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Rechargeable sodium-ion batteries (SIBs) have attracted a surge of interest as one of the most promising
candidates for large-scale energy storage owing to their abundant natural resources and relatively high
economic efficiency. However, the energy density provided by redox from transition metal ions has
already been substantially studied and is approaching its limits. It is promising to break through the
dilemma from a new aspect. Recently, the transformational anionic redox that has been widely
investigated in lithium-rich layered cathodes has also been applied in SIBs; it has turned out to be an
effective way to achieve worthwhile specific capacity and peculiar structural evolution. It is noteworthy
that the anionic redox reaction can occur in both Na-deficient and Na-rich materials, which is different
from that in lithium-ion batteries. This suggests that new electrochemistry could emerge in Na-based
materials, providing opportunities to discover advanced materials and new chemistries. In this review,
a systematic overlook of the published research on anionic redox in SIBs is provided, along with
a discussion on the related theories that explain the mechanism of activating and stabilizing the anionic

redox activity. Furthermore, current challenges and possible approaches for improvements are outlined.
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Accepted 9th September 2019 Further, we have summarized a variety of characterization techniques for investigating the anionic redox

process. It is hoped that this review could further the understanding of the anionic redox activity in SIBs
DOI: 10.1039/c9ta063899 and provide an impetus to the development of advanced electrode materials for fabricating high-

rsc.li/materials-a capacity SIBs that utilize the anionic redox reaction.
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for energy consumption is booming. It is necessary to search for
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prevailing and integrated into the grid, it has become essential
to improve the technology for large-scale energy storage.'
Commercialized lithium-ion batteries have been widely utilized
in electronic devices and power equipment, but the limited and
maldistributed natural resources along with the increasing
price of raw materials due to soaring market demand limit the
application of lithium-ion batteries in large-scale energy
storage.>® Recently, sodium-ion batteries (SIBs) have been
extensively studied because of earth-abundant and widespread
sodium resources and the low cost facilitated by mature
extraction technologies.*® The practical applications of SIBs
need to overcome the obstacle of the relatively small capacity of
cathodes. Extensive studies have been reported to introduce
outstanding electrode materials with various strategies such as
doping modification, surface treatment, and composite
construction.”*> The capacity obtained from cationic redox is
close to the theoretical value and can only be increased from
other strategies such as introducing anionic redox reac-
tions.”*™ In fact, anionic redox has been developed early in
lithium-ion batteries since lithium-rich materials have been
found to deliver extraordinary capacity exceeding the theoretical
values.” ™ This strategy has been recently applied to SIBs and
several related articles have been published.”** However, the
intrinsic origin of the reaction mechanism is still under debate
and it seems improper to completely transpose the theories of
anionic redox from Li- to Na-based systems.>****” Therefore, it is
appropriate to provide a summary of the published articles on
anionic redox in SIBs and facilitate a better understanding of
the fundamental principles of anionic redox reactions.

In this review, we will first simply retrospect the emergence
and development of anion redox. Then, the current funda-
mental science and theories will be introduced, including trig-
gering requisite, redox mechanism, as well as reversibility.
Earlier studies involving anionic redox in SIBs will be system-
atically revisited at a later stage, catering to electronic/crystal
structure, electrochemical performance, redox mechanism,
and structural evolution. After analyzing the present challenges
and possible approaches for reversible anionic redox in SIBs,
a variety of effective characterization techniques will be
discussed.

1.1 Emergence and development of anionic redox

The history of anionic redox, particularly in terms of the
underlying science, can be traced back to the original sulfide
electrode. Rouxel et al. pioneered a theory of ligand-hole
chemistry in sulfides, such as TiS; and FeS,.”® In these mate-
rials, sulfur can stabilize in a more oxidized state than S*>~ since
the transition-metal (TM) d band penetrates into the ligand sp
band such that some of the sp electrons get poured into the
d band, leaving behind holes. Since oxides are not as covalent as
sulfides, anion redox in oxides was not conceived until the
successful preparation of fully delithiated Li,CoO,, where it was
found that Co was not fully oxidized to 4" and the O-O inter-
planar distances were observed to be shortened.*® Based on the
above results, the participation of oxygen in the redox action
was proposed and supported by theoretical papers predicting
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oxygen as the electron donor rather than TMs in LiAl,_,Co,
0,.3**" However, an unusual phenomenon remained neglected
for a long time until the pivotal exploration of Li,MnOj; or also
known as Li[Li;;sMn,/3]O,, wherein one-third Mn in the T™M
layer was replaced by Li in an ordered honeycomb-type
arrangement." This compound contains excess Li than usual;
therefore, it was later termed as Li-rich layered oxides. Because
the Mn(v)/Mn(wv) redox couple lies far below the top of the O 2p
bands, it is believed that the octahedral-site Mn(v) states in
oxides are not possible.**** The electrochemical activity of
Li,MnO; can only be ascribed to the oxygen activity."®**
Researchers have proposed several possibilities to explain this
phenomenon, including irreversible oxygen loss with surface
densification,**® oxygen release and reaccommodation,®” and
bulk lattice oxygen redox.’®** Anionic redox together with
additional Li ions have remarkably increased the reversible
capacity from a new perspective; this intriguing discovery has
sparked the extensive attention and related research such
involving Li,RuO3, Li,IrO3, and a series of extended materials by
partial chemical substitutions.'***** There are several questions
under intensive debate, namely, what is the pivotal requisite to
activate anionic redox, details of how oxygen ions contribute
toward charge compensation, and how the structure evolves
during the redox process.’’**** Along with the rapid develop-
ment of SIBs, it is envisaged that the application of oxygen redox
reactions will not be limited to LIBs and the strategy of Li
substitution could be extended to other elements.****” Based on
this concept, a number of materials have been reported, and
they have demonstrated excellent performances. This provides
a new possibility for SIBs to be practically applied to large-scale
energy storage applications.>®***°

2. Fundamental science and
mechanism of anionic redox

From the perspective of energy band theory, the energy band
structure of Li-/Na-based layered TM oxides mainly involves
orbital overlaps between the d orbitals of TM and p orbitals of
oxygen, which is reflected in the energy spectrum as the
bonding (M-O) and antibonding (M-O)* bands.*® In general,
the antibonding (M-O)* band near the Fermi level provides
electrons with holes left upon charging, which is the case for the
earlier single-cationic redox.*® The capacity obtained from
traditional single-cationic redox is limited because the anti-
bonding (M-O)* band is the only source of electrons. The
stabilized bonding (M-O) band is the basis for maintaining the
structural integrity of materials and therefore cannot provide
electrons (Fig. 1a).**

Some conventional layered oxides (LiMO,) are found to
undergo anion redox in lithium-ion batteries, represented by
LiCoO,. Generally, TMs on the right-hand side of the periodic
table, such as Co, Ni, and Cu, have large electronegativities and
have highly covalent bonds with oxygen, leading to the overlap
between M(d) and L(p) states. When Li is extracted from Lix-
Co0,, the Fermi level gets pinned on top of the L(p) band and
electron transfer occurs on the ligand, namely, anionic redox.
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Recently, some special structures have been found to have
unusual band structures, and their common feature is the
introduction of the nonbonding oxygen state.’> It is widely
known that three 2p orbitals of oxygen participate in the
formation of the M-O bond in classical AMO, (A: alkali
metal; M: TM) materials.”® However, in some special materials
(e.g., the early discovered lithium-rich Li,MO3), since one-third
of the TMs are replaced by Li, one of the oxygen 2p orbitals
directed toward Li is weakly bonded due to the comparatively
small overlap between the O 2p orbital and Li 2s orbital.*®** This
will induce a new energy level located above the bonding (M-O)
band in the band structure, which can be utilized for providing
excess electrons and delivering capacity along with circum-
venting structural deterioration.> This mechanism is termed as
the Li-O-Li configuration, and the specific O 2p orbital is also
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sometimes called the lone-pair oxygen or the unhybridized O 2p
state.> The average number of oxygen lone pairs is determined
by the x stoichiometry of A[A,M;_,]O,. When x is up to 2/3, only
one TM on average is around the oxygen, leaving 2 lone pairs per
oxygen.** In addition to Li-O-Li, there are some other configu-
rations that can also induce the formation of nonbonding
oxygen. For Nay;[Mgi3Mn,;3]0, and Nay,[[14/7,Mng;]0,,
a portion of the TMs are replaced by alkaline-earth metals and
TM vacancies, respectively, both of which limit the orbital
overlaps and increase the oxygen lone pairs.>*****” This can
partially explain the reason why anionic redox can also be
triggered in materials with no excess of A (Fig. 1b).

