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Na-rich transition metal oxides are promising cathode materials owing to their high theoretical capacity and
ability to be used in a solid-state sodium battery. However, one of their drawbacks is that they are prone to
capacity loss. The reduction in capacity during cycling is attributed to oxygen loss, resulting in rapid capacity
fading. To address this issue, a Na,Tmy.4O type cathode material (Tm = Mn and Cr; X = 1.05-1.3) was syn-
thesized successfully and analyzed for desired cathode attributes. The material was synthesized using the solid
state method and quenching to achieve a crystalline cathode structure. Different sodium stoichiometries were
used and electrochemically tested. The resultant was a Naj 1Crg9O> electrode that achieved a high capacity of
110 mAh/g at 1000 mA/g compared with other compositions. The superior performance of Naj 1Crg 902 over
other Na-rich stoichiometries (1.05-1.3) with Mn as the transition metal was analyzed using X-ray character-
ization techniques and other electrochemical techniques. This high-capacity cathode was used to construct a full
cell battery by coupling with a hard-carbon anode to demonstrate its applicability in the real world. The con-
structed battery with a Naj 1Cr 9O2 cathode exhibited a high capacity with a high energy density of 223 Wh/kg

and power density of 1100 kW/kg.

1. Introduction

The number of inventions and developments in the last century has
been higher than those in the previous centuries cumulatively. The
harnessing of electricity can be considered as a key invention that
opened a new direction and paved the way for many other inventions.
Owing to a rapidly developing human society, the demand for energy
and its storage is rising substantially. Although in the past decades,
energy was produced by burning fossil fuels, the paradigm has recently
shifted towards more eco-friendly sources such as wind, solar, and nu-
clear power. However, in most cases, the production methods for these
types of energy are inconsistent and highly dependent on various
external factors such as battery and supercapacitor quality. For large-
scale energy storage, lithium-ion battery technology is commonly
used. However, sodium ion batteries (SIBs) have recently gained more
attention as a potential replacement for lithium-ion batteries owing to
the availability of sodium and equal distribution of the element around
the world [1-3].
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Compared with lithium batteries, the cathode material options for
SIBs are very few owing to the small number of research groups focusing
on SIBs and larger sodium ion exposing cyclability difficulties [4]. Most
of these cathode materials can be classified as either sodium deficient (i.
e., Na < 1.0) [5,6] or sodium-rich cathodes (i.e., Na > 1.0) [7-9]. The
sodium-deficient type became the more popular subject for research
because of its similar structure and properties to its lithium counterpart.
Among sodium deficient cathode, in addition to O-type (octahedral)
materials, various P-type (prismatic) can occur, giving rise to O3-, P2-,
and P3-type cathodes owing to a bigger sodium-ion size [8,10-12]. P2
and O3 are the most widely studied types owing to their superior con-
ductivity and greater stability; however, they lack storage capacity. The
P2 type’s lack of storage capacity is mainly owing to its lower Na con-
tent, whereas the O3 type lacks in structural integrity, resulting in poor
cycle stability. Typically, the structural integrity of the P2 type is
well-preserved during the sodium extraction process, leading to a more
open framework and a direct sodium diffusion process. However in O3
type, the formation of the P3 phase from the O3 phase due to TmO5, layer
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gliding results in capacity loss during cycling [13]. The transition metals
used in the TmO; layer [14], such as Cr in NayCrO; [15], V in NayVO,
[16], and Co in NayCoO [17] are commonly limited by their capacity
and poor rate capability.

In the context of sodium-rich cathode materials, Prussian blue type
(PB type) cathodes have been investigated, mostly owing to their ad-
vantages such as high theoretical capacity, 3-D open framework, and
two-electron redox capability [18-24]. However, because of the
extraction of two Na™ ions, PB type cathodes are vulnerable to structural
instability and often results in poor cycle stability. Hence in most cases,
the number of usable cycles reported for PB-type materials is insufficient
for practical use. By contrast, another type Na-rich i.e. Na-rich layered
oxides (1.0 < Na < 1.4) are highly stable but lack in theoretical capacity
owing to their one-electron redox process and electrical conductivity in
some cases [7,25-28]. Additionally, in sodium-rich cathodes, the 0%
anions take part in redox reactions, resulting in increased capacity. To
break this poor conductivity issue and enhance electrochemical prop-
erties, transition metals are often substituted or doped.

