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Among the various sodium cathodes, the potential of Na-rich layered oxides is yet to be fully utilized. Unlike
their Li counterparts, they are least explored and are at least a generation behind in development. Addressing the
same, herein, Na-rich Na,Mn;.,O1 5Fo 5 (x = 1.05-1.3) type cathodes were synthesized successfully and analyzed
as potential electrodes for Na-ion battery applications. Oxygen loss in Na-based transition metal oxides is a
common issue, and it is effectively addressed by fluorine substitution. In contrast to exploring a particular
stoichiometry as in other Na-deficient layered cathodes, herein, Na-content was gradually increased from 1.05 to
1.3. The cathodes were synthesized using a conventional solid-state approach and quenched to achieve high
crystallinity. Compounds with different sodium stoichiometry were electrochemically tested in a half-cell
configuration. Among these compounds, the Na; sMng O 5Fo5 electrode exhibited very high capacities of
178 and 122 mAhg’1 at current densities of 10 and 1000 mA g’l, respectively. The Na-rich Na; sMng gO1.5Fo.5
cathode was systematically analyzed to understand the mechanism underlying its superior performance using
various structural and electrochemical analyses. Furthermore, to demonstrate its practicality, the Na-rich

Naj 2Mng gO1 sFo 5 cathode was coupled with a hard carbon and Na-In alloy anode in a full-cell assembly.

1. Introduction

Global warming is manifesting in various forms, such as the melting
of ice in the poles and heavy rainfall and flash floods in European
countries; several natural disasters may be linked to global warming,
which primarily results from the increasing release of greenhouse gases
such as CO, and NO, into the atmosphere. It is the people’s re-
sponsibility to preserve mother nature. The transportation sector is one
of the major contributors toward the emission of greenhouse gases.
Hence, adopting a greener and more sustainable approach can lead to a
greener planet for future generations. Contemporary fossil fuel-based
modes of transportation should be phased out steadily and replaced by
promising renewable alternatives such as electric, wind, or solar powers.
However, this transition comes at a cost, which currently exceeds that of
the existing fossil fuel systems, such as fuel cell technology and its bat-
tery packs. To overcome this issue, instead of relying on on-site energy
generation, energy can be generated offsite (e.g., solar and wind farms)
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and transported via energy storage devices (e.g., batteries or super-
capacitors). However, the prevalent innovative technology in energy
storage, i.e., Li-ion batteries, are expensive and are severely plagued by
supply chain disruptions, inadequate product development, and non-
eco-friendly extraction methods. Na-ion batteries (NIB), however, are
less expensive because sodium sources are abundant; however, the
storage capacity of NIBs does not meet the exponentially increasing
energy demand.

This issue may be addressed by increasing the capacity of the cath-
ode. Ohsawa et al. [1] were one of the first groups to propose a cathode
with surplus lithium in the transition metal (TM) layer. Although their
work demonstrated a high initial charge/discharge in a high potential
window of 4.5 V compared to that of Li/Li, their system suffered a
cyclability issue due to the quantity of Li extracted and inserted during
cycling. Later, Lu et al. [2,3] extensively studied Li-rich systems like Li
(Lip 2Mng 54Nip 13C00.13)02 and reported that the formation of a mixed
spinel-like layered structure after deep lithiation or de-lithiation was the
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main cause for the capacity fade upon cycling. This could be partially
addressed by surface modification using graphene to improve cyclabil-
ity. However, this modification could only address the issue on a surface
level, while the formation of the spinel-like structure is deeply rooted in
the oxidation of oxygen at the lattice level, leading to irreversibility.
Before Ohsawa et al. [1], Amine et al. [4] proposed Li
(Lip.2Nio.15+0.52C00.10Mng 55_0.5,)O2_;F, with F-substitution primarily to
suppress cell impedance and improve cyclability. Later, Fan et al. [5]
substituted an F anion in the above stoichiometry and studied the
improved electrochemical performance of the layered structures, since
that by cation substitution was difficult to control owing to size differ-
ences. However, Lu et al. [6] reported that the F substitution both sup-
pressed the cell impedance and also enlarged unit cell volume.
Moreover, the F anion retarded the undesired spinel phase formation in
the Li-rich layered structures. Various structural and surface modifica-
tions like FePO4 coating [7] and various cation substitutions [8-11]
have been reported recently. Ceder et al. [12,13] extensively studied
such Li-rich cathodes, which evolve from layered to disordered rocksalt
structures upon cycling. These studies opened up new opportunities for
the scientific community to utilize materials with highly ordered and
layered structure as high-performance cathodes [8,9,14-19]. Unlike the
ordered structures wherein lithium 2D slabs and tetrahedral site 3D
networks form structural support and enable higher capacity and cyclic
stability, the disordered structures comprise random arrangements of Li
and TM in the same sub-lattice that offer significantly better capacity
and structural stability owing to a homogeneous distribution of cations
[13].

