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a b s t r a c t

Disordered rocksalt (DRX) can achieve far better capacity than layered oxide cathodes, with the
potential to use as cathodes for next-generation batteries, but are limited by their poor ion diffusion
kinetics. Initial assessments on Li-rich disordered cathode suggest that Li percolation is heavily
influenced by transition metal (TM) polyhedral surrounding Li diffusion path by a repulsive force.
However, the kinetics and influence of TM polyhedral structures are not investigated for sodium rich
DRX cathodes. Herein, we study the influence of Na stoichiometry in Na-rich DRX cathodedNaxMn2-

xO2 (x ¼ 1.05e1.3) and its influence on Na percolation. Increasing the Na stoichiometry systemati-
cally gives better insight into Na percolation network, TM cluster formation, and its effect on sodium
diffusivity on Na-DRX cathodes. The cathode material is analyzed by transmission electron
microscopy and X-ray absorption spectroscopy analysis, giving better understanding on influence of Na
stoichiometry on its neighboring polyhedral structures. The Na-rich samples were initially assessed by
electrochemical studies, which showed about 110 mAhg�1 of capacity for 0.5 Ag�1 current density. The
study provides an insight into crystal structure of Na-rich disordered cathode and ways to improve its
capacity and rate performance.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

With sodium ion being best alternative to replace lithium-based
batteries due to their high cost and low availability, sodium is
highly limited by its capacity bottlenecks. Due to larger ionic size
than lithium, sodium analogs need lot of attention for its better-
ment toward stationery energy storage application. Recently, many
approaches are being made in rocksalt cathodes by converting
them into disordered rocksalt (DRX) to improve its capacity and
rate performance [1e3]. With much better capacity and rate per-
formance, these DRX materials are well capable as next generation
battery cathode due to their low cost and abundant availability.
Especially, Ceder et al. group is working on this type of materials
that are lithium excess in content with great initial capacity but
poor cycle stability [2,4e10]. This emphasis the fact that in addition
to cation (Li or Na) excess condition, some parameters or guidelines
avel), leeys@chonnam.ac.kr
must be made available to achieve maximum performance. These
improvements are made by trial and error with limited or without
any parameter guidelines.

Until recently, many rocksalt compounds of sodium ion have
been explored greatly. Among these various positive electrodes,
NaxTmO2 cathodes (Tm e transition metals) are very promising
owing to their high conductivity, better performance, and superior
cycle stability [11e14]. Most such rocksalt cathodes are analogs of
their cathodes for lithium-ion battery system. The most common
type of cathodes are O3 [12,15]and P2 [14,16e18], which represents
octahedral and prismatic coordination of sodium with three and
two layers of TM slabs in a layered rocksalt cathode. Until recently,
it is believed that more the structure is layered, more the perfor-
mance is achieved. This fact remained valid as facile diffusion of
sodium was enabled by highly layered structures. During this
diffusion process, the sodium ions were largely diffusing through
hopping mechanism from one octahedral site to next via tetrahe-
dral sites in-between. Such a hopping mechanism causes lot of
disturbance in adjacent TmO2 layer leading to sliding of same and
increasing energy barrier for hopping. Cumulatively, such a series
of events lead to capacity loss with increase in cycle. Also, they are
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capped by a glass ceiling of capacity of about 120 mAh/g, which
needs to be improved drastically to make them fit for commercial
applications as mentioned above.

