (x = 0), A,TMO3 (x = 1/3) and AsTMOg
(x =2/3) with order cationic arrangement, the average coordi-

nation numbers of TM around O are 3, 2, and 1, respectively,
leading to O, 1, and 2 oxygen lone pairs per oxygen in unit
structure. Yahia er al.!*! applied the term, number of holes
per oxygen (h°), to quantify the reversibility of anionic redox
reaction and suggested that /° = 1/3 is the critical value to
avoid irreversible lattice oxygen release. The charge trans-
In this
regard, to minimize the irreversibility of ARR and optimize

fer term can also determine the number of holes.

the battery energy density, cumulative cationic redox capacity
and anionic redox capacity are limited to #/° < 1/3. As for
Na-excess compounds, only limited O3-type cathodes are re-
ported to exhibit ARR, mainly 4d and 5d TM-based materials
including Na,RuO3, #3491 Na,1r03,1%% and derivatives, e.g.,
NazRul_ySnyO3,[5” and Nal,zMno,4II‘o,402.[52] Although the
strong covalency of Ru—-O and Ir—O bonding enables highly
stable anionic redox, the practical application of 4d and 5d
TM-based cathodes is hindered by their high cost and low
abundance. However, the Li;MnOs3 counterpart NayMnO3
material is hard to obtain owing to the large size mismatch

between Mn** (r = 0.53 A) and Na® (r = 1.02 A).

300
P2—Nayg 75Lig 54Mng 7604 Li,MnO,LiTMO,
2501~ P2—Nay/3Mgg 5sMng 750,
T 03—NalLi; ;sMny 50 : :
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: P2—Nay 5Nig 25Mnjg 750, . .
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Fig. 3. Comparison of the specific discharge capacity and average discharge voltage (versus Nat/Na®) of reported oxide-based NIB cathode materials
based on different redox mechanisms.**~#7] The performance of layered and Li-excess oxide cathodes for LIBs (with Li metal as the counter and

reference electrodes) are also displayed as references.

The term TM/O is utilized by Zhao et al.!>! to character-
ize the ARR performance since it is directly related to the oxy-
gen coordination environment; figure 4 illustrates the struc-
tural evolution of ARR electrodes with different TM/O ratios,
in which the A-excess compounds are listed. However, the
unexpected region in 1/2 < TM < 1/3 marked in violet rep-
resents the important NIB cathodes exhibiting ARR in addi-
tion to A-excess compounds, namely the Na-deficient phase.

In this case, it should be noted that the specific discharge ca-
pacity of Na-deficent cathodes can be higher than the charge
capacity owing to the extra Na™ intercalation after the first
charging process, accompanied with the reduction of Mn**
to Mn>* as charge compensation mechanism at low operating
voltage.[7:1754]

As one of the distinguishing features of anionic redox-
based NIBs, Na-stoichiometric and many Na-deficient 3d TM-
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based cathode materials were reported to show reversible an-
ionic redox activity, e.g., 03-NaLij /3Ti; sMn; 504,536 P2-
N212/3Ni1/31\/h12/302,[55’56J P3-Na0_6Li0_2Mn0‘602,[57] and the
hybrid P-O system Na,Mn3O7 (or Nay/7Mng/701/702, U
denotes vacancy).[3>81 Anionic redox cathodes have exhib-
ited other interesting features in addition to their high spe-
cific capacity. Rong et al.’”) reported the high structural
and reaction stability of P3-Nag¢[Lip.2Mngg]O, owing to
the immobile nature of cations in the TM layer and stabi-
lized O-O dimer. ARR in P2-Nag 7;[Lig24Mng 7410, was re-

ported to stabilize the structure of P2-Nag 75[Lip.24Mng 76]02
in desodiation by suppressing the P2-O2 phase transition
and mitigating volume change as a result of the reduced
Coulombic repulsion of oxygen layers.[*!l Na,Mn3;0; dis-
played rather low voltage hysteresis compared with Li-excess
cathodes, which was attributed to the hole stabilization. 32-00]
P2-Na, 3Niy 3Mn; 30,, whose charge compensation mecha-
nism was once controversial, exhibited superior air stability

and electrochemical reversibility with a strong ARR.[61:62]

Decreasing TM in A-deficient oxides
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Fig. 4. Structural illustration of reported ARR electrodes with different TM/O ratios. Reproduced with the permission from Ref. [53]. Copyright

©2018, Elsevier B.V.