As mentioned earlier, with the ever-increasing cost of lithium and its
supply chain, the Li-rich system is irrational to solve the energy problem.
Sodium is considered one of the best alternatives with the two key beats
of NIB being, Na-deficient (Na < 1.0) layered [20-24] and Na-rich (Na
> 2.0) cathodes like Prussian blue [25-30] and NASICON-type [31-34].
While the former has very less capacity compared to its Li-counterpart,
the latter exhibits poor conductivity and stability for long-term usage.
Hence, taking advantage of either system, a Na-rich cathode with a Na
composition of 1.0-1.35 could fulfil the purpose of high capacity and
superior performance. Much like their Li-counterparts, the Na-based
cathodes are also affected by poor cyclability [35,36]. However, they
have been least explored and are gaining traction only recently. Despite
the widely prevalent problems of loss in cycle stability (due to spinel
formation) and the corresponding structure collapse during cycling,
very few attempts have been made to address the same. Similar to their
Li-counterparts, very few studies regarding structural modification such
as Na-substitution [24,37] and other cation modifications [36,38] have
been reported. Furthermore, to the best of our knowledge, no studies
have been reported on Na-rich cathode materials with anion modifica-
tion, since fluorine substitution plays a key role in enhancing both ca-
pacity and stability, and is a low-cost straightforward enhancement
made to the existing Na-based layered structure. Fluorine is important in
increasing the oxidation potential in both electrodes and electrolytes,
thereby improving their working potential and stability. For instance in
NASICON type electrode such as NagVa(PO4)s, F- was substituted and
new robust analogues with improved capacity and stability were re-
ported [39,40]. By increasing the substitution of fluorine in oxygen, the
valency of TM can be decreased to a lower valent redox-active while
keeping the excess-Na level fixed. Overall, the oxygen redox dependency
is drastically reduced, leading to the mitigation of oxygen loss during
cycling and a subsequent increase in capacity. The F-substitution also
changes the voltage curve in the complex due to the modification in the
redox behaviour of TM. Additionally, F tends to attract Na-ions in a
sodium structure, leading to a Na-rich environment. Much like the “Li
gettering effect,” it must be plausible that the presence of F in a Na-rich
environment makes F more strongly bonded to the remaining sodium
during the charging process, and thus some portion of Na remains
unextractable from the structure even at high voltages. In addition, to
understanding the characteristics of Na,Mn,.,O5 i.e without fluorine
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substitution, we highly recommend to give a read on our earlier publi-
cation [41]. This previously reported material not only acting as back-
ground for this research but also gives better insight of non-fluorine
substituted cathode and its performances. Comparing current result with
this previous report can highlight the effect of F-substitution in an
average performance cathode to superior performing cathode.

2. Experimental section
2.1. Materials synthesis

2.1.1. Synthesis of Na,Mn.01.5Fp 5 (NMF)

NMF was synthesized via ball-milling and followed by thermal
treatment, i.e., a solid-state approach. Stoichiometric amounts of sodium
carbonate (Sigma Aldrich, >99.5 %), manganese (III) oxide (Sigma
Aldrich, 99 %), and sodium fluoride (Sigma Aldrich, 99 %) were milled
thoroughly by ball milling using ethanol as a solvent. The resultant
powder was dried, followed by the addition of 20 wt% citric acid (Sigma
Aldrich, 99 %). The powder was pressed into pellets and heated to
700 °C for 12 h at a heating rate of 5 °C min™! in a muffle furnace in an
O, atmosphere. The resultant product was then quenched to room
temperature in the vacuum atmosphere of the chamber of the glove box
to yield NMF-1, NMF-2, NMF-3, and NMF-4 with sodium stoichiometry
of Nal.05 (x = 0.5), Nal.1 (x = 0.1), Nal.2 (x = 0.2), and Nal.3 (x =
0.3), respectively. For comparison, NCM811 active material was pur-
chased from Wellcoss Corporation Pvt. 1td. and used as received. For
further studies, the samples were stored inside the glove box to avoid a
direct contact with air and moisture.