To overcome this capacity limitation, an alternative set of
cathodes that are cation (Li or Na) rich are currently being
studied. The main advantage of these being number of cation
available per unit formula (Li, Na >1) of cathode being much
higher than in layered rocksalt cathodes [1,19e22]. Various
theoretical studies on enhanced performance of these cation-rich
cathodes attributes to “0-TM channels” especially in the case of Li
cathode [5,7]. Lee et al. [3] found that when Li diffusion occurs
inside cathode structure, they migrate between octahedral sites
via tetrahedral channels adjacent to them; however, during this
diffusion, significant repulsive forces were exerted by TM con-
taining tetrahedral clusters to activated Liþ in tetrahedral site.
This activated Liþ becomes more confined inside these tetrahe-
dral sites with increase in Tm-tetrahedral clusters and leads to
more restricted diffusion. By demonstrating five different types of
clusters namely 0-TM to 4-TM, 0-TM, and 1-TM was found to
highly favorable for activated Liþ diffusion from tetrahedral site
to nnn octahedral site by exerting minimum repulsion through
“0-TM channel”. During Li diffusion process, in contrast to hop-
ping mechanism in above layered structures, the Li diffuses
through a percolating network of Li-coordinated sites. Addition-
ally in DRX, short range order (SRO) also determines the lithium
diffusivity, which is very much altered by cation (lithium) content
[3,23]. In SRO, a small cluster of cathode ion and oxygen may
position themselves together to form a ordered layered domain
inside random disordered structure. The more occurrence of
SRO reduces the occurrence of Li4 tetrahedra, which in turn leads
to reduction 0-Tm Li percolation. Although this SRO is
statistically studied using MonteeCarlo simulations and DFT
studies [5,10,24], these studies are mostly limited to lithium
metal than sodium. During MonteeCarlo simulations, it was
evident that Li percolation significantly reduced when the SRO
increased by obstructing the lithium diffusion pathways. Hence,
reduction in SRO is mandatory for achieving superior capacity
and rate performance.

Although all these studies were made using Li as cation, so for
not many studies have been conducted on sodium counterparts,
which are similar in behavior like lithium but bigger in size and
more abundant [20,25e30]. Among them, study on effect of Fe3þ

for Ru4þ by Siriwardena et al. is one of the earliest report on
NaxMn2�xO2 (x ¼ 1.05e1.3) type cathode material. Owing to great
demand for sodium-ion as a replacement of Lithium-ion, to the
best our knowledge, there have been no previous reports on DRX
type NaxMnO2 so far. Although Na also follow similar diffusion
mechanism as Li, owing to their bulkier size, diffusion kinetics
may change and hence the performance. Hence, this knowledge
gap on Na-rich DRX should be addressed effectively. Also, the
critical Na cation concentration above which 0-TM percolation is
much likely possible can give many researchers an option to
decide on stoichiometry to synthesize for better capacity and
stability.

This knowledge gapmotivated us to develop a strategy based on
statistical calculation and further apply them in real-time experi-
mental conditions. In this article, we used Monte-Carlo simulation
as a statistical tool to analyze the best sodium-rich stoichiometry
including predicting its structural behavior. Further predicted
structures were systematically analyzed using relevant experi-
mental synthesis and validated for each case to case. To achieve
robustness to our findings, real-time problems such as cation-
mixing were also included as parameter in MonteeCarlo simula-
tion. To address the stability issues, Na-excess samples were further
analyzed by relevant electrochemical and X-ray-based techniques
2

to gain better insights into their valency and its corresponding ef-
fect in oxygen atoms.

2. Experimental procedure

2.1. . synthesis of DRX-Na1þXMn1�XO2 (B-NMO)

B-NMO was synthesized using a conventional solid-state
method and successive ball-milling technique to induce disorder.
Stoichiometric amounts of Na2CO3 (Sigma Aldrich, >99.5%), man-
ganese (III) oxide (Sigma Aldrich, 99%), and 20 wt% citric acid
(Sigma Aldrich, 99%) were milled for 6 h using acetone as solvent.
Later, themilled precursors were dried in vacuum oven and pressed
into pellets. Samples were heated to 700 �C for 12 h at a heating
rate of 5 �C/min in a muffle furnace and quenched to room tem-
perature in vacuum atmosphere of glovebox's chamber to yield
NMO. To avoid contact with air and moisture, the samples were
stored inside glovebox for future progress. The samples were later
ball milled in inert atmosphere without any solvent for 36 h at
500 rpm. After ball milling, dark powdered samples namely BNMO-
1.05, BNMO-1.1, BNMO-1.2, and BNMO-1.3 expecting sodium stoi-
chiometry of Na-1.0, Na-1.1, Na1.2, and Na-1.3, respectively.