The above discussion reveals the importance of nonbonding
oxygen, which is a prerequisite for initiating anion redox.****>
It should be pointed out that the possibility of realizing dual-
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Fig. 1 (a) Schematic electronic structures of AMO, (x = 0), A,MOsz (x = 1/3), and AsMOg (x = 2/3), where |O,5 and |O5, lone-pair states are
highlighted by red bands. (b) ELF computed from the first-principles DFT+U calculations (isovalues of 0.7) for Li[Li;;3M5/310, (M = Mn, Ru, Sn),
showing an equivalent number of oxygen lone pairs per oxygen (one |Os and one |O,p). For Nay3IMgy3Mn,310,, the apparent Mn/Mg
substitution can be seen as Na/Mg substitution (Mg®* acting as 2Na™ in charge compensation); therefore, the material stoichiometry is x = 1/3
("A;MO3"). For Nay/7[[d1,7Mng710,, one and two oxygen lone pairs per oxygen occur in the Mn-rich (orange) and Mn-poor (red) O environments,
respectively. (c—e) Taking Mott—Hubbard splitting into account, the Li,MOsz band structure is further classified under three cases. (f) Schematic
representation of the three different redox activities of a TM oxide along with the associated Lewis structures of the oxygen species.
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band redox to obtain additional capacity is closely connected to
the relative positions of the O 2p nonbonding and (M-O)*
antibonding bands.** It can be qualitatively described in the
Mott-Hubbard vs. charge transfer regimes, which are a function
of U/A.°* Here, 4 is the charge transfer term, which refers to the
energy difference between (M-O) and (M-O)*. Its value is
related to the difference in the electronegativities between M
and O, reflecting the ionic-covalent nature of the M-O bond.
The smaller its value, the more covalent is the bond. Here, U
represents the coulombic interaction term, which represents
the electron repulsive force within d orbitals, inversely propor-
tional to the orbital volume.*® The localized electrons cause the
original (M-O)* band to split into two separate bands, namely,
the upper-Hubbard band (with no electrons) and fully occupied
lower-Hubbard band, termed as UHB and LHB, respectively; the
difference between them is U. At this point, the relative position
of the LHB and O 2p nonbonding band is directly linked with
the values of U vs. 4. There are three situations. When U < 4,
corresponding to the case of strong ionic M-O bonds, the LHB
is far above the O 2p nonbonding band (which is closer to the
Fermi level) from which electrons are exchanged. This is the
case of classical one-band cationic redox (Fig. 1c). For U > 4,
the system is highly correlated and the O 2p nonbonding band
is located closer to the Fermi level than the LHB. Electrons are
removed from O 2p bonding upon charging, creating highly
reactive (O,)" species that cannot be stabilized through M-(0,)
covalent interactions. The unstable (O,)"" species may attack
the electrolyte or decoordinate the TM and subsequently
undergo reductive elimination to result in O, release.’” This
accounts for many irreversible phenomena observed in re-
ported materials, such as the gradual disappearance of plateaus
and capacity and voltage fading (Fig. 1e).3*3*%5-¢

Finally, a special case of U/2 = 4 leads to overlapping
between the LHB and O 2p nonbonding band, which corre-
sponds to the situation in which both the bands can provide
electrons and realize dual-band redox to yield additional
capacity. Under this circumstance, the removal of electrons
results in a metastable degenerated Fermi level. The so-called
TM-driven reduction coupling mechanism is proposed to
bypass instability to achieve reversible anionic redox (Fig. 1f).>*
The reorganization of the oxygen network, similar to Jahn-
Teller distortion that lowers the symmetry of the structure,
splits the O 2p nonbonding band to stabilize the (O-O) peroxo-
like species owing to the pivotal M-O covalent bonding.**** This
mechanism is inevitably accompanied with metal reduction
and decrease in the O-O distances, which accounts for the
commonly observed distortion of MOg octahedra in many re-
ported anionic redox materials (Fig. 1d).'*?***#:33¢1 [ this case,
the M—(0,) covalency turns out to be an absolute condition for
reversible anionic redox and to prevent oxygen loss from the
structure at higher states of charge. Another charge compen-
sation mechanism is the generation of localized electron holes
on O atoms that is coordinated by the metal and alkali metal
ions, leading to the localization, and not the formation, of
stable peroxide O,>” species. Reversible anionic redox was
verified in Li-rich NMC by means of '®0-labelled operando mass
spectroscopy, which confirmed no O, evolution.* It is

This journal is © The Royal Society of Chemistry 2019

View Article Online

Journal of Materials Chemistry A

noteworthy that the significant M-O bond covalency is closely
related to the metal-ligand combinations. It is reasonable to
assume that as compared to oxygen, sulfur is more likely to
participate in the redox reaction, because sulfur is less elec-
tronegative than oxygen; further, it is easy to form highly
covalent bonds between a metal and ligand to stabilize the
structure.

It is conceivable to design theoretically feasible reversible
anion redox materials by rationally selecting the metal-ligand
combination and balancing the relative values of Uand 4. It has
been proposed that compared with 4d and 5d metals, there is
a deficient overlap between the M 3d and O 2p orbitals for the
reduction coupling mechanism to occur.” Theorists have also
verified this through theoretical calculations of the enthalpy of
the oxygen release reaction for all the 3d, 4d, and 5d metals.*
The results are consistent with the above conclusions that the
difficulty of stabilizing oxygen holes is greater with 3d metals
than those with the 4d and 5d ones. Of course, considering
economic efficiency, 3d TM oxides are still worth studying, with
the purpose of improving reversibility through artificial
modulation.

3. Latent anionic redox electrode
materials
3.1 Materials based on 3d metals

3.1.1 Mn-based layered oxides. The first type is the tradi-
tional layered oxide doped with other TMs; related research has
found that they exhibit novel capacity that exceeds the theo-
retical value of charge compensation obtainable from TMs. The
excess capacity can be ascribed to the contribution from oxygen
redox.”***® It is intriguing since most of these materials are Na-
deficient layered structures, and the underlying mechanism
needs further exploration. Na,Ni,Mn;_,O, layered oxide is
a typical example, which has a flexible structure with different
stacking configurations and has been extensively studied as
a promising cathode material with abundant elements as well
as high reversible capacity and operating voltage. Komaba and
co-workers reported that O3-type NaNi, sMn, 50, could deliver
reversible specific capacity of 105-125 mA h g~ ' in the voltage
range of 2.2-3.8 V, as shown in Fig. 2(a).*® When the upper
cutoff voltage turned to 4.5 V, the capacity increased up to
185 mA h g ', which was expected to originate from the
contribution of oxygen to charge compensation. However, the
capacity quickly faded, which was explained by electrolyte
decomposition. Ma et al. introduced P2-type layered Nag g
Niy23Mng 690, and combined a series of spectroscopy tests to
inquire into the charge compensation mechanism.*® As
exhibited in Fig. 2(b), the potential slope region was derived
from the Ni** to Ni*" redox couple, while oxygen anions
participated in the redox process during the plateau in the high-
voltage range, which provides additional capacity of
60 mA h ¢~ . The oxidation of lattice oxygen occurs along with
a gradient of TM oxidation state along the direction from
surface to bulk and structural evolution appearing at the
particle surface. In order to facilitate the reversibility of anionic
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Fig. 2 (a) Initial charge—discharge curves of the sodium/NaNig s-
Mng 505 cell at the rate of 1/50C (4.8 mA g~ in the voltage ranges of
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performance of Nage;Mng 75Nig 250, and its doping contrast at 0.1C
after 3 cycles at 0.05C.

redox and improve the cycling performance in Nag¢;Mng 75-
Nij »50,, Kong et al. proposed to carry out synergetic Cu and Mg
codoping.®® As shown in Fig. 2(c), the cycling stability was
apparently enhanced when compared with that of the bare
counterpart. The synergetic effect of Cu/Mg codoping shortens
the distance between the oxygen and TMs, increasing the
bonding energy and improving the anionic redox reversibility.
The X-ray photoelectron spectroscopy (XPS) results revealed that
the content of peroxo-like 0,>~ species increased after codop-
ing; the same trend was observed with the lattice O/surface O
ratio.

