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Recent Advances in Layered Na,Mn;O,; Cathode Materials
for Sodium-lon Batteries

There has been an increasing amount of attention paid to the different technologies that are used in energy
production and storage in the context of day-to-day operations, which range from small-scale applications to
large-scale applications, which are all equally important. As far as energy storage systems are concerned, Li-
ion batteries are the market leader due to their high energy and power density, making them one of the most
popular choices. Despite this, a significant concern is the scarcity of lithium resources and other metals that
are needed for cathode material, such as cobalt and nickel, in the long run. Recent research has focused on al-
ternative energy storage systems to mitigate these concerns. Due to sodium's widespread availability and sim-
ilar chemistry to lithium-ion batteries (LIBs), sodium-ion batteries (SIBs) are considered the most promising
next-generation alternatives. Being competitive in the market today requires the development of cathode ma-
terials that are of high performance. Among the studied materials, the Na,Mn;0- electrode displayed high ca-
pacity. In addition, the low price of sodium and manganese makes it even more attractive. In this work, we
summarized the recent progress in studying and enhancing the Na,Mn30; cathode material.

Keywords: rechargeable batteries, sodium-ion battery, redox reaction, layered structure, cathode, low voltage,
high voltage, oxygen redox.
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EES: electrical energy storage

HC: hard carbon

CV: cyclic voltammetry

GITT: galvanostatic intermittent titration technique
XANES: X-ray absorption near edge structure

Review Plan

Inclusion and Exclusion Criteria: The present review discussed the current progress in the sodium
cathode materials, specifically the Na,Mnz;O;. The review data are based on very recent scientific publica-
tions from 2017 to 2022. Some older literature sources (2001-2013) provide information about the first at-
tempts to synthesize Na,Mns;O; and other materials with oxygen redox. A large-scale study of diazonium
sulfonate salts began with the work of Barbero (1998) and continues now. We searched and analyzed articles
from Scopus, and Web of Science. The keywords used for the search were “sodium cathodes”, “Na,Mn;0;”,
“layered structure”, “oxygen redox”, “Manganese based”, etc. The resultant data were discussed in this work.
No statistical methods were used in this review.

Introduction

Modern generations use rechargeable batteries to supply power and power any modern electronics (such
as mobile phones, laptops, etc.) that require electricity to function without the need for an external source of
electricity [1-6]. When compared to other rechargeable battery technologies, LIBs combine the advantages
of high energy density, a compact, and lightweight design, and excellent cycle life compared to other re-
chargeable battery technologies. However, due to the increasing number of applications, from small to a
larger scale, the pressure for the production of LIBs is getting tougher every year since the resources of lithi-
um and other transition metals such as cobalt and nickel are limited, which negatively affects the price [7—
11]. This has led to an extensive study of a variety of different types of rechargeable batteries, such as the
Na-, K-, Zn-, Ca-, and Mg-ion batteries, to take advantage of their availability of resources over LIBs so that
they may serve as alternatives to LIBs.

In this regard, sodium-ion batteries (SIBs) possess distinct advantages over LIBs, namely relative abun-
dance and low electrochemical potential standing at —2.71 V compared to a standard hydrogen electrode
(SHE) negligibly above that of LIBs (330 mV); thus, enabling SIBs to fulfill demands for large-scale electri-
cal energy storage (EES) [12]. The SIBs commercialized by the Faradion company can be an example of a
successful trial that could surpass the energy densities of Li-ion batteries (LiFePO,/graphite) with a quickly
convergent cycle lifetime, comparable rate performance and charge acceptance [13]. Additionally, laminated
batteries and coin cells were exemplified by Sumitomo Chemical Co. Ltd. employing O3-type
NaFey4Mng sNij 30, cathode and hard carbon (HC) anode. When the laminated battery was charged beyond
200 percent of its functional capacity and reached 12 V, neither explosion nor ignition occurred. Even
though these SIBs demonstrate high-rate capabilities and cycle life, they perform worse than their LIBs
counterparts. Then, Faradion produced storage with an aimed capacity of 418 Wh utilizing 48 cells and a
3 Ah pouch prototype SIB to charge an electric bicycle [14]. Despite the weaknesses of SIBs lacking in
LIBs, such as insufficient energy density due to low operation voltage, SIBs are still considered a prospec-
tive alternative to surpass high-cost LIBs in a large-scale application. The energy density of the battery can
be enhanced by utilizing cathode materials with high redox potentials using electrode materials that possess a
high specific capacity. Since most cathode materials store sodium ions through intercalation, the number of
sites for storage is limited, leading to the challenge of increasing the specific capacity of cathode materials.
In addition, the utilization of cathode materials with high redox potentials is restricted due to the decomposi-
tion of electrolytes at high potentials.