2.2. Material characterization

The crystal structures were characterized by X-ray diffraction (XRD;
Cu Ka radiation, Rint 1000, Rigaku, Japan) in the 26 range of 10-80°.
The lattice parameters were determined by Rietveld refinement using
the Profex software [42]. The corresponding particle morphologies,
elemental compositions, and internal structures were evaluated via field
emission scanning electron microscopy (FE-SEM, S-4700, Hitachi,
Japan) coupled with energy-dispersive X-ray spectroscopy (EDX) mod-
ule and high-resolution transmission electron microscopy (HR-TEM;
JEM-2000, EX-II, JEOL, Japan). The transition metal valency in the bulk
of the sample was characterized via X-ray absorption spectroscopy (XAS
measurement; R-XAS, Rigaku Japan) and analyzed using the Demeter
software.

2.3. Electrochemical measurements

The electrochemical studies of all the samples were performed using
CR2032 coin-cells assembled inside a glove box in a controlled atmo-
sphere of ultra-pure argon. The cells comprised the synthesized material
as the cathode and metallic Na as the anode, separated by a poly-
propylene separator, with 1 M NaClO4 in a mixture of ethylene car-
bonate (EC) and diethyl carbonate (DEC) (1: 1, v/v) as the electrolyte.
The electrode materials were prepared by mixing 280 mg of active
material with 80 mg of carbon black and 40 mg of polyvinylidene
difluoride (PVDF) binder dissolved in a known quantity of N-methyl-2-
pyrrolidone (NMP) solvent. The obtained mixtures were coated on an
aluminum current collector and dried in a vacuum oven at 160 °C for 4 h
before cell fabrication. Galvanostatic charge-discharge (GCD) studies
were performed for different voltage ranges at specific current rates
varying from 0.01 to 1 A g}, using an Arbin BT-2000 battery testing
system. Cyclic voltammetry and EIS analyses were conducted using an
electrochemical analyzer (SP-150, Biologic, France).
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Fig. 1. (a) XRD images of Na-rich NMF materials with an increased sodium stoichiometry, (b) Rietveld analysis of NMF —3 cathode, and (c and d) SEM and TEM
analyses of NMF-3 sample with the NaF disordered area highlighted by the red circle.

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

The initial structural characteristics of the newly developed NMF
material were analyzed via XRD, as shown in Fig. 1a. Much like the
layered Na-deficient cathodes, the Na-rich cathodes were also layered
initially. However, unlike the layered oxide cathodes with doped anion
wherein the crystal structures are not significantly affected, substituting
the anion from O to F had a significant effect on the crystal structure of
the NaMnOs, layered structure, as shown in Fig. S1. Hence, to determine
these structural and phase changes, XRD and its allied analysis tech-
niques were extensively used. The sharp peaks of XRD indicated a highly
ordered crystalline structure with the maximum peaks matching PDF
card# 04-020-1862 of NaMnO, and PDF card#00-036-1455 of NaF.
Based on the initial analysis, it was understood that the NMF material
was composed of the aforesaid two phases co-existing. The high-
intensity peaks of NaMnO; at 15.8° corresponding to the (0 0 2) plane
and NaF at 33.47° corresponding to the (1 1 1) plane were a good match.
Upon increasing the Na content from 1.05 to 1.3, the high-intensity peak
at 15.8° shifted toward higher 26 due to the tensile stress formation by a
change in the lattice parameters.