2.2. Material characterization

Crystal structures were characterized by X-ray diffraction (XRD;
Cu Ka radiation, Rint 1000, Rigaku, Japan) in 2Ɵ range of 5e90�. The
particle morphology, elemental composition, and internal structure
were evaluated using field emission scanning electron microscopy
(FE-SEM, S-4700, Hitachi, Japan) coupledwith an energy-dispersive
X-ray spectroscopy (EDX) module, and high-resolution trans-
mission electron microscopy (HR-TEM; JEM-2000, EX-II, JEOL,
Japan).

2.3. Electrochemical measurements

The electrochemical studies of all samples were performed us-
ing CR2032 coin cells assembled inside a glovebox under a
controlled atmosphere of ultrapure argon. The cells consisted of the
synthesized material as the cathode and metallic Na as the anode
separated by a polypropylene separator, with 1 M NaClO4 in a
mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) (1:
1, v/v) as the electrolyte. The cathode materials were prepared by
mixing 5.0 mg of active material with 1.0 mg of Ketjen black and
1.0 mg of teflonized acetylene black (TAB-2). The obtainedmixtures
were pressed on stainless steel current collector and dried in an
oven at 160�c for 4 h before cell fabrication. Chargeedischarge
(CeDC) studies were performed for different voltage ranges at
current rates varying from 0.05 to 1 A/g using a Wonatek WBCS
3000 battery test system. Cyclic voltammetry and EIS analyses were
conducted using an electrochemical analyzer (SP-150, Biologic,
France).

3. Result and discussions

3.1. X-ray diffraction analysis

To determine the crystal structure, XRD analysis was performed
on all samples from 10 to 90�. In Fig. 1, the broader peaks
represent the size reduction of particles due to high-intensity ball
milling. The peak intensities were very weak due to intense ball
milling irrespective of increase in Na stoichiometry from 1.05 to 1.3.
Such reduction in XRD peak intensity after ball milling is in good
agreement with earlier report by Yabuuchi et al. group [31]. Ball
milling time is optimized for 36 h in which maximum particle size



Fig. 1. X-ray diffraction images of disordered rocksalt sodium cathode with increase in
Na content.

B.K. Ganesan, R. Thangavel and Y.S. Lee Materials Today Chemistry 28 (2023) 101368
reduction and disorderness is induced. It is to be noted that ball
milling time was optimized based another cathode material with
same NaMnO2 and F-doping as shown in Fig. S1. A broad peak at
about 42.6� corresponds to high intensity peak of NaMnO2 layered
structure corresponding to (1 1 1) plane. With increase in sodium,
an additional minor peak is represented in Fig. 1 as *, which cor-
responds to excess sodium carbonate that readily reacts with outer
atmosphere to form sodium carbonate analogs when exposed.
Since all our samples were characterized with Kepton tape seal,
such exposure to external atmosphere was significantly reduced.
With inducing disorderness in rocksalt cathode, the possibility of 0-
Fig. 2. Electron microscopy images of Na-rich disordered rocksalt c
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Tm is drastically increased, which is discussed in the coming
sections.
3.2. Electron microscopy