Another interesting strategy is to replace partial Mn with
alkali metal ions.>"***"%7 As shown in Fig. 3(a), Du et al
studied P3-type Nage[Lig,Mngg]O,, which exhibits a long
voltage plateau at 4.1 V and splendid reversible capacity within
a voltage window of 3.5-4.5 V.?* Since the Mn redox potential is
out of this voltage range, it is convenient to investigate anionic
redox, which is probably the only reasonable resource for the
observed capacity. The generation of holes on the O 2p bands
was proven by the XPS results. The gradual fading of the plateau
indicates that the oxidation of the O 2p bands is irreversible
with the possibility that the holes may be stuck in the peroxide
ions due to formation of an amorphous phase. Based on the
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above work, Rong et al. further explored P3-type Nag¢[Lig.,-
Mn, g]O, to gain an insight into the role of oxygen in the redox
process by means of X-ray and neutron total scattering, as
shown in Fig. 4(a) and (b).”* The interlayer O-O distance was
directly detected by the neutron pair distribution function
(PDF) technique and was effectively matching with the peroxo-
like O-O dimer (~2.5 A), which experimentally validated the
existence of O-O pairs associated with oxygen redox. The total
scattering data were also refined to determine the structure of
the desodiated samples. The refined result that states that the
oxygen site occupation is almost unity indicates marginal
structural oxygen loss, confirming that Na, ¢[Liy ,Mn, 3]0, has
superior structural stability toward the oxidized oxygen ions,
which is different from that in Li-rich compounds. Rather than
the earlier reductive coupling mechanism, crystal structural
factors were proposed as the key to stabilizing the peroxo-like
species since the covalency of Mn(3d)-O(2p) is not as strong
as that of M(4d,5d)-O(2p). As compared to the O-type structure,
the P-type structure has longer interlayer distance due to the
relatively large-sized triangular prism of the Na site, ensuring
sufficient free space to achieve O-O dimerization. In order to
improve the electrochemical performance, Rong et al. later re-
ported P2-type Nag ,5[Lip24Mng,6]O, with higher sodium
content and broader voltage range, which exhibited extraordi-
nary energy density (~700 W h kg™ ", ~270 mA h g~ ', 1.5-4.5 V)
attributable to both Mn**/Mn"* redox and oxygen redox.” The
minimal volume change in the global P2 structure was found
after the complete deintercalation of Na* ions, which could be
attributed to the excellent structural stability. The interslab
distances determined from the in situ XRD change by a small
degree during Na deintercalation because the electrons are
removed from the oxidation of oxygen, reducing the repulsive
force between the O 2p orbitals, which is below the activation
energy needed for slab glide. It was revealed that anionic redox
could stabilize the structure in addition to its already known
advantage of increasing the capacity. The shortening of the
length of the anionic redox plateau was attributed to the
possible side reactions between the unstable oxidized species
and electrolytes in the high-voltage window. High-capacity
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Na(Li;;3Mn,;3)0, was reported by Kim et al, which was
systematically designed by first-principles calculations.” The
Li/Na mixing enthalpy was presented as a function consid-
ering the substitution preference of Na in the Li counterpart
Li,MnOs;. The PDOS demonstrated that a portion of the O 2p
orbitals was above the Mn 3d orbital. Therefore, the predicted
unhybridized states (O 2p nonbonding band) verify the oxygen
redox activity, as shown in Fig. 5(a)-(d). In Fig. 5(e)-(h), the
spatial electron distribution (SED) shows that the presence of
the isolated electron densities of the O 2p orbitals exhibits the
characteristics of oxygen lone pairs with a linear shape along
the Na-O-Li direction, similar to the Li-O-Li configuration
observed in the same energy range earlier. During des-
odiation, the change in the electron density of the O 2p
orbitals around the vacancy implies that the labile Na-O-Li
participates in charge compensation. Yabuuchi et al. prepared
P2-type Nas[Li;4Mn;,4]O, and utilized the ion-exchange
method to synthesize its O,-type counterpart Li,[Li;;;Mnjz4]
0O, with glided TM layers and maintaining the in-plane cation
ordering.”” The electrode performances were determined and
compared for both Na- and Li-based systems. Both the
samples deliver large reversible capacity of around
200 mA h g, regardless of the difference in the charge
carriers. A structural analysis indicates that in-plane
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Fig. 5 Electronic structures in Na(Li;sMny,;3)O5 and Li(Li;sMny,)O5. (a)
and (c) Combined graphs of the partial densities of states (PDOSs) of Mn
3d orbital electrons (purple) and O 2p orbital electrons (red) in the fully
sodiated Nal(Li;;sMny,3)O, and fully lithiated Li(Liy,zsMny/3)O,, respec-
tively. The PDOS of Mn in both the oxides exhibits d,,, d,,, and d,,
orbitals in the t,q band (spin-up electrons, tzgs). Spatial electron distri-
bution in the occupied band from —8 to —2 eV for (b) Na(Lii;sMny,/3)O,
and (d) Li(Liy;sMn,/3)O,. Local spatial electron distribution in the occu-
pied band from —2 to 0 eV (Fermi level) for the two kinds: (e) O in the
black circle and (f) O in the red circle from Fig. 5(b) of the O coordinated
by three Na, two Mn, and one Li in the structure of Na(Li;;3sMn,,3)O,, and
the distribution in the same range for the two Os: (g) O in black circle
and (h) O in red circle from Fig. 5(d) of O surrounded by four Li and two
Mn in the structure of Li(Li;;sMny,z)O5.
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reorganizations occur in both the samples, presumably due to
the irreversible oxygen loss during the first charge, which
consequently influences the subsequent cycling performance.
The alkali metal ions are not the only requisite to trigger
anionic redox.”****>7* Yabuuchi and co-workers introduced P2-
type Nay/;3[Mgo 2sMng 7,]0,, which delivers surprisingly large
reversible capacity of 220 mA h g~ ' in Na cells, which is obvi-
ously beyond the theoretical value based on the Mn*'/Mn*"
redox reaction (Fig. 6).>° Anomalously large capacity is supposed
to be derived from the participation of oxygen redox reactions.
It was first revealed that magnesium, which is an alkaline-earth
metal, is also a valid element to trigger the oxygen redox activity,
which is similar to Li in Li-rich materials and its solid solutions.
It is worth mentioning that the ion-exchanged counterpart is
almost electrochemically inactive in Li cells, which is different
from the situation mentioned above. It seems that this chem-
istry is uniquely observed in Na systems. The reasons for this
phenomenon need further research, and new theories need to
be formulated to explain them. As shown in Fig. 7, Maitra and
co-workers reported that P2-type Na,;3[Mgy 2,sMn, 5,]O, exhibits
excess capacity. Mg and Mn are arranged in a honeycomb
structure in the TM layers.** A range of advanced spectroscopic
techniques were performed to illustrate that oxygen redox
participates in charge compensation. Unlike earlier alkali-rich
compounds where alkali ions were removed from both alkali
and TM layers (consequently increasing the oxygen loss), it was
found that Na,3[Mg, ,sMn, 7,]O, does not lose oxygen, as per
the experimental results shown in Fig. 7(c). It turned out that
Mg>* ions remain in Na,;3[Mgo.2sMng 7,]0,; they interact with
the O 2p orbitals, suppressing the evolution of oxygen with
holes on the 2p states. Bai et al. reported a new Na-deficient P2-
Na,/3sMn;,sZn, 50, phase by doping an element (Zn) more
electronegative than Mg.*® This material exhibited reversible
capacity of around 200 mA h g~' in Na half-cells. The XPS
results reveal the electronic state evolutions of Mn and O (as
shown in Fig. 8), showing the emergence of peroxo-like species
in the charged sample along with the Mn redox reaction. The
oxidized species can be stabled with no O, release. The fading
capacity can be ascribed to the evident cationic migration.
Density functional theory (DFT) calculations reveal the exis-
tence of an oxygen nonbonding state close to the Fermi level,
which activates the oxygen redox reaction in this material.
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Fig. 6 Electrochemical characterization of Na,/3IMgg28Mng 7210, in
Na cells; (a) charge—discharge curves of the Na/Nay,3[Mgg ,Mng 7510,
cell cycled at the rate of 10 mA g™t in the voltage range of 1.5-4.4 V.
Discharge capacity and coulombic efficiency of the cell are plotted in
(b). (c) Rate capability of the Na/Nay;3[Mgg 28Mng 7210, cell. The cell
was charged at the rate of 10 mA g’1 to 4.4 V and then discharged to
1.5 V at different current densities. Sample loading values for the
electrodes used are (a), (b) 2.2 and (c) 3.2 mg cm™2.
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Fig. 7 (a) In-plane honeycomb ordering in the TM layer where the Mg
sits in the center of the honeycomb surrounded by Mn ions; (b)
schematic of the P2 structure that shows the stacking sequence of the
MO, layers; (c) gas loss of Nay/3[Mgg28Mng 7210, during electro-
chemical (de)sodiation. The top panel shows the electrochemical
response of the cell and the bottom panel shows the O, and CO,
gases evolved as a function of the state of charge.