In this review, we have focused on Na,Mn;O--based cathode materials since they displayed high capac-
ity (>200 mAh g*). Moreover, sodium and manganese are cheap elements. However, the material suffered
from rapid capacity fading, which hindered its commercialization. Many approaches have been addressed,
such as doping to stabilize the structure. A detailed look into these approaches will be discussed in this work.

1. A low voltage cathode: based only on Mn**/Mn*" redox

The electrochemical activity of Na-Mn-O ternary layered metal oxide (Na,Mnz05) is an important phe-
nomenon in the research of Mn-based cathode materials for SIBs as manganese-based cathodes have gained
some attention because of its effective environmental-friendly aspect and low price. As a cathode material,
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Na,Mn;0; possesses a layered structure where layers build by Mn-O bonds in each corner of the octahedra.
As redox reaction is central chemistry, it is critical to investigate whether the intercalation and
deintercalation process only with Mn** oxidation surrounded by octahedral oxygen or whether SIBs are ac-
companied by the release of oxygen.

As Adamczyk et al. [15] the first well-studied counterpart of sodium cathode was Li,Mn;O; prepared
by the ionic exchange method by Raekelboom et al. [16] from Na,Mnz;O-. As synthesized material was crys-
tallized in the layered structure with the space group of R3m. The assembled half-cell with Li,Mn3;O- cathode
material delivered an initial capacity of 160 mAh g™, where a plateau appears at 3.0 V. However, due to the
unstable crystal structure where layered structure transferred to the spinal structure, the long-term cycling
displayed poor performance. On the other hand, this phase transition is not noticed in the SIBs systems, and
because of this given novelty, researchers synthesized Na,Mn;O; by the conventional solid-state method
[15]. By sintering at 600 °C for 4 hours, they obtain the material with triclinic space group P1. Figure 1 illus-
trates the galvanostatic charge and discharge curves of the given material for the initial five cycles, where
detected the main plateau at 2.1 V, which provides the 160 mAh g capacity. The cyclic voltammetry peaks
prove the above-detected plateau region which is consistent with the Mn**/Mn** couple. The polarization
degree of described peaks was around 20 mV which was 2.1 V for the reduction peak and 2.2 V for the oxi-
dation peak. As well known, the layers of the cathode material consist of transition metals with d orbitals.
During the redox reactions, the d-orbitals mentioned above start to convert to degenerate states and, at the
low voltage, lead to the asymmetrical location of transition metal layers. In the degenerate states, electrons of
the d-orbital may occupy XY, XZ, or YZ orbitals. In simple words, the geometry of equatorial and axial
bonds alters and leads to the shortening or elongation of axial bonds compared with equatorial bonds. Due to
these changes during the cycling, the performance was not satisfying.

Recent studies by Sada et al. [17] used Na,Mn3O; as an appropriate positive carrier for reversible redox
reactions of Li, K, and Na batteries. They cut the voltage window to 3.0 V and excluded the oxygen release.
As illustrated in Figure 2, the galvanostatic experiments in the shortened voltage window started with the
discharge cycle of the coin cell batteries as the oxidation state of the Mn in the cathode obtained the highest
(4+) state. Figure 2 demonstrates the specific capacities where specific discharge capacities reached
160 mAh g™ for Li and 140 mAh g™ for Na and K batteries. Interestingly, compared to Na, and K, Li-ion
exhibited a jumping of the working voltage almost to 1 V, which boosts the energy density of the lithium-
based half-cell battery. However, LIBs systems exhibit irreversible phase transitions, which lead to a fast
decline of the irreversible capacity in the following cycles [18].
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Figure 1. Galvanostatic charge and discharge profile Figure 2. Comparison of the first discharge curves of
of SIBs. Reprinted with permission from [15]. Na,Mn;O; with Li*, Na", and K" half-cells.
Copyright {2017} American Chemical Society Reprinted with permission from [19].