Modifying the Li/Na content in layered structure materials can
effectively alter the coordination around oxygen atoms, potentially
resulting in improved redox kinetics during cycling. Although these
improved redox kinetics have been achieved in P-type Na-deficient
materials, this has not been realized for Na-rich materials with various
Na stoichiometries. In the case of doping or substitution, increasing the
Li/Na content can result in extra channels or pathways for Li/Na
transportation, thus improving intercalation behavior in Li/Na-rich
materials. This was demonstrated by Lun et al. [29,30]. Additionally,
Zhao et al. suggested that the interlayer distance between the sodium
metal layer, dio—na-0), and transition metal layer, d(o.tm-0), in layered
cathodes can affect various properties. In particular, the interlayer dis-
tance largely affects the electron distribution and localization around
stacking layers, both of which have been relatively unexplored thus far.

Because of the lack of knowledge regarding any intermediates be-
tween sodium-deficient layered structures and sodium-rich Prussian
pigment structures, Na-rich layered structure is unexplored and ex-
pected to exhibit structures with the advantages of both systems, having
the appropriate structural integrity and high storage capacity. To ach-
ieve this, two of the most investigated layered oxide cathodes, NayTmy.
xO2-type cathode material with TM=Mn and Cr, were considered, and
the Na content was gradually increased from X = 1.05 to 1.3. The
variation in the storage capacity with respect to the changes in structure
(esp. crystal unit cell) and the subsequent changes in electron distribu-
tion were analyzed systematically. As the electron distribution of any
material is highly associated with their performance or stability, this
characteristic must be comprehensively examined [31,32]. Unlike
doping or substitutions, which may not result in equal distributions
throughout the system, the modification of the structure by increasing
the sodium content may be more rational approach for tuning perfor-
mance. To the best of our knowledge, no investigation has been con-
ducted on these Na-rich stoichiometries, especially for materials using
Mn and Cr as transition metals.

2. Experimental section
2.1. Materials synthesis

2.1.1. Synthesis of Na,Mn3.,O2 (NMO)

NMO was synthesized using a conventional solid-state method.
Stoichiometric amounts of Nap,CO3 (Sigma Aldrich, > 99.5%), Manga-
nese (III) oxide (Sigma Aldrich, 99%), and 20 wt% citric acid (Sigma
Aldrich, 99%) were grounded for 15 min using a mortar and pestle. The
resultant powder was pressed into pellets, heated to 700 °C for 12 h ata
heating rate of 5 °C min~! in a muffle furnace, and quenched to room
temperature (25 °C) under full vacuum in a glovebox’s chamber to yield
NMO. To avoid contact with air and moisture, the samples were stored
inside the glovebox for future use.
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2.1.2. Synthesis of Na,Cr.,O2 (NCO)

The same procedure was repeated to obtain NCO, which was syn-
thesized using a conventional solid-state method. Stoichiometric
amounts of NayCO3 (Sigma Aldrich, > 99%), Chromia (Sigma Aldrich,
99%) and 30 wt% citric acid (Sigma Aldrich, 99%) were grounded for
15 min using a mortar and pestle. The resultant powder was pressed into
pellets, heated to 900 °C for 5 h at a heating rate of 5 °C min~! in a
tubular furnace. The samples were taken out at 100 °C and cooled to
room temperature (25 °C) under full vacuum in a glovebox’s chamber to
yield NCO. To avoid contact with air and moisture, the samples were
stored inside the glovebox for future use.

2.2. Material characterization

Crystal structures were characterized by X-ray diffraction (XRD; Cu
Ka radiation, Rint 1000, Rigaku, Japan) in a 2q range of 5°~90° The
particle morphology, elemental composition, and internal structure
were evaluated using field emission scanning electron microscopy (FE-
SEM, S-4700, Hitachi, Japan) coupled with an energy-dispersive X-ray
spectroscopy (EDX) module and high-resolution transmission electron
microscopy (HR-TEM; JEM-2000, EX-II, JEOL, Japan).