Besides substituting A for M, introducing TM vacancies is
another possible approach for introducing anionic redox.**”
The oxygen lone pairs can be generated along the direction of A-
O-0 and -O-O (O: TM vacancy). Ma and co-workers
introduced a novel layered oxide Nag 7g[[d0.0sNig.23MNg 69|02,
wherein an apparently excess capacity was obtained over the
first charge.®® Based on the results of various spectroscopic
techniques, the gradients of the TM oxidation state are linked to
the redox of the lattice oxygen at the surface of the particles. In
the P2 structure, AA stacking leads to larger interlayer repulsion.
It is more likely that oxygen vacancies form over the high-
voltage plateau, with irreversible structural decomposition
during the first cycle. Recently, Na,Mn;0, or Na,,[[1;,,Mng/]
O, ([O: Mn vacancy) has attracted increased interest.***7%’” As
shown in Fig. 9(b), Na,Mn3;05 has a triclinic structure composed
of Na* and [[J,,,Mn,,*"] layers that are alternately stacked. The
configuration of [J-Mn ordering in the [[J;,Mng;,*"] layer
represents a /7 x /7 superlattice.”” Boisse et al. reported that
Na,_,Mn;0; can operate as a reversible cathode with a high
average voltage of 4.1 V.** As shown in Fig. 9(c), owing to the
redox activity of both Mn and O, Na,Mn;O, delivers large
reversible capacity of about 200 mA h g~" within the voltage
window between 1.5 V and 4.7 V. When compared with previous
literature demonstrating the electrochemical reaction based on
Mn**/Mn*" when the upper cutoff voltage is 3.0 V, excess
reversible capacity of about 75 mA h ¢~ is obtained within the
range of 3.0-4.7 V, corresponding to 1.0 Na‘ removal per
formula unit. The combination of theoretical calculations and
experimental results validated the presence of oxygen lone pairs
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HAXPES O(1s) spectra of the samples upon the first cycle. HAXPES data
were recorded with 6.9 keV photon energy and XPS data with 1487 eV.
All the Mn(2p) spectra were fitted with the NaMnO, reference (grey
curve), except for the XPS spectrum of the discharged sample.
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Fig. 9 (a) Synchrotron X-ray diffraction pattern of Na,MnsO; with
black bars indicating the simulated diffraction peaks. (b) Crystal
structure of Na,Mns0O;. O coordinated by two Mn is labeled as O1,
whereas O coordinated by three Mn is labeled as O2. Mn vacancies
exist in the Mn layers. (c) Potential profile (second cycle) of Na,MnzO-,
upon (de)sodiation between 1.5 and 4.7 V versus Na/Na*. The dashed
grey box indicates the high-voltage region where O is involved in the
active redox process. (d) Galvanostatic charge-discharge curves
between 3.0 and 4.7 V versus Na/Na™, and (e) cycling stability of the
oxygen redox region of Na,MnzO; between 3.0 and 4.7 V at the rate of
C/20. The inset shows a cyclic voltammetry curve at the second cycle
at a scan rate of 0.1 mV s,
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close to the Mn vacancies. Oxygen redox reactions contribute to
the capacity and Mn-O bonds maintain stability during cycling.
The capacity retention was up to 85% after 20 cycles, as shown
in Fig. 9(e). The unchanged distance between the TM layers
along with the consistently sharp diffraction peaks verify the
stable layered structure. This can be attributed to the coulombic
interaction between the Mn vacancies and Na' ions. Li et al.
performed synchrotron X-ray absorption near edge structure
(XANES) along with XPS to comprehensively investigate the
charge compensation in Na,Mn;0,.*” It turned out that the
Mn*/Mn*" redox reaction and oxygen redox occur separately
during cycling. The vacancies in the TM layer lead to uneven
bond lengths. When compared with alkali-rich materials, the
removal of Na" is less, which means that oxygen does not have
to provide too many electrons; this facilitates the high revers-
ibility of anionic redox.

3.1.2 NaFeO,. a-NaFeO, has a typical O3-type structure
appearing in many layered electrode materials.'***** Layered
Na,Fe,M, _,0, (M for Mn, Ni, etc.) has been extensively studied
and is one of the most promising cathode materials for SIBs.****
However, the poor cycling performance has always been
a common issue, and its underlying principle remains unclear.
Yabuuchi et al. reported that O3-type NaFeO, exhibits reversible
capacity of 80-100 mA h g~ " with a nearly flat voltage plateau at
around 3.3 V, as shown in Fig. 10(a).*® Fig. 10(b) shows that
acceptable cyclability is limited in the composition of x = 0-0.45
and considerably depends on the cutoff voltage since the elec-
trode performance is rapidly deteriorated when x > 0.5 in
Na;_,FeO,. This phenomenon could be ascribed to the irre-
versible structural changes due to iron ion migration in the
layered host structures.

Recently, Chen et al. reported that apart from Fe’'/Fe**
redox, oxygen redox contributes toward providing capacity in
O3-type NaFeO,, but at different periods of the Na removal
process, based on the XPS and soft X-ray absorption spectros-
copy (XAS) data.® The density of states (DOS) results demon-
strate that the Fe 3d and O 2p orbitals are highly overlapped
when neighboring the Fermi level, both providing electrons
upon charging. As shown in Fig. 10(c) and (d), Fe migration
from the TM layer to the Na layer was directly observed at the
atomic scale, which blocked Na ion diffusion, leading to rapid
performance fading in NaFeO,. Susanto and co-workers
proposed that charge compensation cannot be realized
through cationic redox upon Na removal based on the invari-
able Fe K-edge of the in situ XAS results, as shown in Fig. 10(e).**
Oxygen redox reaction is proven to be predominantly respon-
sible for charge compensation, as validated by the ex situ XANES
data. It is revealed that NaFeO, irreversibility is due to oxygen
release and the formation of Fe;0, observed by transmission
electron microscopy (TEM); these hamper Na insertion back
into the structure upon discharging. Gao et al. gained an insight
into ion transport and O 2p electrons in NaFeO, through first-
principles calculations.®® It was discovered that the lattice
strain can influence the diffusion barrier of ions and the
stability of oxygen. Therefore, it is possible to combine both
tension and compression via a reasonable design to facilitate

This journal is © The Royal Society of Chemistry 2019
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Fig. 10 (a) Initial charge—discharge curves of Na/NaFeO, cells with
different cutoff voltages at the rate of 12 mA g . (b) Discharge capacity
retention for 30 cycles with different cutoff voltages at the rate of
12 mA g~*. (c) HAADF images of NaFeO, in the fully charged state. (d)
Corresponding line profile acquired from the red rectangular region
marked in (c). (e) Normalized Fe K-edge in situ XAS spectra of Na;_-
FeO, obtained in the transmission mode as compared to those from
the reference materials. Insets show the enlarged spectra of the Fe K-
edge and charging curve of Na;_,FeO, with measurement points for
the Fe K-edge spectra in the sodium intercalation process,
respectively.