3.2. Electron microscopy

To further understand the crystallinity and surface topography of the
synthesized material, it was analyzed via electron microscopy, as shown
in Fig. 1(c and d). FE-SEM previews the particle size and surface texture,
whereas HR-TEM gives insights into the crystallinity and interlayer
morphology of crystals. Hence, the Naj; 5MnggO; 5Fps cathode was

analyzed using both FE-SEM and HR-TEM. In FE-SEM, the particle size
was analyzed to be cubic and rhombohedral with a size of ~2 um. Upon
higher magnification, the surface was observed to be planar with small
patches of carbon. Citric acid was used as a carbon source before the
sintering process that may have left an uneven or patchy carbon coating
around the solid particles. In HR-TEM, the high crystallinity of the
sample was observed with evident interlayer fringes. The multi-planar
structure of the cathode was evidently prominent, as shown in real
space in Fig. 1d. Highly distinguishable spots in the selected area elec-
tron diffraction (SAED) pattern further confirmed the high order of
crystallinity in the cathode.

3.3. Electrochemical studies

To evaluate the various electrochemical performances of the system,
various electrochemical techniques such as cyclic voltammogram (CV),
galvanostatic charge-discharge (GCD), and differential capacity profiles
(dQ/dV) were utilized. In GCD, the electrochemical performance of the
cathode material for energy storage was systematically analyzed. The
electrochemical cell was cycled through current densities varying from
10 to 1000 mA g~ to analyze its energy storage performance, as shown
in Fig. 2. Unlike the usual cathode materials, which exhibit an initial
charging capacity greater than their discharge counterpart, these ma-
terials exhibited greater discharge capacity than their charging coun-
terpart due to a higher initial open-circuit voltage (OCV) and the upper
cut-off potential capped at 4.0 V vs that in Na/Na™. Also in the cycling
profile of NMF-3, first charge capacity was about 89 mAh g~!, which
corresponds to 0.32Na™ per formula unit. Thus in the first charge this
composition act as limiting barrier displaying much lesser charging ca-
pacity. Upon subsequent discharge, the structure is recouped with
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Fig. 2. (a and b) Galvanostatic charge-discharge curves of NMF samples for the 1st and 2nd cycle, (c) Cycle stability (discharge capacity) of NMF samples at a
potential window of 1.5-4.0 V vs Na/Na* at a current density of 1 A g1, (d) rate performance of NMF samples at different current densities, and (e) cyclic vol-
tammogram of NaMnO, and NMF-3 in the same potential window, normalized by current density.

sodium, which is removed in subsequent charge cycle normally and
giving higher charging capacity. It is to be noted that GCD feature of
NMF samples are very much in similar, multistep as in P2 Nay,
3MnO;[43] The charge-discharge capacity became more balanced in the
subsequent cycles owing to sufficient Na-ions shuttling from and to the
cathode. Moreover, the redox reactions happened in a multi-step process
due to the participation of the F anion. Upon increasing the current
density to 10, 50, 500, and 1000 mA g™, the corresponding capacity
drop was minimal at about 180, 169, 140, and 118 mAh g_l, respec-
tively. Such a performance of NMF-2 and 3 surpassed even that of the Li-
NCMS811 cells, as shown in Fig. 2. Overall, the F substitution had a great
synergistic effect on the redox property of the Na-rich layered cathode
material. To investigate this superior activity in depth, the cells were
extensively analyzed via CV.

In the CV analysis, the reduction and oxidation processes of
Naj 2Mng gO1.5Fp 5 (NMF-3)were studied. Unlike a NaMnO, cathode,
wherein Mn in the transition metal layer undergoes the redox process,
herein the participation of an anion such as O and F was evident with the
presence of multiple distinct redox peaks. To better understand this
redox activity, the CV analysis was performed at a scan rate of 0.1 mV
s~ 1, helping to better capture every redox peak. As shown in Fig. 2e, the
multi-electron transfer mechanism of Na; sMng gO; sF 5 is very similar
to that of NaMnO, (NMO). Although the electroactive species remained
the same, no additional redox peaks were observed; however the peak
potentials were significantly altered. In NMF, the peaks were well
separated and distinct, implying a step-by-step electron transfer,
whereas NMO showed broader but fewer peaks of multiple electron
transfer. The distinct appearance of the peak was attributed to the lower
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Fig. 3. (a) GITT curve of NMF-3 material with one step in an inset, and (b) electrochemical impedance spectra of NMF samples before cell testing.

electron transfer resistance or higher reversibility. The peak separation
of the predominant redox peaks/polarization (AEp) was determined by
the reversibility of the electrode process. When AE, was closer to ~57
mV, the process was highly reversible, and in the present case, AE, of
NMF was ~133 mV, while that of NMO was 249 mV, indicating the
superior reversibility of the latter with less polarization.