2.3. Electrochemical measurements

The electrochemical studies of all samples were performed using
CR2032 coin cells assembled inside a glovebox under a controlled at-
mosphere 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 electro-
lyte. The anode materials were prepared by mixing 2.5 mg of active
material with 0.5 mg of Ketjen black and 0.5 mg of teflonized acetylene
black (Table 2). The obtained mixtures were pressed on a stainless steel
current collector and dried in an oven at 160 °C for 4 h before cell
fabrication. Charge-discharge (C-DC) studies were performed for
different voltage ranges at current rates varying from 0.1 to 2 A/g using
an Arbin BT-2000 battery test system. Cyclic voltammetry and EIS an-
alyses were conducted using an electrochemical analyser (SP-150, Bio-
logic, France).

3. Result and discussions
3.1. X-ray diffraction analysis (XRD)

Initial XRD analysis of NMO-type material reveals the formation of
ordered crystalline structure. Upon increasing the sodium stoichiometry
from 1.05 to 1.3, the structural integrity collapses, which is clearly
shown in Fig. 1. All the phases and peaks are in accordance with card
number ICSD 98-002-1028 with a 20 high intensity peak at 42.6° cor-
responding to the (111) plane in monoclinic crystal structure and c12/
m1 space group. The high intensity peak for Na = 1.05, 1.1 corresponds
with the highly crystalline nature of the samples prepared. Upon
increasing the Na content from 1.05 to 1.3, the crystallinity is drastically
affected as evident from its low intensity peaks. Furthermore, no addi-
tional peaks are observed, indicating that no new phases are formed but
rather the existing layered structure has collapsed to the spinel structure
of Naj 33Mng 702 (or NagMnOs) [33]. The NMO crystal structure with
alternating layers of Na and Mn forms a monoclinic structure. With an
increase in Na content, the change in lattice parameter could be
analyzed by Rietveld analysis. After the increase in Na content, the
change in lattice parameter value results in the collapse of the crystal
structure due to a significantly larger Na™ ionic radius (1.0 A) compared
to that of the Mn*" ions (0.58 Z\) being substituted. NCO materials also
have a crystalline ordered structure. However, unlike in the previous
case, with an increase in Na content, its structural integrity is not
affected nearly as much, which is made clear through XRD analysis. All
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Fig. 1. XRD images of Na-rich NMO materials (left) and NCO materials (right).

Fig. 2. HRTEM images displaying lattice fringes along with STEM-HAADF images; SAED pattern of NMO materials (top) and NCO materials (bottom).
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peaks and phases are in accordance with JCPDS card number 25-0819
with a 20 high intensity peak at 41.7° corresponding to the (104)
plane with a rhombohedral structure and the R3m space group.
Throughout the increases in Na content, neither the peak sharpness is
affected, nor are there any new peaks that are observed due to extended
valence states of +5 availability in Cr. To validate the same, in Fig. S-11
XPS analysis was done on all 4 samples of NCO. It was analysed that
binding energy of peaks 2ps,» was consistently increasing from 575.7 eV
to 576.3 eV due to increase in valence state of Cr from 3+ to beyond 3+.
It is interesting that even though Cr (atomic number 24) and Mn (atomic
number 25) are so similar in atomic composition, their response to an
increase in Na content to their layered oxide electrodes are drastically
different.