Na (de)intercalation and enhance the electrochemical
performance.

3.1.3 NaSeO,. Su et al., for the first time, reported the Na-
rich Na,SeO; material with a monoclinic layered structure to
be a promising cathode material for SIBs.** Na,SeO; is
composed of NaOg octahedron and SeO; pyramids joined
together at the edges. The oxygen atoms are located at three
different sites coordinated with one Se and various amounts of
Na atoms (3, 4, and 5). This structural configuration can provide
a flexible environment for oxygen to rotate and form peroxo-like
dimers with the adjacent ones. This material mixed with
a conductive agent can deliver discharge capacity of
232 mA h g~ " after the activation process of charging up to 4.7 V
with a long plateau at around 4.5 V. The discharge capacity
reaches the maximum in the second cycle and then gradually
decays with the fading of the initial charging plateau and
decreasing the operating potential. The XPS results reveal that
the electronic state of selenium remains unchanged during the
charging process, which suggests that oxygen redox contributes
to the charge transfer. The theoretical calculations exhibit that
the energy band of oxygen is above that of selenium and is
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closer to the Fermi level. This validates the involvement of
anionic redox and partially explains the poor cycling perfor-
mance since there is deficient band overlap to stabilize the
oxidized species when charging.

3.1.4 NaCrS,. The prevailing strategies for designing high-
capacity positive electrodes are mostly concentrated on the
advanced TM redox and the introduction of oxygen redox
activity. Shadike and co-workers reported sole reversible sulfur
redox in layered O3-type NaCrS,.*” As shown in Fig. 11(a), during
the initial charge, the NaCrS, electrode exhibits high capacity of
95 mA h g~ (0.49 Na* per NaCrS,) at a flat voltage of 2.85 V. This
capacity is much larger than that observed in LiCrS,
(30 mA h g™ "). The first discharge capacity is 92 mA h g~ with
a discharge curve comprising a slope between 2.1 and 2.8 V
prior to the plateau at 2.0 V. In Fig. 11(b), the capacities grad-
ually increase during the first three cycles due to the activation
process and keep decreasing thereafter down to 78.5 mA h g™*
after 100 cycles. The coulombic efficiency increases with the
number of cycles and reaches almost 100%. Based on the
XANES results for Cr and S (shown in Fig. 11(c) and (d),
respectively), rather than chromium, sulfur was discovered to
be electrochemically active, contributing toward charge
compensation through the redox of $*7/S,>". It is impressive
that there is a marginal change in the lattice parameter ¢ during
the desodiation and sodiation processes, which can be
explained by the existence of chromium/sodium vacancy anti-
sites. DFT calculations reveal that the unique band structure of
the S 3p orbitals is responsible for the sulfur redox reaction in
NaCrS, and holes generated on the sulfur 3p band condense
and stabilize via the formation of dimer S,>".

3.2 Materials based on 4d metals

3.2.1 Ruthenium-based layered oxides. Although layered
Na,MO, has been intensively analyzed as a cathode material for
SIBs, the electrochemical properties of layered Na,MO3, whose
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Fig. 11 (a) Galvanostatic charge—discharge curves, (b) cyclic perfor-
mances, and coulombic efficiencies of NaCrS, electrode at 0.5C. (c) Cr
K-edge XANES spectra of NaCrS; electrodes at various states. (d) S K-
edge XANES spectra of NaCrS; at the initial cycle.

23670 | J Mater. Chem. A, 2019, 7, 23662-23678

View Article Online

Review

lithium analogues exhibit extraordinary performance, have not
been clarified until now. Tamaru et al. reported that O3-type
Na,RuO; synthesized by a conventional solid-state reaction
yields initial discharge capacity of 147 mA h ¢~ " in accordance
with the theoretical value calculated from the Ru®*/Ru*" redox.®
The ex situ XRD results show that the compositional region of
the two-phase state in Na, ,RuO; is different from that in
Li, ,RuO;." It was presumed that the ordered [Li;/;3Ruy;30,]
layers lead to strong interlayer interaction, which stabilizes the
ordered intermediate states in Li, ,RuOj3, arousing the phase
separation for wider compositional ranges.*” However, the
interlayer interaction in Na,RuOj; is too weak to form a stable
intermediate state due to the absence of cationic ordering in the
TM slabs. Based on the above work, Boisse and co-workers
synthesized a new type of Na,RuO; with a honeycomb-type
cation arrangement in the [Na;;Ru,;30,] slabs, as shown in
Fig. 12(a), by a thermal decomposition method.***® As shown in
Fig. 12(b)-(d), the two polymorphs of Na,RuO; exhibit distinct
electrochemical performance because of which ordered
Na,RuO; delivers capacity of 180 mA h g™, corresponding to 1.3
Na“ removal, which is beyond that of the single-electron
cationic redox reaction as shown by disordered Na,RuOj;
(140 mA h ¢ ). As compared to the S-shaped electrochemical
curve of disordered Na,RuOj;, ordered Na,RuO; (0.7 < x < 2)
exhibits a staircase-type charging curve with one plateau at
around 2.5 V and another one located at 3.6 V; the latter is
associated with the excess capacity originating from the oxygen
redox process. Distinct from the O3-P3 phase transition in
disordered Na,RuO3, an ordered intermediate phase X occurs at
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Fig. 12 (a) Structure of ordered and disordered Na,RuOs. Oxide ions
(red) stack in the manner of ABCABC, while both Na (yellow) and Ru
(grey) occupy octahedral sites for both Na,RuOs. Ordered Na,RuOs3
has honeycomb-type cation ordering in the [NayzRuy/310, slab.
Disordered Na,RuOsz has a randomly distributed [Na/sRu,/510; slab.
Galvanostatic cycling curves recorded at 30 mA g~ for (b) disordered
and (c) ordered Na,RuOs3 with the first cycle highlighted in blue. Insets
show the coordination environment of Na at x = 1.0 for each phase. (d)
Capacity retentions for disordered (blue squares) and ordered (red
circles) Na,RuOs. (e) Schematic representation of the structural
changes during charge—discharge for disordered Na,RuOsz and
ordered NayRuOs.
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the first plateau and O1 phase is formed in ordered Na;RuO;.
Importantly, as shown in Fig. 12(e), the O-O distance is short-
ened due to distortion in the RuOg octahedron, which brings
the energy level of the O-O antibonding ¢* band closer to the
Fermi level, triggering anionic redox activity. Further, this
marginally differs in the mechanism sequence from earlier
theories. The honeycomb-type cation ordering is demonstrated
as the essential condition to induce excess capacity in Na-rich
layered oxides. When compared with 3d TMs, the covalent
bond between the peroxo-like species (O,)"” 2p and Ru 4d
orbitals is stronger, which facilitates structural integrity and
restrains oxygen gas release. Rozier et al. reported Na-rich
layered Na,Ru;_,Sn,O; with different doping rates (0 < y <
1).°* As y increases, particularly when y > 0.25, the 3 original
consecutive platforms are reduced to only 2, and the subse-
quent curves convert into an S shape as the capacity loss
increases during the first discharge. All the samples deliver
large capacity exceeding that of the single-band redox of Ru**/
Ru**; a dual cationic-anionic redox process was proposed based
on the XPS analysis. The capacity decay could be attributed to
the cation disordering and fading of crystallinity. The structural
evolution in Na,Ru;_,Sn,0; goes through a solid solution prior
to two-phase evolution and returns to a solid solution, differing
from that observed in Li analogues, presumably due to the
differences in the sizes and polarities of Na" and Li".