To optimize the working potential window of the cathodes, the NMF
sample was cycled in two different potential windows of 1.5-4.0 V vs
Na/Na' and 2.0-4.5 V vs Na/Na™, as shown in Fig. S2. Evidently, the
electrode demonstrated better reversibility and cycle stability when
worked between 1.5 and 4.0 V vs Na/Nat. When the electrodes were
pushed beyond 4.0 V vs Na/Na, a structural distortion potentially
kicked in and a consistent fade in the peak currents was observed with
each cycle. In Fig. S2, it can be noted that before the 1st cycle, the spike
in current is observed for both the voltage windows due to oxygen loss,
which was sufficiently suppressed in the subsequent cycles in the 4.0 V
vs Na/Na* cycled sample, but remained unchanged when cycled at 4.5 V
vs Na/Na' window. The initial oxygen loss was possibly due to the
surface oxygen atoms, which were washed out in the 1st cycle, whereas
the bulk of oxygen remained intact inside the structure. In addition to
CV, the dQ/dV curve allowed for understanding and predicting the
degradation and loss of capacity of NIBs. The differential capacity profile
was proven to be a ‘fingerprint’ analysis to understand the underlying
reaction kinetics and predict degradation upon cycling. In Fig. S3, the
redox activity corresponding to the Mn>®" ion is observed to be signifi-
cantly unleashed by the addition of an F~ anion, evident from the
increasingly sharper peaks of Mn-redox in the potential range of 2.2-2.4
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V vs Na/Na™. In accordance with the Nernst equation, the reduction in
applied potential (V) corresponded to the lesser effort needed to
intercalate/de-intercalate Na from the electrolyte into the electrode
surface, while its magnitude was given by the y-axis. Overall, it was
evidently that the redox kinetics were significantly improved with F~
substitution.

3.3.1. Diffusion studies

The quantitative assessment of Na-diffusivity in various Na-rich
structures was done via gravimetric intermittent titration technique
(GITT) measurement with a relaxation time of 2 h after every charging
or discharging increment. Overall, an optimal overpotential was
observed, as illustrated in Fig. 3a. The Na-diffusion co-efficient was
estimated to be in the range of 107°-107! ¢m? s7! for NMF-3, better
than that of most other sodium cathodes [44-46]. The unit cell volume
was considered here for the calculation of diffusivity. It can be noted
that the Li-diffusion co-efficient in layered LiCoOy is ~1073-107!! ¢cm?
s~L. Overall, the addition of fluorine significantly increased the Na-ion
diffusivity, making it comparable to that of Li in Li-based layered
cathodes. Electrochemical impedance spectra (EIS) is a powerful and
non-destructive technique that utilizes AC signals to probe the imped-
ance characteristics of an electrochemical system. Though it is very
common for Na-rich cathode materials to have poor conductivity as seen
in our earlier study on Na-rich oxide cathodes[41] in the NMF samples
the F substitution significantly improved their electrical conductivity to
~20-30 Q from hundreds of ohms (Fig. 3b). This increase in conduc-
tivity eventually helped improve the overall capacity of the Na-rich

P2 - type

o*

Fig. 4. (a) XANES spectra of NMF materials in comparison to Mn;O3; and MnO, (b) the schematic represents Na-diffusion in NMF crystal structure, whereas 8

represents bonding distance between Mn* and O* atoms.
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Table 1
Calculated cell parameter data using Rietveld refinement.
Sodium stoichiometry Phase fraction Cell parameters (Na,MnO;_,F,) Rup (%) Rexp (%) ¥ GOF
Na,MnO; ,F, NaF a (nm) b (nm) ¢ (nm) BC)

1.05 1.0 0.00 0.283 (+0.0005) 0.527 (+0.0007) 1.122 (£0.0002) 90.465 (+0.010) 1.71 1.14 2.25 1.5
1.1 0.8013 0.199 0.283 (£+0.0002) 0.525 (+0.0002) 1.123 (£0.0002) 90.395 (+£0.008) 1.37 1.1 1.55 1.25
1.2 0.754 0.256 0.283 (£0.0003) 0.524 (+0.0005) 1.122 (+0.0001) 90.271 (+0.007) 1.38 1.06 1.69 1.3
1.3 0.718 0.282 0.283 (£+0.0001) 0.528 (+0.0001) 1.118 (£0.0003) 90.43 (4+0.030) 2.5 1.06 5.61 2.37

cathodes upon the charge storage process [47].