To analyze the microstructure and changes in morphology,
electron microscopy images were taken and analyzed. In scanning
electron microscopy (SEM), the particles were observed to be
coarse in nature with few agglomerates throughout. Further the
samples were analyzed using TEM for both imaging and SAED
pattern. As shown in Fig. S2, in SAED pattern, the amorphous nature
of disordered cathode was confirmed by concentric circle forma-
tion. SRO is a common phenomenon observed in cation-rich elec-
trode samples (esp. Li-rich electrodes). To visualize the same, TEM
can be an effective tool to observe such SRO. In our samples from
BNMO e 1.05e1.2 with increase in Na stoichiometry, the SRO was
visibly reduced as encircled in Fig. 2. Since SRO is directly related
with 0-Tm percolation, decrease in SRO may result in increase in
capacity which is discussed in coming sections. In addition to SRO,
amorphous feature was prominent throughout the electrode. In
summary, from electron microscopy, it is evident that SRO has
reduced significantly with increase in sodium content.
3.3. Electrochemical analysis

To evaluate the electrochemical performance of these samples,
they were tested using galvanostatic chargeedischarge (GCD), rate
performance, cycle stability followed by dQ/dV curve. In GCD at
50 mA/g, among all samples, BNMO-1.1 delivered the highest initial
capacity of 165 mAh/g, followed by BNMO-1.2 giving 159 mAh/g. In
Fig. 3A, it is to be noted that initial charging capacity was consis-
tently increasing with increase in Na content. Although GCD of
athodes; encircled areas highlight the short range order (SRO).



Fig. 3. Galvanostatic chargeedischarge of Na-rich cathode materials (A); rate performance at different current density (B); cycle stability at 100 mA/g current density.
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NaMnO2 is typically stepwise in nature, in our case, after the for-
mation of disordered structure, the curve became smooth much
like capacitive behavior. The smooth chargeedischarge behavior
could be attributed to smooth sodium ion diffusion three dimen-
sionally through the disordered crystal structure. As seen in earlier
reports of Li counterparts with Mn as TM, a smooth discharge curve
with a subtle plateau near 2.2 V demonstrates facile and additional
Na extraction from crystal structure in comparison to our earlier
report of layered [10,32,33]. An improvement both in capacity and
in subsequent cycles was achieved by induced disorderness by ball
milling. Such a facile Na diffusion is reflected in rate performance
too. As shown in Fig. 3B, with increase in current density from
0.05 A/g to 1 A/g, the capacity dropped from 165 to 81 mAh/g of
capacity, respectively, for BNMO-1.1. Owing to additional Na
percolation pathway enabled by excess Na, such minimal loss in
capacity is very much in agreement with improved sodium con-
ductivity in disordered crystal structure.

To evaluate the structural integrity, the samples were cycled at
0.1 A/g. In Fig. 3C, upon cycling, the BNMO-1.1 could display ca-
pacity retention of about 81% after first 100 cycles. Although
the capacity fade is not on par to that of many sodium layered
cathodes, however, the capacity face is much lesser than their Li
counterparts [34e37]. Such a capacity fade is mainly associated
with spinel formation Li/Na-based electrodes. On the other side,
layered electrode materials display great structural stability due to
reinforcement support given by Tm layers, which remains intact
when Na undergoes electrochemical conversion during cycling.
Unfortunately, when the Na content is increased, the Tm content is
reduced correspondingly and so do reinforcement pillar of these
cathodes is reduced correspondingly.

3.4. Percolation probability analysis

To further understand this improved capacity, rate performance
and cycle stability of disordered structure which evolved from
layered structure, a 10 � 10 � 10 structure model was generated,
and subsequent percolation studies were done by MonteeCarlo
simulation based on those models. In constructing themodel based
4

on model proposed by Cooper et al. [38], two type of polyhedral
were considered namely Na -polyhedra (colored box) and Tm-
polyhedra (white box). The model was constructed in such a way
that each polyhedral is constructed randomly and limited only by
chemical composition (x). Adding to that, cation mixing (i.e.
number of Tm in Na-layer/number of Tm in Tm-layer) is also added
as cation mixing is one critical factor that greatly influences
percolation property of any electrode material. In this model, when
two or more polyhedral combine together, they form a cluster, and
when these clusters are connected for bottom to top (layer 1 to 10),
the system is assumed to be percolating. Although 2D Na conduc-
tion along same Na layers is more common among layered elec-
trodes, in our model, the percolation Na ion between two layers of
Na is predicted using our model. Such connectivity among layers
translates to an alternative sodium diffusion pathway and rate
performance in macroscopic level.