3.2. Electron microscopy analysis (FE-SEM and HR-TEM)

All of the samples analyzed using FE-SEM showed similar
morphology irrespective of TM used and Na content increase. The
Naj 1 Mng 9Oz sample consisted of large aggregated secondary particles
and had a high crystallinity that was affected by an increase in Na
content. On the other hand, for the Na; ;Crp.9O2 sample, using Cr as TM,
the samples retained a high crystallinity irrespective of an increase in Na
content. To further investigate the changes in crystal structure, the NCO
and NMO samples were analyzed using HR-TEM as shown in Fig. 2. The
interplanar spacing of 0.253 nm and 0.236 nm were measured for the
(110) and (20 2) planes in NMO samples, which were in perfect
agreement with ICSD data. Unlike most other solid-state coatings for the
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carbon layer, the carbon coating used in this study was relatively more
uniform, although thick patches in some areas were observed. Further-
more, high crystallinity of all samples was further confirmed by the
presence of a SAED pattern. In addition, the collapse of crystallinity in
samples using Mn as TM was recorded from Na 1.1 (NMO-2) through to
Na 1.3 (NMO-4) in Fig. S-10. As revealed in the XRD analysis, the Na 1.3
showed poor crystallinity through a ring formation along with bright
spots. The structure may have started collapsing due to insufficient TM
content and excessive Na ion accommodation on a layered structure, and
is discussed further in later sections.

3.3. Electrochemical analysis

The electrodes were analyzed in half-cell mode by coupling with
metallic Na as a counter electrode and were evaluated for suitability as
cathode. Fig. 3 shows the galvanostatic charge-discharge (GCD) run
between 1.5 and 4.0 V vs Na*/Na for NMO samples and 2.0-3.6 V vs
Na'/Na for NCO samples. In both cases the charge-discharge profiles
accurately reflect their respective CV. Additionally, the flat plateaus
during charge/discharge were in match with the peak potentials of their
respective CV. During the initial cycle, NMO-1.1 could deliver a high
capacity of 197 mAh/g of sp. capacity at a current density of 10 mA/g.
Increasing the current density further, the NMO-1.1 material could
deliver values of 127, 104.8, 87.3, and 58.75 mAh/g of sp. capacity at
current densities of 10, 25, 50, 100, and 500 mA/g. respectively, As seen
in Fig. 4, during the initial cycle, NCO-1.05 could deliver the highest
capacity of 124 mAh/g at a current density of 25 mA/g which is near
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Fig. 3. GCD of 1st and 2nd cycle (A and B) for NMO materials with cycle stability (C) and rate performance (D).
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Fig. 4. GCD of 1st and 2nd cycle (A and B) for NCO materials with cycle stability (C) and rate performance (D).

equal to other stoichiometries too. Pushing the electrodes to higher
current densities, Na-rich NCO-1.1 could deliver a much higher rate
performance of 105 mAh/g of capacity at current densities of 25, 50,
100, and 500 mA/g, far better than the NMO materials. Though both
transition metals used in this study are adjacent to each other on the
periodic table, their behavior as a layered transition metal oxide and
corresponding rate performances was drastically different. It was clear
that ionic size and electronic configuration of this TM played a key role
in determining or improving the capacity. To further show the effects of
TM choice in long term stability, NCO materials could display a very
high cycle stability of 90% or more over 100 cycles in all samples
whereas the NMO could not display the same retention for even 50 cy-
cles. This emphasized the fact that beyond doping in sites, coating, or
adoption of other various strategies, choice of TM plays a crucial role in
determining the basic performance standard. As the ionic size plays such
a vital role, due to our increased Na stoichiometry and reduced TM
content, the oxidation state of TM is highly affected. Based on following
equation, the NCO and NMO cathodes undergo charging and discharg-
ing process.

NaTMO;—TMO, + Na* + e~ (Charging)

TMO; + Na*t + e~ —NaTMO, (Discharging)

Where TM = Mn, Cr

During this charging process, it is well known that the oxidation state
of TM ions changes from the +3 to the +4 state, during which the ionic
size of the TM also changes. In the case of NCO samples, where Cr is used
as TM, the ionic size is reduced from 0.615 to 0.55 A [34,35], whereas in
NMO samples where Mn is used as TM, the ionic size is reduced from
0.645 to 0.53 A which is a significantly greater change than in the Cr

case. Such a change in ionic size in every layer of the TM-O slab affects
its thickness and overall structure which occurs every charge and
discharge cycle. Translating this structural change to macroscale, such a
change affects the structural integrity leading to a consistent loss of
capacity for each cycle. When Na content was increased from 1.05 to 1.3
in particular, the capacity retention% of both NMO-1.1 and NCO-1.1
improved significantly. The increase in capacity retention can be due
to modification of the oxidation state of the TM. This is because the local
oxidation states of nearby TM atoms also change, leading to a big change
in electron clouds. In macroscale, this small adjustment to the oxidation
state of TM ions, which are structural backbones of the material, can
result in improved stability overall.