In these Mn-based NIB cathodes, cation mixing between
the Na and TM layers is unfavorable owing to the size mis-
match between Nat and Mn**, so the Na-O—Na configura-
tion is unlikely to exist as the Li—~O-Li configuration in the
cation disordered LIB cathode. In the absence of the Na—O-
Na or Li-O-Li configuration, the underlying mechanism of
anionic redox in the Na-deficient/stoichiometric materials is
an intriguing problem. As has been widely reported, substitu-
tion of electrochemically inactive species for TM is an effec-
tive method to generate oxygen lone pairs and the non-bonding
O 2p state. Li, inactive d® metal species (e.g., Mg (3s®) and Zn
(4s?), to be referred to as M), and O (vacancy) are widely
reported electrochemically inactive species to form Na—O-Li,
Na-O-M’, Na-O-0J, O0-O-Li, 0-O-M’, and (-O- config-

urations that generate the non-bonding O 2p state.[37:40:33,65]

Additionally, the Mg—O-Mg configuration was also reported
to be formed by introducing Mg in both Na and TM lay-
ers, promoting reversible oxygen redox.[®! Figure 5(a) sum-
marizes the possible configurations contributing to anionic re-
dox. In this regard, the design and tailoring of anionic re-
dox cathode materials for NIBs are much more flexible and
diverse than those for LIBs. On the other hand, the reversibil-
ity of lattice oxygen redox is another intriguing problem that
is highly related to electrochemical performance. Studies in
recent years have demonstrated the critical role of the TM
layer ordering or superstructure in anionic redox reversibility.

For instance, de Boisse et al.[*!

revealed that the honeycomb
cation ordering in NayRuO3 is a structural requisite condition
for stable oxygen redox reactions. House er al.!%] exhibited

the effect of Li—-Mn ordering in the TM layer (Fig. 5(b)) and
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determined the first-cycle voltage hysteresis: the honeycomb
ordering in Nag75[Lig.25Mng75]0, was disrupted by the in-
plane Mn migration that induced O, formation in charging and
changed the local coordination of O?~ in discharging, while
the ribbon superstructure in Nag ¢[Lig »Mng g]O; inhibited Mn
migration and suppressed O, formation and stabilized elec-
tron holes on O?~. Furthermore, Gao ef al.[0 investigated
the stacking features in P2- and P3-Nag ¢Lig2MnggO, with
ribbon superstructure and revealed the key role of topological
protection provided by the —ot—y— stacking in enhancing the
anionic redox reversibility. In short, the structural and chemi-
cal versatility offers vast possibilities in the exploration of an-
ionic redox based oxide cathodes for NIBs.

(a) A/M layer | - ": b - L '::‘:\) | -
/S /
v w v v w
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A/M layer - “w |- L (\_’,‘ '.\ ’/'
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Fig. 5. (a) Schematic illustration of the possible configuration generating
oxygen lone pairs in NIB cathodes. (b) Illustration of Li/Mn ordering in the
TM layer in the Mn-based NIB cathode: honeycomb superstructure (left) and
ribbon superstructure (right). [63-64]

Despite the high capacity and energy density enabled by
anionic redox, some issues, e.g., capacity fade and voltage
hysteresis hinder their practical application.[%”! Electrochemi-
cal degradation is related to irreversible lattice oxygen release
and structural transformation induced by lattice reorganization
cation migration.?”-?8] On the other hand, exothermic side re-
actions take place between the released molecular oxygen with
the organic electrolyte and electrode materials, which gener-
ates more gas species and leads to safety hazards. In-depth
investigation of the irreversible anionic redox reaction and the
degradation mechanism is desired to build a robust NIB with a
high energy density. The development of advanced character-
ization techniques has promoted intensive research in recent
years, especially the emerging synchrotron-based techniques
and in-situ operations.[%®! For the oxygen redox activity, “con-
ventional” x-ray photoelectron spectroscopy (XPS) and x-ray
absorption spectroscopy (XAS) have been widely employed
to characterize the electronic structure of materials. The XPS
is, however, surface sensitive, while the XAS is both surface
(electron yield) and bulk sensitive (fluorescence yield). In-situ
and ex-situ soft XAS (sXAS) technique has been widely ap-
plied to analyse the in-depth mechanism of oxygen activities,
especially the redox of oxygen species, by characterizing O