Qiao and co-workers originally introduced NazRuO, (Ru®') or
Na[Na,,Ru;,,]O, as a pure Na-rich layered oxide cathode
prototype for SIBs, which exhibits partially reversible capacity
originated only from the contribution of the anionic redox
reaction.”” Advanced iz situ Raman spectroscopy was performed
to provide systematic information on oxygen-based anionic
redox behaviors. Otoyama et al. reported that 3 Na can be
removed from Naz;RuO, with 1 electron compensated from the
Ru>*/Ru’®" redox and then the remaining charge could be
derived from the oxygen redox.” This is unanticipated since Ru
is seldom oxidized to such a high valence in LIBs. Fig. 13(a)
shows the voltage-composition profile for a Na;RuO,/Na half-
cell. The initial charge curve exhibits a staircase-type structure
with 3 successive plateaus located at 3, 3.5, and 4.6 V, corre-
sponding to the extraction of 1, 2, and 3 Na, respectively. The
discharge profile demonstrates a rapid potential drop and
subsequent S-type curve. The extracted Na (3) is almost entirely
reinserted back into the bulk upon discharging, but the mate-
rial shows relatively poor cycling performance, as shown in
Fig. 13(d). In addition, cycling with different degrees of charges
(Fig. 13(b) and (c)) shows distinct capacity retentions, which
reveals that charging to a higher voltage can inevitably lead to
irreversibility. DFT calculations reveal that for A,RuO,, as the
radius of the alkali metal increases, the coordination of Ru
decreases, tending toward a higher oxidation state for
stabilization.

3.3 Materials based on 5d metals

3.3.1 Iridium-based layered oxides. Perez and co-workers
reported the electrochemical performance of Na-rich O3-type
Na,IrO;, which can (de)intercalate 1.5 Na* with no indication
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Fig. 13 First and second galvanostatic curves of the Na cells with
Na,RuO4 between (a) x = 3-0, (b) 3-1, and (c) 3—-2. The cells were
operated at room temperature at C/10 rate and cutoff voltage of
=0.5 V. (d) Cycling performance of the cells with x = 3-0 (purple
triangle), x = 3-1 (green square), and x = 3-2 (blue circle) in Na,RuOg,.

of oxygen gas release or cation migrations.”® As shown in
Fig. 14(b), the first charge curve goes through two plateaus
located at 2.7 V and 3.7 V, with a subsequent discharge capacity
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of 130 mA h g '. It is worth mentioning that unlike previous
anionic redox materials, both these plateaus are consistently
maintained during cycling. When charged up to Na, 5IrO;, the
03 structure turns into the O1 structure, with O1’ as the inter-
mediate phase, as shown in Fig. 14(c). Such large capacities are
experimentally testified to arise from the accumulated mixed
cationic-anionic redox reaction; further, anionic redox is
proven to be active at the early stages of the Na extraction
process. From the inset of Fig. 14(a), it is evident that pristine
Na,IrO; comprises slightly distorted IrOs octahedra (like
Li,IrO;), which raises an open question: whether this distortion
is the key condition for the early activation of anionic redox
activity." Further investigations need to be carried out. Zhang
et al. reported O3-type Na-rich Na; ,Mny 4Ir( 4O,, which involves
both cationic and anionic contributions during the redox
process.”* During the first charge process, Na;,Mng 4Iry 40,
exhibits capacity of around 180 mA h g™*, with 68 mA h g™ *
originating from Mn redox and 0.6 Na removal due to oxygen
redox. From the DFT calculations, the strong covalent Ir-O
bonding can stabilize the electrons on the oxygen holes and
hinder O, release.

4. Challenges and possible solutions

Although several materials have been reported to deliver
extremely high capacities through anionic redox reactions,
ubiquitous irreversibility leads to rapid degradation of perfor-
mance, including plateau disappearance as well as capacity and
potential decays, which hinder the practical applications of
anionic redox.*>’>%%%% In terms of the basic mechanism of
anion redox, irreversibility originates from the lack of contin-
uous covalent bonding between the metastable peroxo-like
species and TMs, which may induce a series of consequences,

03 - Na,|rO, pristine 2894 A (c)
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. 03

2068A- S ot

2670A

Intensity (a. u.)
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Fig. 14 (a) Refinement in neutron diffraction patterns for pristine
Na,lrOs. Inset shows the different O-O distances around the Ir atoms
obtained from neutron diffraction. (b) First and second galvanostatic
cycles of Na,lrOz vs. Na. (c) In situ XRD study of Na,IrO3 (cycled at C/
20 between 1.5 and 4.3 V). Pristine O3, O, and O1 phases are high-
lighted in blue, pink, and red, respectively. XPS analyses of Ir 4f (d) and
O 1s (e) peaks show that both Ir and oxygen are oxidized on the first
plateau, and oxygen is only oxidized on the second plateau. The
proportion of (O,)"~ species depending on the state of charge is
shown in (f).
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including O, release, TM migration, side reactions with the
electrolyte, etc.®>”"** Moreover, when compared with the inte-
gral crystal structures of the electrode materials for LIBs, the
counterparts in SIBs tend to have crystal defects since sodium
deficiency is relatively common. The desodiation process is
often accompanied by complicated phase transition and struc-
tural evolution, which leads to irreversibility. Doublet's group
demonstrated the schematic galvanostatic curves of A-rich TM
oxides to illustrate the cationic and anionic redox processes for
four different scenarios.’® Firstly, under the ideal condition of
completely reversible and distinct cationic and anionic redox
reactions with no cation migration and no O, release, the
voltage profile exhibits highly reversible electrochemistry with
two persistent plateaus corresponding to Mn*/M"*V* and 0?7/
(0-0)"". When metastable peroxo-like species decoordinate
from the metallic network accompanied by cation migration or
disorder, the redox is not reversible and the capacity displayed
during charging cannot be completely retained during dis-
charging, leading to continuous hysteresis and an S-shape
profile as a result of the multiplication of TM and oxygen
redox centers. This is the most common case among the
recently reported materials. There is another special case in
which the plateaus during charging can be retained during
cycling on the basis of no O, release at higher potential and fully
reversible cationic migration. The TM reduction induced during
charging can motivate a cationic redox couple upon discharg-
ing, prior to anionic redox, resulting in a sloped discharge
curve. Lastly, capacity decay due to oxygen loss during charging
is partially recovered during discharging by the introduction of
a dominant TM redox with irreversible cationic migration and
electrolyte decomposition. The process is accompanied by
persistent decomposition of the electrode, yielding continuous
voltage hysteresis and capacity fading (Fig. 15).