3.4. X-ray absorption near-edge spectra analysis (XANES)

Although the chemical kinetics were significantly improved upon F-
substitution, it remained unknown how the F-substitution enhanced the
capacity and stability. Based on the CV studies with changes in the redox
potentials of Mn, it was evident that the F anion somehow influenced the
Mn cation. Based on the previous studies on Li-systems, it was under-
stood that anion substitution could alter the TM valance state. Hence, to
study the same in the current Na-based system, X-ray absorption near-
edge spectra (XANES) were analyzed, as illustrated in Fig. 4a. XANES
uses X-ray photons to study the inner core of a given atom and its va-
lance state. On studying the spectra of the NMF samples in comparison
with that of Mn,O3 and MnO for +3 and +2 oxidation states, a shift in
the spectra towards Mn?* was observed upon an increase in the Na
content or decrease in the Mn content. This was contrary to the expec-
tation that the valency of Mn increases from 3+ to 4+ with an increase
in Na stoichiometry. The F anion played a crucial role in reducing the
oxidation state of Mn3* to Mn2* To confirm this by linear combination
fitting, the XANE spectra were fitted for all the samples, and the corre-
sponding fitting results are presented in Table S1. With XANES, it was
confirmed that the Mn cation valency was reduced, and hence an
improvement in the NMF sample capacity was achieved.

3.5. Rietveld analysis

To further investigate the structural changes resulting from the in-
crease in Na content or Mn oxidation state and its effect on the lattice
parameters, Rietveld analysis was performed using the Profex software.
Similar to the trends followed in its Li- counterparts[7], a parabolic
change in the lattice parameter ‘c’ value was observed. The increase in
Na content followed a parabolic path for the peak value with a minima
at Na-1.3, increasing further beyond. Among all the samples, the peak
with the highest intensity was observed at Na-1.3 owing to its highly
ordered structure. The changes in the structural parameters with
increasing in Na content are tabulated in Table 1. Interestingly, with

E-window: 1.5~4.0V

significant changes in the b and c-values of the crystal structure, the cell
volume remained constant. This resulted from the changes in the b
values being compensated by those in the ¢ values. Upon the substitution
of F for O, the cell volume remained the same due to their almost similar
sizes. Unlike in the F-doped cathodes, an increasing trend of NaF was
observed with decrease in Mn content or increase in Li content. It was
suspected that F preferred Mn as the first choice to Na, and thus, Mn-rich
NMF-1 had the least NaF phase. The F anion both preferred Mn to Na and
altered its valency, as confirmed by the XANES analysis. Due to this
change in Mn valency, the bond length of Mn* — O* marginally
increased, leading to an increase in the size of the Na-layer facing the
octahedra face. This further improved the Na-ion conductivity by
providing a facile pathway and minimizing restrictions caused by the
nearby TM layer. Overall, the F anion substitution preferred the Mn
atom and altered its valency from +3 to near +2. Due to this change in
valency, the bond length of Mn* — O* bond length & increased from
2.139 (NMF-1) to 2.156 A (NMF-3), leading to a less restricted diffusion
path for Na-ion, as shown in Fig. 4b. Moreover, due to the change in the
Mn-ion valency, additional Na could be accommodated, leading to an
increased capacity, which was clearly evident from GCD.

3.6. In situ XRD analysis

To understand the mechanism behind the highly stable char-
ge—discharge characteristics of the NMF-3 electrode, in situ XRD was
performed, as presented in Fig. 5. The in situ mechanism was recorded
using X-ray from a synchrotron source for reduced noise and higher
accuracy. The cell was cycled at a current density of 10 mA g~ ! between
1.5 and 4.0 V vs Na/Na™ for the 1% charge-discharge and subsequent
charge. Throughout this charge-discharge cycle, changes in the peaks of
NaMnQO; were observed, whereas those of NaF remained inactive
throughout the process. Although the NaF phases were electrochemi-
cally inactive, they formed the basis of structural integrity and also an
extra sodium reservoir for the sodium-depleting electrodes after cycling.
Unlike LiF, which was both less conductive and electrochemically
active, NaF was highly conductive, and thereby enhanced the Na-ion
conductivity during cycling. It conformed well with the Rietveld data
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Fig. 5. In situ XRD spectra of NMF-3 sample cycled between E window of 1.5-4.0 V vs Na/Na™ at a current density of 10 mA g~ (left), post-mortem analysis of cell
cycled for 1000 cycles (right), and XRD analysis (top). Images of (A and B) Na-anode, (C) separator, glass fiber, and (D) cathode mesh.
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Table 2