Electrochemical analysis of all the samples was performed to deter-
mine a better working window of cathode materials. Additionally, CV at
low scan rates can give insight into the mechanisms of the charge and
discharge process. As shown in Fig. 5, for NMO samples, the potential
window is initially chosen between 1.5 and 4.0 V vs Na/Na™. Realizing
the stability and reversibility of both electrode and electrolyte in the
given window, the potential(E) window was further pushed to a higher
potential of 4.2 V to achieve high energy density (Fig. S-1). Initial
analysis suggested that NMO materials display sharp redox peaks with
high intensity implying faster kinetics of the charge/discharge process
with high reversibility. Minor peaks at E greater than 2.5 V and a major
peak at approximately 2.3 V (during cathodic sweep) and 2.6 V (during
anodic sweep) can be seen reflected as flat plateaus in discharge and
charge GCD as well. As earlier reported by Sato et al. [36]., NaMnOy
undergoes charge/discharge process in a complicated and multiple
phase transitions happening during cycling. Also it may be associated
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Fig. 5. Cyclic voltammogram of Na-rich cathode material NMO (left) and NCO (right).

with charge, spin and orbital ordering on desodiation. Hence a subtle
multiphase transition is happening leading to near smooth GCD curves.
These major peak E can be attributed to the point at which major Na
intercalation or decalation takes place. With this in mind, the electrode
was further pushed to 4.2 V at which the major peak (when normalised
for mass loading) intensities were significantly reduced due to reduced
intercalation or decalation process resulting in reduced capacity.
Though 5 cycles are insufficient to fully understand the stability of
cathode, the peak remained firm at a particular E with little loss in in-
tensity. This can be loosely translated to superior structural stability of
the material.

3.4. Na ion diffusion analysis

Further CV were recorded at different scan rates to analyze the
diffusion coefficient Dy of the Na* electrode-electrolyte interface using
the Randles-Sevcik equation. For the NMO samples, the CV were
detected between 1.5 and 4.0 V and the peak currents were recorded for
each scan rate as shown in Fig. S-2. The obtained peak currents were
then solved using following equation:

i =kn®/ 2ADY?y1/2Cyqy, where ip (A) is the peak current in the given
scan rate, k is a constant with value of 2.69x10° (A s mol~ ! v~1/2) under
standard condition of 25°C. The other parameters such as number of
electrons involved n, scan rate v (V s~!), concentration of oxidized
species Cp*, sodium ion concentration Cyg (in mol cm %) and electrode
area A (cm?) are determined experimentally and specific to each setup
and the material properties. Since the Randles equation is based on the
assumption that ion diffusion through liquid medium is not complicated
by any migration, the equation tends to fail in solid medium as the
diffusion mechanisms are more complicated [37]. Thus, it is necessary to
clarify that, many recently published articles that also report on Na ion
diffusion using cell parameter data for Na ion concentration and BET
surface analysis for electrode surfaces, which is incorrect or invalid as
per the aforementioned point. Therefore, we use concentration of elec-
trolyte here to determine the sodium ion diffusion in
electrolyte-electrode interface otherwise known as the SEI layer. Using
this SEI layer, the diffusivity of the Na® ion was determined to be
1.91x1078 cm? s7! for the NMO-2 sample and 2.73x10~° em? s~! for
the NCO-2 sample. On comparison, the NMO and NCO materials display
a higher order of diffusivity than many earlier reported samples. This
higher diffusivity can be attributed to superior performance and a better
SEI layer that facilitates faster intercalation kinetics.