K-edge spectra. Despite that, the pre-peak of O K-edge soft
XAS essentially reflects the hybridization of TM 3d and O 2p
states with dominating TM 3d character.!%%701 In this context,
resonant inelastic x-ray scattering (RIXS) has emerged as a
powerful and reliable tool for analyzing oxygen redox activity,
which can distinguish the oxidized oxygen state from TM 3d
character.!°"71] In terms of the oxygen redox byproducts, the
O-0 species can be detected by the electron paramagnetic res-
onance (EPR) and the Raman spectroscopy, which are sensi-
tive to the O—O vibrations;">73! in-situ DEMS can effectively
monitor the gas generation during cycling, including the irre-
versible lattice oxygen release.!”#! For structure characteriza-
tion, more sophisticated information (e.g., local ordering) can
be provided from methods beyond the “conventional” labora-
tory x-ray diffraction (XRD), including synchrotron XRD and
neutron diffraction;!”>76! the pair distribution function (PDF)
from neutron total scattering enables direct detection of the
interlayer O—O distance and TM—O bond length. [50-%-71.77.78]

4. Conclusion and perspectives

As a promising rechargeable battery system, NIBs offer
sustainability and diversity for the energy storage technolo-
gies, especially on a large-scale application due to the natu-
ral abundance and low cost of sodium (Fig. 6); however, they
suffer from intrinsic limited energy density. The anionic re-
dox reaction (ARR) is an emerging paradigm of NIBs that
provides extra capacity beyond cationic redox and enhances
the operating voltage. In this review, we briefly outlined the
latest research progress on NIB cathodes based on ARR, in-
cluding fundamental studies and material exploration. ARR-
based NIB cathode materials exhibit structural and chemical
versatility, which enables diversity and flexibility in explor-
ing and designing new materials. Considering the large-scale
application scenarios for NIBs, 3d TM-based compounds are
conceivably the preferred choice from a practical point of
view, while the scarcity and expense of 4d/5d TM elements
will undermine the significant advantages of NIBs in terms
of cost and accessibility. A-deficient Na-Mn—O is one of the
most competitive systems, in which various approaches were
taken to enhance ARR, such as the substitution of electro-
chemical inactive species for TM; the extensive utilization of
environmentally friendly elements, e.g., Ti and Fe need fur-
Although ARR offers attractive high ca-
pacity, challenges and uncertainties remain and overshadow

ther exploration.

the prospects. Irreversible lattice oxygen release and com-
plex phase evolution are longstanding issues in the desodia-
tion process of many ARR-based cathodes that induce capac-
ity loss, voltage fading and hysteresis.!®°! Modification strate-
gies can bring some improvement. For instance, substitution
(e.g., Fe, Co) in the TM layer, doping of electrochemical inac-
tive species or 4d/5d TM were reported to stabilize the struc-
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66.81.82] surface coating with inactive

ture and oxygen network;!
compounds, e.g., Al,O3, was reported to suppress lattice oxy-
gen release related side reaction.!®3 Except material design,
innovative and ecomomical strategies should also be explored
to develop high-energy-density NIB in technical aspects, e.g.,
presodiation. (8351 Beyond that, fundamentally understanding
ARR is paramount. Therefore, developing advanced charac-
terization methods is urgently needed, especially for in-situ
and bulk studies; the 4d/5d TM-based cathodes are also sig-
nificant model compounds to experimentally obtain a funda-

mental understanding. 1!

E 10° ™
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5 102 5 nm [ .
n [ ] ]
< 10'+
3
m 100 u
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o 1071 .
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Fig. 6. Illustration of elemental abundance in the Earth crust; alkali metals
(Li and Na), 3d, 4d, and 5d transition metals reported to comprise Li/Na-
based cathodes are listed. The horizontal dashed line denotes 10° ppm.[7*]
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