In order to improve the reversibility of the anionic redox
materials, some possible solutions are proposed. Based on the
differences in the orbitals of the abovementioned 3d, 4d, and 5d
metals, it is feasible to mix 3d metals with 4d or 5d metals to
obtain additional orbital overlaps, leading to better material
stability, as recently reported.*>*>*>** In addition to the config-
urations reported so far, it is innovative to explore other
configurations to induce nonbonding O 2p bands (Fig. 16).
Another possible way is by increasing the M'/M ratio (A[M/-
M, _,]0,) to impede cationic migrations.”>***” Intersite migra-
tion of TMs can also be suppressed with regard to heavier or
larger-sized metals due to incompatibility with the tetrahedral
site, as shown in Na,RuO; by Yamada's group.> It is promising
to design a stable host structure that undergoes fewer phase
changes and less stress during cycling. Enthalpy as a function of
x content is widely regarded as a tool to determine the ideal rate
of contents to improve reversibility. The controllable replace-
ment of partial oxygen with sulfur can increase M(nd)-L(np)
overlaps to induce the reductive coupling mechanism, thereby
enhancing the structural stability. It is promising to design
double-anion systems.*”?® It is noteworthy that theoretical
calculations are useful tools to provide valid supporting infor-
mation for anionic redox. On the basis of first-principles DFT
calculations, crystal orbital overlap population (COOP) and DOS
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Fig. 15 Schematic galvanostatic curves of A-rich-TMOs for different
scenarios. (a) Fully reversible cationic and anionic processes with no
O, release and no cation migration in charge. (b—d) First part of the
discharge corresponds to cationic activity due to O, release at high
charging. This leads to hysteresis between charge—discharge. (b)
When O, gas is released in the first charge due to cationic migration/
disorder, the process becomes irreversible, leading to persistent
hysteresis in subsequent cycles and an S-shape curve due to the
multiplication of TM and (O-0O) redox centers. (c) Plateaus during
charging are recovered if no O, release occurs at high charging and if
cationic migrations are fully reversible during discharging. (d) Capacity
loss during charging due to O, gas release can be partially compen-
sated during discharging by the activation of a novel TM redox couple.

can be utilized as a beneficial tool to evaluate the contribution
of O band to the redox activity and predict the extent to which it
interacts with the TM orbitals to stabilize the peroxo-like
species.”>® The direction of theoretical calculations can be
further developed in future research to assist scholars in the
design of favorable materials with reversible anionic redox.
Finally, considering that the voltage plateau of anionic redox in
SIBs is up to around 4.2V, it is necessary to take the electrolyte
into account and develop well-matched electrolytes to facilitate
interfacial stability.

It should be pointed out that the present theories involving
anion redox are based on the reported materials for LIBs.
Although lithium and sodium belong to the same main group,
their ionic radii and polarizations are still different. It seems
inappropriate to completely transpose the theories of anionic
redox from Li- to Na-based systems. There are still certain issues
in the earlier research of anionic redox in SIBs that are not
effectively explained by current theories. The activation of
damaging TM migration would be more difficult when the ionic
radius of alkali and TMs differ by a large amount. Under this
circumstance, sodium owns an inherent advantage and its
compounds seem more stable, as shown in Na,MnOj; vs.
Li,MnOs;. Another explanation is that the interlayer distance is
longer in SIBs and structural distortion can be endured during
anionic redox, although Mn(3d)-O(2p) overlap is insufficient.”
Yabuuchi and co-workers reported Na,;[Mgo2sMng 7,]0, and
its Li counterpart through ion exchange.*® The latter is almost
electrochemically inactive, which means that the redox activity
is exclusively discovered in the Na system. It seems that the
competition between cationic and anionic redox systems—to
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Fig. 16 Schematic illustrations of possible solutions to improve the
reversibility of anionic redox in future research.

a certain extent—relies on the alkali atoms. In short, the theo-
ries of anionic redox reaction mechanism need further
improvement and harmonization.

5. Characterization methods

Effective characterization is the fundamental strategy for
investigating the intrinsic mechanism of anion redox. When
compared with conventional TM, oxygen ions are more difficult
to detect since these species are unstable and vulnerable to the
environment. With technological development, a variety of
useful characterization methods have been formulated that can
directly or indirectly determine the electronic states of oxygen.
Some promising representatives have been introduced below. It
is meaningful to further advance these techniques in future
studies (Fig. 17).

5.1 XPS

The principle of XPS is to utilize X-rays to radiate the samples
such that the inner electrons or valence electrons of the atom
are excited into emissions. The binding energy and relative
intensity of the photoelectron can be measured to obtain
information regarding the electronic structure of the target. XPS
has been certified as a useful tool to identify the electronic
states of a large range of elements, which are particularly
sensitive to the electronic structural changes in metal ions.

Recently, XPS has been widely employed to investigate the
oxygen redox process.’® Rong et al. carried out the O1s XPS
experiments to investigate the charge compensation mecha-
nism in Nay ¢[Lip,Mn, g]O,.”* These spectra consist of several
components derived from the oxygen crystalline network,
oxygenated deposited species, and other complex organic
species. The new component located at ~530.5 eV in the
charged sample corresponds to the peroxo-like species, vali-
dating the contribution of the reversible oxygen redox reaction.
Perez et al. performed XPS to simultaneously detect the elec-
tronic states of both iridium and oxygen during desodiation in
Na,IrO;.*® The peak of Ir, which is constant in the high-voltage
range, and the emergence of a new peak of the O1s spectrum
indicate that oxygen redox contributes toward the capacity of
the second plateau.
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Fig. 17 Schematic illustrations of the currently accessible character-
ization methods for investigating the electronic and local states of
oxygen.

XPS mainly provides the surface information of the specimen
since the detected electrons escape from the region within about
10 nm of the material surface. The surface is easily contaminated
when exposed to air during the preparation process before
examination, which may influence the results. The technical
conditions of XPS need to be updated, such as in situ measure-
ments based on synchrotron radiation sources, in order to
resolve the abovementioned issues. Moreover, bulk information
should be complemented to increase characterization reliability.

5.2 XAS

XAS is definitely an effective tool to investigate the electronic
structure of materials.* It can be further subdivided into several
analytical techniques, such as XANES and EXAFS. Hard XAS
(energy of electron beams is relatively higher) is a useful tech-
nique to detect heavier elements such as TMs, while soft XAS
(sometimes referred to as sXAS) is particularly suitable for
investigating lighter elements such as oxygen.

As for TM ions, Rong et al. obtained the normalized Mn K-
edge XANES spectra of Nag,,[Lip24Mng,6]O, electrodes at
different charged and discharged states.”> The Mn K-edge
spectrum exhibits only a marginal change in the shape
without any edge shifts, which implied that the valence of Mn**
was constant with a change in the Mn local environment. Boisse
et al. investigated Ru Lz-edge XAS, which investigated the Ru 4d
orbitals to clarify the role of Ru during charge compensation.**
In situ XAS was conducted by Susanto et al. to detect the Fe K-
edge, and it is a powerful technique to monitor real-time
changes in the electronic states during cycling.®*

Anionic redox can be detected by sXAS, which can be oper-
ated under different modes, including the total electron yield
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(TEY) and partial fluorescence yield (PFY). The former is
sensitive toward the surface (~5 nm), while the latter can
investigate the bulk environment (~100 nm). Rong and co-
workers measured the oxygen K-edge of sXAS to probe the
unhybridized state of oxygen.” The pre-edge peak is associated
with the hybridization between the O 2p orbitals and Mn 3d
orbitals, while the broad peak reflects the mixing of O 2p and
Mn 4sp bands. A significant change in the pre-edge peak can be
ascribed to electron loss and gain at the O 2p band. Maitra et al.
employed sXAS to investigate the origin of the extra capacity
beyond TM oxidation.** The area under the spectra corresponds
to the density of empty states above the Fermi level. In situ
oxygen K-edge XAS can be developed like that for TMs in future
research.

Resonant inelastic X-ray scattering (RIXS) is an advanced
spectroscopic technique that can yield information regarding
the intrinsic excitation of materials by detecting the energy and
momentum differences in the scattered photons. When
compared with XAS that contains the primary photon process,
RIXS includes the processes of absorption and secondary
photon emission, which can provide rich information; however,
it suffers from lower signal intensity. It is used to study the
electronic structural information such as electronic transition
and charge transfer of the conduction band, valence band, and
low-energy excited state. Maitra et al. conducted RIXS to deter-
mine the electronic structure of oxygen.** The evident change in
the spectral weight around the plateau region implies the
generation of holes on the O 2p band.