3.5. Rietveld- refinement analysis

To better understand the change in crystal structure with increase in

sodium stoichiometry, Rietveld analyses were performed for all NCO
samples using Profex software [38]. Understanding the cell parameters
and electron density mapping gives better insight into the NCO samples
at an atomic level. After systematic Rietveld analysis, the cell parameters
of various NCO materials were tabulated in Table 1. Unlike in various
other cases [11,12] where NCO cathodes were refined with the R3m
space group of rhombohedral crystal structure, this system was refined
with the P1 space group corresponding to triclinic structures where a # b
# cand o # B # y. Since all of the previous reports are made on sodium
deficient (Na < 0.95) NCO cathodes, the structure was rhombohedral
(R3m) in nature with a = b # c and a = p = 90°, y = 120°. Due to ac-
commodation of excess sodium the structure undergoes a slight change
in Tm binding energy Table S-2 as well as crystal parameters resulting in
a triclinic (P1) crystal structure. Though the cell parameter values are
not much different from those of the R3m space group, the change in
lattice parameters leads a disruption in the crystal lattice. Such disrup-
tion causes a capacity increase in this sodium rich cathode. Fig. S-7
displays the change in values of ¢ and y of NCO unit cell. In order to find
where the excess sodium is located, possible sodium rich phases or
compounds were investigated. It was found that other than NCO, two
more Na-rich phases, NaoCrO; and Nay,CO3, were also present, and their
presence increased significantly with an increase in Na stoichiometry. As
shown in Fig. S-8 with each increase in sodium stoichiometry, a pro-
portionate increase in NayCOs was observed, which likely resulted in
equivalent capacity loss in Na 1.2 and Na 1.3 cathodes.

3.6. Electron density map analysis

Electron density mapping is a common analysis technique used in
biochemistry to analyze the electron cloud behavior around a particular
atom or set of atoms in a unit cell. It is seldom used for studying Li ion
[32,39] and Mg ion battery [40] electrode materials. However, this
electron cloud behavior analysis can be exploited to find the nature of a
bond among atoms in a crystal structure, such as whether it is ionic or
covalent. To understand the electron cloud behavior and changes in
bond nature in the sample sodium-rich cathodes, X-ray diffraction data
were used, and the refinement data electron density map is plotted in
Fig. 6 using Profex software [38]. In the map, distinct changes in the
electron cloud and the bonding between Na-O and Cr-O with each in-
crease in sodium ion stoichiometry are observed. In most sodium ion
cathodes, oxygen loss is the key reason behind capacity fading and also
causes various safety concerns. To study the same with electron density,
in the case of Na 1.05, the electron clouds were found equally scattered
throughout. The electron density maxima and minima were very close to
the O and Cr atoms respectively suggesting a relatively weaker bond
between them. With a slight increase in Na concentration to Na 1.1, an
ionic-type bonding was observed between Cr and O, shown by electron
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Table 1
Calculated cell parameter data using Rietveld refinement.
Sodium Cell parameters Rup Rexp x2 GOF
ichi
stoichiometry a (nm) b (nm) ¢ (nm) a B %
1.05 0.298 (+0.001) 0.298 1.600 90.040 (+0.1) 89.930 (+0.2) 120.095 (+0.09) 1.170 1.090 1.152 1.073
(£0.0003) (£+0.0008)
1.1 0.298 (£+0.002) 0.298 (+0.001) 1.597 (£0.001) 90.140 89.912 120.690 2.780 2.670 1.084 1.041
(+0.01) (+0.009) (+0.007)
1.2 0.299 (+0.001) 0.300 (+0.001) 1.597 (£0.01) 90.072 90.029 (+0.01) 120.702 2.860 2.720 1.106 1.051
(£0.01) (+0.008)
1.3 0.298 0.300 (+0.002) 1.596 89.873 (+0.3) 90.054 (+0.6) 120.042 (+0.8) 2.940 2.780 1.118 1.058
(£+0.0002) (£+0.0002)

0.17

0.00

-0.17

Fig. 6. Electron density map for NCO cathode predicted using refinement data. Strong ionic type bond between Cr and O is highlighted by red box.

density maxima (red) and minima (blue) both appearing in between Cr
and O atoms. Such ionic-type bonding leads to the improved stability of
the Cr-O bond resulting in overall electrochemical stability. A similar
trend was observed in Na 1.2 and Na 1.3 but at a reduced intensity,
implying relatively weaker bonding. Na; 1Cr 905 displayed the best
performance in terms of both capacity and cycle stability.