Comparison on cathode performance with cation-rich electrodes.
Cathode Current density (mA  C- Capacity Reference
reported by g rate (mAh/g)
Our work 1000 122
Kim et al. 1600 25 65 [24]
Ho Ha et al. 0.5 90 [48]
Gupta et al. 0.05 100 [49]
Jian et al. 100 178 [45]
Song et al. 0.091 111.6 [50]
Lu et al. 300 94 [37]
Klee et al. 2 92 [31]
Song et al. 1 133 [35]
Song et al. 180 0.05 14.45 [51]
Shen et al. 0.5 86 [52]
Su et al. 2 111 [36]
Liet al. 5 70 [33]
Zhan et al. 0.5 112.2 [53]
Wu et al. 20 90 [32]

that with an increase in the NaF content, the stability increased, but with
Mn, the capacity increased. Thus the right balance of both Mn and NaF
contents was required to achieve both high capacity and stability
Na,Mny.,OyF1.y electrode. From the studies of the Li counterparts, it is
well known that an adequate F content can suppress dendrite growth. To
understand this, the electrodes were made using gum and cycled for
1000 cycles at a current density of 1000 mA g~ . As shown Fig. S5, EIS
data indicates the marginal increase in cell-resistance from 31 Q to 57 Q
even after 1000 cycles indicating the superior stability of sample. Post-
cycling, the cell was dismantled, and a post-mortem analysis was per-
formed to study the structural integrity, wherein the capacity fade was
found minimal even after 1000 cycles at a current density of 1 A g 1. As
shown in Fig. 5, the cathode remains intact even after 1000 cycles, as
confirmed by XRD. However, the damage on the anode end was severe,
and was significantly mitigated by the separator. Overall, the superior
performance of cathode in comparison to earlier reports is given in
Table 2

Lastly, to prove the applicability of this cathode for real-time appli-
cation in a solid-state battery, NIBs were made with hard-carbon and a
Na-In alloy as the anodes. As shown in Fig. S4, the metal-alloy NIB
outperformed its hard-carbon-based counterpart due to the capacity
limitations of hard carbon in the latter. Moreover, in terms of cycle
stability, the hard-carbon-based cells exhibited poor cycle stability due
to the consistent fading of the anodic side. Whereas, in the case of Na-In
alloy, the capacity retention was ~94 % after 100 cycles. Overall,
Naj oMnO; sFg5 display better performance than Li benchmark of
NCMS811 in terms of capacity and rate performance at higher current
densities and cycle stability. Please note that operating voltage is lesser
for sodium ion battery compared to Lithium and overall performance
may be inferior to lithium. However this material can be considered as
an important candidate for next generation of sodium cathode indi-
cating a significant leap in reducing the cost of fast-charging NIBs for
commercial use).

4. Conclusion

Recent trends suggest that industries are more focused on energy
materials with superior cyclability at higher current rates for a faster
charging process. To enhance cyclability, the structural integrity of the
material is very important. Herein, the anion substitution of F for O both
enhanced the capacity of the cathode by reducing the transition metal
valency and significantly increased the cycle stability by reducing oxy-
gen redox. In comparison, the capacity of the F substituted NMF-3
outperformed even that of NCM811 at a higher current rate for fast
charging applications. In addition to analyzing the cathode perfor-
mance, the effect of fluorine substitution in the cathode structure and
transition metal valency were systematically studied and analyzed using

Chemical Engineering Journal 454 (2023) 139876

Rietveld, in situ-XRD, and XANES. However, this paper studied only 25
% F-substitution (i.e., O;5Fp5) at an anion site based on previous
theoretical studies on the lithium counterparts. Hence, this study opens
up new application opportunities for Na-rich cathode materials with F-
substitution, wherein the various levels of F substitutions can be studied
in the future.
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