Initially by emulating the theoretically ideal states of layered to
sodium-rich rocksalt structure, the cation mixing fraction was kept
at 0 and corresponding structure was generated in Fig. 4. In a given
instance, it can be noted that colored cells correspond to Na
polyhedra at different layer, whereas the white cells correspond to
Tm octahedra. When Na fraction was increased from 0.8 to 1.0, Na
percolation channel remains closed until composition ‘x’ reaches
1.0 and opens beyond. The junction between 1.0 and 1.2 is critical
below which the probability of 0-Tm percolation doesn't happen
and above which the probability of percolation is maximum (near
1). To estimate this percolation probability in real case, we
included cation mixing fraction as another factor added to Na
composition. With increase in mixing fraction, chances are that
straight line Na percolation channel is broken and the network has
to find other ways to percolate. In such case, with the increase in
cation mixing fraction from 0.0 to 1.0, the corresponding proba-
bility of percolation is given in Fig. 5A. Based on 1000 trails for
each Na fraction and Cation mixing combination, the gap of
transition from percolation minima to maxima widens with in-
crease in cation mixing, whereas the probability of percolation
tends to move toward higher value for even lower Na fractions
provided cation mixing is near maximum.



Fig. 4. Na percolation and cluster formation in a 10 � 10 crystal structure with Na polyhedra (colored) and Tm polyhedra (white).
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In real cases, the cation mixing can hover somewhere between
0.3 and 0.7, which is entirely dependent on Tm used. In case of Na-
deficient (x � 1.0) cathodes, though these cation mixings can
improve Na percolation through one layer to other but in reality,
these Na have to travel in 2D direction on a single layer rather than
percolating through Tm layer. Such a percolation, indeed, degrades
the capacity and performance overall. On the other hand for Na-
rich case (x > 1.0), these percolation channel acts as additional
pathways to extract those extra Na and thus increases capacity as
well as performance. It is well understood that Na interlayer
percolation can be either incremental or detrimental depending
upon Na fraction, and its magnitude is clearly emulated in Fig. 5A.

Additionally, the construction of cell and cluster in Fig explains
much about cycle stability of Na-rich samples. It is well known that
Fig. 5. 0-Tm percolation probability of Na in various NaxTm2-xO2 structure (A); comparison
various cathodes.
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Tm layers are the backbone/host framework in crystal structure
that accommodates and release cation during cycling. It is required
that these framework cells are well connected to host cations. In
Fig. 4A and B, the formation of isolated cluster of Tm octahedra
(white cell) is very minimal or near zero for lower cation mixing.
With simultaneous increase in Na content and cation mixing, the
number of isolated Tm cluster increases. Such an isolated Tm
cluster in surface can easily dissolute into electrolyte leading to
capacity loss since not much Tm octahedra available for binding
cations together. To validate the Mn dissolution, a pinch of BNMO-
1.1 and BNMO-1.3 samples were dipped in electrolyte for overnight
to observe any color changes due to dissolution. As shown in Fig. S6,
after 12 h, BNMO 1.1 electrolyte was clear whereas color changes
appeared in BNMO-1.3, indicating Mn dissolution.
of capacity and efficiency in various Na cathode (B); dQ/dV curve of charge cycle in