Copyright {2018} American Chemical Society

The studies mentioned above concerned the possibility of using Mn-based material for non-aqueous
electrolyte systems where electrolytes are toxic and have safety problems because of exothermic reactions.
By considering aqueous Zn-ion batteries, researchers proposed an alternative way to exclude such issues in
developing Na,Mn3;O; materials as a cathode for aqueous Zn-ion batteries [19]. In their preparation, they use
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600 °C for the tablets prepared by the solid-state method. Figure 3 demonstrates the interesting phenomenon
with initial discharge capacity and following increase upon cycling. This phenomenon can be explained by
the low wettability degree of active material and activation of Na,Mn;O-, followed by phase transformations
illustrated in Figure 4. The characteristic peaks appeared at 1.3 and 1.44 V in the reduction reaction and
symmetric peaks at 1.5 and 1.5 V in the oxidation reaction. These peaks match with the Mn**/Mn** redox
reaction and provide overlapped symmetric peaks. Further cycling until 400 cycles provide a retention rate of
around 65 % of the initial capacity. If we compare the energy density of non-aqueous and aqueous electro-
lytes for SIBs and Zn-ion batteries, we detect comparable 300-350 Wh kg™ results.
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Figure 3. Galvanostatic charge and discharge curves Figure 4. Cyclic voltammograms with six different scan
at C/20 rate. Reprinted with permission from [19]. rates from 0.1 to 0.6 mV s*. Reprinted with permission
Copyright {2018} American Chemical Society from [19]. Copyright {2018} American Chemical Society

To sum up, research on cathode for SIBs field proves the capabilities of the Na,Mn;O- to use as a prom-
ising candidate. The capacity of redox reaction at shortened cut-off voltage window came from reversible
intercalation and deintercalation of two sodium ions through a so-called biphasic process where material
structure can be explained by the formula Na,,Mn;O; with Na" state. As described above, a long plateau at
2.1V for the galvanostatic test and a peak with a low polarization in the cyclic voltammetry test provide the
160 mAh g™. With an average working voltage of 2.1 V and energy density of 330 Wh kg™, other properties
such as non-toxicity, low price, and simple preparation ways increase the interest in a given material.

2. A high voltage cathode: based on the combination of Mn**/Mn** and Oxygen redox

Another interesting study indicates that when the theoretical limit of the M-redox reaction is exceeded
in alkali metal excess transition metal oxides (A1.xM O,), additional capacity can be obtained as a result of
additional oxygen redox reactions. [20]. A good example of this is the material Li;»Nig13C0013Mngs40,,
where 0.2Li" are located in the transition metal layer. This material delivered a specific capacity of
270 mAh-g™, of which 150 mAh-g™ of capacity was derived via oxygen redox. [21]. Ceder's research group
provided a theoretical explanation for reversible oxygen-redox reactions. The redox activity of oxygen in
layered materials with an excess of lithium arises from Li-O-Li bonding, which creates orphan states of oxy-
gen that rise from the oxygen-binding manifold [22]. There is still some uncertainty regarding oxygen-redox
reactions, but it is generally accepted that in AMO,, oxygen is coordinated by three transition metals, and its
2p orbitals are primarily involved in bonding states located below Fermi's level. Consequently, oxygen oxi-
dation removes a bonding electron from an M-O bond. On the other hand, it is important to note that two
transition metal atoms are coordinated by two oxygen atoms in A;.xM;O, unlike in the case of AMO,. By
having a nonbonding 2p orbital along the A-O-A axis and a position below the Fermi level, this oxygen con-
tributes to the oxygen-redox reaction without causing M-O bonds to become easily broken [23, 24].

In 2018 Prof. Yamada’s research group studied the reversible oxygen redox capacity of Na,Mn3;O; at
~4.1 V versus Na/Na*, and DFT calculations were used to confirm nonbonding oxygen 2p orbitals [25, 26].
The authors predicted that oxygen has so-called nonbonding 2p orbitals in manganese vacancy, which deliv-
ers this extra capacity. As shown in Figure 5a, during the initial cycle, there were no changes in Mn L-edge,
which indicates that the Mn does not contribute to the capacity. On the other hand, the O K-edge (Fig. 5b and
5c) displays that during charge, the intensity of the shoulder peak increased, and during discharge, it returned
back to the initial state. These changes are associated with reversible oxygen redox. In addition to the exper-
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imental data, it was confirmed by the theoretical calculations, which are shown in Figures 5d and 5e [25].
The charge-discharge curve between 1.5-3.0 V verified that reaction occurred due to Mn*”** redox, which
corresponds to previous French scientist's investigations [15]. However, in this paper, they observed another
part of the cut-off voltage (3.0-4.7 V) where an extra 75 mAh g™ capacity (at ~4.1 V versus Na/Na") is ob-
tained (Fig. 6). Considering that Mn can not be oxidized upper 4+, considered that it happened due to re-
versible oxygen redox. Combining Mn and O redox Na,MnzO; can deliver a high reversible capacity
(>200 mAh-g™) [27].
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Even so, the chemical state of oxidized oxygen in this material is still debatable. Because of the high
voltage hysteresis (JrGox | [rGred |), oxidized oxide ions (Oe) form stable peroxide-like O,* dimers when
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charged. Following discharge, the O,> dimer may be reduced to O,* and then decomposed to O,. In addition,
this hysteresis, when transition-metal migration and/or surface cation densification happen simultaneously,
the overlapping kinetic hysteresis caused by concentration overpotential, makes overall mechanisms chal-
lenging [28].