3.7. Full-cell analysis

To better understand the cathode materials for practical application,
the cathodes were coupled with hard carbon anodes. For better SEI layer
formation and superior performance, the hard carbon was presodiated
by coupling with Na metal and used after 3 charge-discharge cycles. To
represent both NMO and NCO cases, their best samples were used as
cathode and hard carbon as anode in Fig. 7. The cells were cycled be-
tween 1.2 and 3.7 V at various current densities for analyzing its rate
performance. In full cell configuration the NMO cathode could deliver a
maximum energy density of 200 Wh Kg~! and a maximum power den-
sity of 625 KW Kg ™! for energy density more than 80 Wh kg™'. In
comparison, the NCO-based full cell could deliver a maximum energy
density of 220 Wh Kg~! and a maximum density of 1100 W Kg~?, likely
due to superior performance in half cell and stability, as shown in Fig. S-
4. Although almost identical synthesis techniques and the same Na ion
stoichiometry were used, a seemingly small change in TMs that are next

to each other on the periodic table could drastically change the overall
behavior of this entire battery system both in terms of rate performance
and stability. This study also clearly elucidates the impact of an increase
in Na content and its effect on the TM, in turn affecting the overall
performance. It is understood that a DFT study could give better insight
into this system, and a further study is planned accordingly. Overall, it
has been found that NCO materials display better properties than NMO
materials and has an advantage due to their electronic configuration
(Table 2).

4. Conclusion

Na-rich cathode materials with Mn and Cr as a transition metal were
synthesized using simple solid-state techniques, and their electro-
chemical and phase behaviors were analyzed. Compared with its Mn
counterpart, the Cr-based Na-rich cathode performed better in every
aspect, such as half-cell performance, rate performance, cycle stability,
and initial charge discharge. XRD showed that this superior performance
could be attributed to the better structural stability of the Cr-based
cathode than the Mn-based cathode. Although an increase in the so-
dium stoichiometry should theoretically increase capacity, the forma-
tion of a spinel phase in the case of NMO materials and an impure
NayCO3 phase in NCO materials led to a capacity drop. Finally, a
CR2032 coin cell was constructed using hard carbon as an anode, and it
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Fig. 7. Ragone plot for Na-ion battery using different Na-rich cathode material and hard carbon anode.

Table 2
Comparison of the rate capability and performance in this study with those in previous reports.
Electrode material Current density C- rate Capacity (mAh/g) Group Cathode type
Naj 1Crg902 1000 105 Our Work Layered cathode material
Prussian blue material 1000 20 Wang et al. [41] PB type
Highly crystalline nickel hexacyanoferrate 850 50 Rehman et al. [42] PB type
Fe substitution for Ru in disordered Nal.33Ru0.6702 2 61 Siriwardena et al. [7] Layered cathode material
Nag geTip.73[Fe(CN)s]#3H,0) 0.05 74 Giorgetti et al. [43] PB type
Prussian white (Nagz ;Fe4[Fe(CN)g]3) hierarchical nanotubes 50 83 Ren et al. [44] PB type
NayMnFe(CN)g 10 86.6 Shen et al. [45] PB type
Na,Mn[Fe(CN)gly 750 109.2 Fu et al. [46] PB type
P2-Lig oNa; oMng g0y 50 120 Zhu et al. [47] Layered cathode material
Sodium manganese hexacyanoferrate (Mn-HCF) 12 0.1 128 Li et al. [48] PB type
Naj sgFe[Fe(CN)glo.o2 0.1 142 Tang et al. [49] PB type
Na4V,0;7 10 160 Su et al. [50] Layered cathode material
Naj oMng 4Irg 402 0.1 179 Zhang et al. [28] Layered cathode material
exhibited a cycle stability of higher than 83% after 100 cycles. Acknowledgement

Furthermore, a working setup was created using a single cell to better
display its performance. Based on the approaches employed in this
current study, it is clear that rather than doping a layered structure with
complex atoms for improving capacity and various other performance
metrics, increasing Na stoichiometry can improve the same character-
istics and open a new avenue of Na-rich cathode materials.
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