Fig. 6. X-ray absorption near-edge spectra (XANES) of cathode materials in reference to standards (A); valency distribution in cathode material calculated from XANES spectra and
linear fitting (B).
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To further validate the above theories, the capacity and cycle
efficiency of different samples were analyzed in Fig. 5B. It is to be
noted that second cycle was considered here rather than first cycle
due to fact that in first cycle, majority of cycle efficiency loss
happens due to SEI layer formation. Here in second cycle, irre-
spective of cation mixing, the capacity increased by 12% with in-
crease in Na content from 1.0 to 1.1; upon increasing further, the
initial capacity was higher than BNMO-1.05 but decreased with
subsequent cycle. This is very much in agreement with our model
that with more cycle number, the mixing fraction increases and so
do interlayer sodium percolation but compromises intralayer so-
dium diffusion. On the other side, the cycle stability was also
deteriorating aggressively for Na-rich sample in proportion to their
Na content due to less availability of Tm cluster and formation of
more isolated Tm clusters lost in cycling. Adding to this deterio-
ration, as in Fig. 5C, oxidation may also have contributed in poor
cyclability as confirmed by higher dQ/dV at higher potentials for
Na-rich samples.

To further investigate the excessive capacity loss in Na-rich
samples, the samples were analyzed with XAS analysis in Fig. 6.
X-ray absorption near-edge spectra (XANES) is a powerful tech-
nique to study the oxidation state of TM used. Since oxidation state
is directly linked to capacity and stability of cathode, XANES can be
used to analyze the same for any sample. In our samples, when Na
Fig. 7. Schematic representing evolution of cathode structure from Na-deficient
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content is increased from 1.05 to 1.3, the TM valency also increased
from near 3þ to above 3þ for BNMO-1.3 due to reduction in Tm
content. Such an increase in valency can result reduced capacity
due to nonavailability of þ5 oxidation state in Mn and resulting in
oxygen loss. Both the capacity loss with increase in Na content
beyond critical point and stability loss are in good agreement with
increase in Mn valency. Hence it is crucial to evaluate or estimate
the exact stoichiometries of cations going into cation-rich elec-
trodes for its overall better performance (see Fig. 7).

In summary, the high-performance Na-rich cathodes are perfect
balance between the sodium stoichiometry, structural integrity,
and the Tm valency. If the Na stoichiometry is increased, the ca-
pacity is drastically increased but the structural stability either due
to the cluster formation or Tm valency, the cycle stability is dras-
tically hit. Hence, to improve the same, following remedies can be
adopted:

1. Critical sodium-rich content for layered cathode is up to x ¼ 1.3,
beyond which impure phases tend to form.

2. Average valency of Tm must be kept as less as possible (i.e., less
than 3þ) to accommodate additional sodium ion.

3. Alternatively, Tm with wide options in oxidation states (þ3
toþ6) such as Cr and Mo can be used or anion doping such as F-
doping can also be used.
to Na-rich and corresponding effect in Tm valency and diffusion pathway.
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4. Cation mixing improves both capacity and cycle stability, hence
induced cation mixing can be considered as an option.

It is to be noted that abovementioned suggestions are based on
our understandings from above studies and requires extensive
research to validate the same.
4. Conclusion

Disordered sodium TM oxide rocksalt cathode (DRX) cathodes
are class of cathodes whose real potentials are still unexplored.
Although poor cycle stability is commonly observed phenomenon,
the real root causes, and strategy to improve them are not yet done
effectively. In this work, the root cause for improvement in capacity,
critical sodium stoichiometry range to achieve the maximum per-
formance are extensively studied both experimentally and using
percolation studies by MonteeCarlo simulation. In addition, the
reason behind poor cycle performance was studied using simula-
tion of model structure, which gives better insight about structure
evolution during sodium addition. The critical sodium content
beyond which 3D sodium percolation may happen is much similar
to its lithium counterparts that prove validity of these results.
However, this study is very preliminary and limited by assumptions
such as sodium and TM polyhedral was considered instead of in-
dividual atoms that can be done in depth by molecular simulation
studies. Overall, this study could be a good starting point for
choosing sodium stoichiometry in Na-rich cathodematerials and in
choosing TMs accordingly for better performance.
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