5.3 Raman

Raman spectroscopy can be used to analyze the scattering
spectrum whose frequency is different from that of the incident
light to obtain information on molecular vibrations and rota-
tions. Therefore, it is sensitive to molecular bonding and the
structure of the sample. It is a good alternative to XAS and has
been verified to be an effective means to investigate peroxide-/
superoxide-like species. At present, both in situ and ex situ tests
have been widely applied in various research initiatives. Zhang
et al. performed in situ Raman spectroscopy to trace the oxygen
redox evolution.”* Upon the process of oxygen redox reaction,
0-0 stretching was influenced and was consequently reflected
in the spectrum with a shift in the peaks related to the peroxo-
like O-O stretching. The formation of new peaks around
~1109 cm™ ' corresponds to the emergence of superoxide
species that are responsible for the irreversible oxygen loss and
subsequent capacity fading.

54 TEM

TEM is a means for visualizing and characterizing the
morphology and structure of the samples at the atomic scale. It
can be divided into different modes, among which scanning
transmission electron microscopy (STEM) and selected area
electron diffraction (SAED) are the most widely used.

Both high-angle annular dark-field (HAADF) and annular
bright field (ABF) STEM collect the elastically scattered elec-
trons to yield the surface structure of the samples. HAADF-
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STEM is relatively sensitive to heavier elements, including TM,
while the ABF-STEM technique can accurately reveal the posi-
tions of lighter elements (such as Li and O) in the presence of
atomic entities. Perez and co-workers performed ABF-STEM to
visualize the atomic columns of O and residual Na atoms in
charged Na, 5IrO;.>* The ABF intensity profiles exhibit two sets
of projected O-O separations with different distances. Li et al.
performed a combination measurement of both HAADF and
ABF modes to investigate the structural evolution upon the
desodiation of Na,Mn;0-, clearly revealing a native vacancy in
the M-O slabs and Na layer between the TM slabs.” No Mn
migration or surface reconstruction was observed, which
explains the structural stability.

Electron energy loss spectroscopy (EELS) is used to measure
the energy loss of the inelastically scattered electrons for
composition determination and electronic state analysis. Sus-
anto et al. obtained the EELS spectra from surface to bulk to
determine the homogeneity of the chemical environment in
charged Na,FeO, since EELS can detect local areas even at the
sub-nanoscale.®! It is worth mentioning that although EELS is
an effective alternative to XAS to investigate the unoccupied
DOS, EELS has relatively poor resolution than that of NEXAFS,
which may lead to certain loss of detailed information. In
addition, EELS requires a very thin specimen and the problem
of sample damage cannot be ignored since the converged
electron beam energy is relatively high.

SAED is a powerful tool to obtain information regarding
spatial configuration. The SAED patterns of the two polymorphs
of Na,RuOj; show distinct characteristics such as those reported
by Boisse et al.>* The extra diffraction spots in the SAED pattern
of ordered Na,RuO; can be indexed to a super cell arising from
the honeycomb ordering in the TM slabs. This feature was also
observed in charged Na;RuOj;, proving the existence of the
ordered intermediate phase. Susanto analyzed the SAED pattern
of Na; ,FeO, and observed the formation of spinel Fe;Oy,,
which partially explains the rapid capacity decay in a-NaFeO,.**

5.5 Other characterizations

PDF that can be used to collect the total scattering data can
provide real-space information. Local distortion and structural
ordering in a short range can be determined. It can be utilized
to characterize the local oxidized species generated during the
redox process. It can be divided into X-ray PDF (xPDF) and
neutron PDF (nPDF) according to the scattering light source.
The former is relatively sensitive to heavy atoms and therefore
can effectively probe the TM framework, while the latter can be
utilized to detect oxygen environments both locally and aver-
agely. The total scattering data from the reciprocal space can
also be applied for performing structural refinements in mate-
rials to perform quantitative structural analysis.

Electronic paramagnetic resonance (EPR) is a helpful spec-
troscopy technique that detects single-spin or radical species. It
is also an alternative tool to probe peroxo-like species appearing
during the anionic redox reaction, which can be developed in
future research and applied for studying anionic redox reac-
tions in SIBs.
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Operando UV-vis measurements are a helpful tool to analyze
and determine the composition and structure of a substance by
the degree of absorption in ranges of UV and visible light. It was
utilized by Otoyama et al. to investigate the underlying mecha-
nism of capacity decay in NazRuO,.*

Cyclic voltammetry (CV) and/or the dQ/dV curve is
a commonly used electrochemical analysis method, reflecting
the essential behavior of an electrochemical process that could
provide preliminary information on the reversibility of the
electrode reaction and the possibility of the formation of a new
phase. For research on anionic redox, the peaks appearing in
the curves help us to pinpoint the various nodes of reaction
processes and perform the above characterization methods to
further investigate the oxygen activity.

6. Conclusion and prospects

The practical development of environmentally friendly and
renewable energy is on the basis of ideal large-scale energy
storage systems. SIB as a good alternative to lithium-ion
batteries has been extensively studied in the recent years. The
relatively small specific capacity of SIBs has always been
a roadblock, which hinders its practical applications. Anionic
redox provides a new perspective for designing high-capacity
cathode materials for SIBs. A series of related articles have
been published with outstanding performance and novel
discoveries. The inherent mechanism of anionic redox is under
a controversial debate. Here, we give a systematic review of the
recent related research on anionic redox reactions in SIBs with
the hope of facilitating future research.

In this review, we give an overview of the fundamental
theories, reported anionic redox materials, current challenges,
and possible solutions together with effective characterization
techniques to provide a deeper insight into the anionic redox
reaction. According to current theories, the specific structure
that can generate oxygen lone pairs (or O 2p nonbonding band
in the band structure) is the significant premise to achieve
anionic redox. Highly covalent M-O bonding is another requi-
site for realizing reversible anionic redox. It is worthy to
mention that there is still a fierce controversy regarding this
issue. The metastable peroxo-like species (O holes in the band
structure) can be stabilized through M-(0,)"” interactions
along with oxygen network reorganization (splitting of the
degenerated ground state), which is termed as the reductive
coupling mechanism. Another possibility is the generation of
localized electron holes on the O atoms to achieve the locali-
zation of the peroxide species.

Through the overview of the reported materials that utilize the
anionic redox reaction, it can be determined that various structural
configurations can induce the emergence of O 2p nonbonding
bands, including Li-O-Li, Na-O-Na, Na-O-Mg/Zn/[], [1-O-[1,
etc. The present major difficulty in anionic redox is irreversibility.
Among them, the Na-O-Mg/[] configuration is relatively superior
since Na,;3[Mgo 2sMng7,]0, and Nay,[[1;,Mne;]O, have been
reported to yield relatively better cycling stability. Related modifi-
cations can be studied in future research. From this perspective,
other innovative configurations that can induce oxygen redox
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should be explored to broaden the range of anionic redox mate-
rials. Most of the materials currently under investigation are
manganese-based layered oxides. It has been proposed that
manganese has deficient covalency with oxygen to realize the
reductive coupling mechanism. Therefore, materials with charac-
teristics of high covalency between metals and ligands can be
explored. For example, introducing other TMs with proper elec-
tronegativity (generally on the right-hand side of the periodic
table), as well as other anions such as sulfur. When compared with
electrodes with 4d or 5d TMs, the abovementioned materials have
higher economic efficiency. Advanced theoretical calculations can
be applied as a powerful tool to help predict and design potential
materials for reversible anionic redox.

It should be noted that future studies do not have to be
completely based on existing theories. On one hand, it is not
feasible to completely transpose the mechanism of anionic
redox from Li- to Na-based systems. Moreover, it has already
been reported that the lithium counterpart of specific Na-based
materials do not exhibit electrochemical activity. On the other
hand, current theories can be further improved in a compre-
hensive manner based on the development of more advanced
characterization techniques.

In conclusion, we have demonstrated a systematic summary
of the recent research regarding anionic redox reactions in SIBs,
aimed at giving a comprehensive understanding of the anionic
redox reaction. It is promising to apply anionic redox to facili-
tate the development of high-capacity electrode materials for
SIBs.
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