The Na,_,Mn3;0; was recently investigated to exhibit a high reversible oxygen-redox capacity with little
voltage hysteresis (0.04 V) and thus a good counterpart (Fig.7), [rGox | [rGred |) for gaining an understanding
of the cause of the normally high voltage hysteresis observed following oxygen redox. Why Na,.xMn3;O- ex-
hibits the reversible oxygen-redox reaction in this mechanism O*”O*? To answer this question, Prof. Yama-
da’s group again investigated this material and aimed to confirm the existence of O in Na,.xMn30; as the
dominant state in the reversible oxygen redox in the thermodynamical view of analysis. By the DFT calcula-
tion, it was confirmed that the calculated magnetic moments of Mn and O gradually appear on O atoms dur-
ing dissociation, which indicates the formation of O". In comparison, the multiorbital Mn-O bond ((c + 7)
helps to stabilize the formed O " in the structure Na,,Mn3;O; [26].

Partially substituting the Mn** with other elements with different oxidation states, such as Mg**, AI*,
Ti*, etc., is one efficient method for further deeply studying the redox-active oxygen atoms. For efficient
substitution, Mn and element should have similar ionic radii [24].

P. Siriwardena et al. studied a series of Mg** doped Na,Mn;0-. The results imply that Mg** doping can
positively affect capacity enhancement and rate capability. 2 mol. % Mg?** doped material exhibited the best
specific capacity of 143 mAh g™ after 30 cycles. However, with long-term electrochemical cycling, a some-
what negative effect on capacity retention was observed, which was associated with increasing Mn** in the
system. As we know that Mn** can form Mn®* in an acidic solution, which can easily dissolve in the electro-
Iyte, which causes structural instability. In addition, GITT and CV studies for NaMnO, NaMnMg, 0, and
NaMnMg,O materials have shown that Mg** doping can reduce the Na* vacancy ordering, resulting in im-
proved diffusion. Also, a NaMnMg,s0/ HC anode full cell was investigated that exhibited 80 mAh g™ [29].
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rate of 0.1 mV s™ in the voltage range 1.5-4.7 \V vs. in the voltage range 1.5-4.7 V. Reprinted with
Na+/Na. Reprinted with permission from [30]. permission from [30]. Copyright {2021} Royal
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Soares et al. have studied the effects of partial substitution of AI* ions in the Na,Mn;O; cathode mate-
rial. During experiments (Fig. 8), two redox couple of Mn*/Mn** and O%QO™ was confirmed on CV,
XANES, and computational studies. The electrochemical characteristics showed the 215 mAh g™ initial ca-
pacity between the voltage range 1.5-4.7 at C/20 and 90 % capacity retention after 40 cycles, as shown in
Figure 9. Modeled structure gave observation that AI** is more electronegative than Mn** which can let dif-
fusion of Na* in various directions. And diffusion kinetics can be improved through the shorter length Al-O
bond that helps widener the Na* pathway [30].

Redox-inactive Ti*" chemistry was investigated by Liu et al. and used to partially substitute Mn** to
form Na,TipsMn, sO-. The results indicate that Ti** can reduce objectionable interlayer gliding at a high volt-
age, and this material showed ultra-slow volume change (0.11 %), revealing structure stability.
Na,TigsMn,s0; delivered good cycling performance with 79.1 % capacity retention after 60 cycles at
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50 mA-g’l. Moreover, after storing in the air for 60 days, the cyclic stability of Na,TiysMn,s0; showed
77.0 % capacity retention after 60 cycles which indicates the air stability of doped material [31].

Conclusions

In summary, Na,Mn;O; material is very attractive as a cathode material not only for SIBs due to the
low price and high capacity. The manganese redox can be used if the cutoff voltage is limited up to 3V and
the capacity of about 160 mAh g™ is delivered. However, due to the Jahn-Telle distortion associated with
Mn*, the cycling performance still needs to be improved. When the cut-off voltage increased over 3 V (up to
4.7 V), the participation of the oxygen redox increased the capacity to over 200 mAh g™. The enhancement
of the cycling performance was done by partial substitution of the manganese with other metals such as Mg,
Al, and Ti. Furthermore, coating the material with carbon or other materials is one of the ways to improve
cycling performance.
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