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ABSTRACT: The existing classes of Na-based cathode materials and
their chemistries are still limited, mainly with respect to the
increasing demand for alternative post-Li technologies. In this letter,
a newly synthesized Na-rich disordered rock salt (DRS) oxyfluoride
with the nominal composition Na2MnO2F is reported as a cathode
candidate for Na-ion batteries (SIBs). Rietveld refinement analysis
confirmed that the synthesized compound has a DRS structure with
larger lattice compared to Li-rich homologues. During the first cycle,
up to 1.7 Na+/f.u. can be extracted at a slow rate, while a better
capacity retention and cycling stability are obtained at high rate,
reminiscent of electrode−electrolyte interaction. Further, X-ray
absorption fine structure (operando and ex situ) confirmed the Mn
oxidation state evolution upon cycling in agreement with the cyclic
voltammetry redox profile, emphasizing the reversible Na+ (de)insertion and change of the Mn local ordering. This work is an
additional input to the limited series of cathode candidates for SIBs.

The localized global distribution of lithium raises
significant challenges for the use of Li-ion batteries
(LIBs) in mass production. Seeking abundant and

affordable alternatives is therefore crucial for a sustainable
energy future. Na-ion battery (SIB) technology is one of the
indisputable solutions, for instance, to power large-scale
devices due to the accessibility of sodium resources and the
potentially richer electrode chemistry compared with that of its
lithium counterpart.1−5 The expected low cost of Na-based
systems can be an advantage for stationary applications, as a
buffer energy storage to overcome grid fluctuations. The
discovered sodium intercalation (insertion) compounds, that
might outperform lithium intercalation compounds on pack
level, have been the subject of discussion.6 Since the increase
of efforts and interest in SIBs in recent years, there has been
rapid development in this field and different categories of
cathode materials have been introduced up to now.6−13 In Na-
intercalation electrodes, compared to their Li equivalents, the
working voltage is generally lower and the volume expansion
larger. However, the power capability can vary depending on
the crystal structure and diffusion channels.2

It can be admitted Na-intercalation chemistry has been less
explored compared to Li-intercalation. Unstable Li-host
structures may be reconsidered, where Na could be better
accommodated into the structure.14 Up to now, different
structures have been introduced as cathode materials for SIBs.

For instance, O3-type layered sodium transition metal oxides
(NaMO2, M refers to Ti, V, Cr, Mn, Fe, Co, or Ni) exhibit
extensive intercalation chemistry, more than their Li counter-
parts,6,15−18 which could be a promising class of cathode
materials for SIB applications.19,20 However, these materials
suffer from severe capacity decay when the extraction of Na
exceeds certain capacity limits. The capacity fade of NaMO2
materials has been associated with irreversible structural
transitions at the end of the full Na extraction, mainly with
respect to transition metal migration and possible water/CO2
intercalation into the Na layer.19,21−24 In both cases, the Na
diffusion channels are presumably blocked, resulting in a
reduced degree of intercalation according to kinetic consid-
erations.25−27

A number of recent studies on sodium intercalation
compounds have focused on earth abundant and, hence, low-
cost transition metals, especially manganese. For instance,
layered NaxMnO2 compounds, α-NaMnO2, which exhibits a
monoclinic distortion of the O3 crystal structure (ABC oxygen
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stacking), and P2−Na0.67MnO2 (ABBA oxygen stacking) have
been widely studied as sodium positive electrode materi-
als.28−30 A variety of stable manganese-based oxides exist,
which are composed of one-, two-, or three-dimensionally
connected sites for alkali metal intercalations,31 for instance,
electrochemical Na intercalation into spinel λ-MnO2.86. When
Na ions are inserted into λ-MnO2 at the first discharge, the
spinel phase is shown to transform to a new layered structure.
After this irreversible phase transition, almost 0.6 Na ions
could be reversibly cycled.32

Na-rich disordered rock salt (DRS) compounds are a new
class of cathode materials, which have been investigated
recently.33,34 Up to now several compositions based on Mn, Ti,
and Nb have been introduced;33,34 however, all Na rich (DRS)
structures suffer from cycling stability, owing to the reduced
crystallinity, large volume change, and irreversible anionic
redox activity especially during the charging (desodiation)
process. Anionic substitution in Na-rich DRS could be applied
as an efficient strategy to reduce the O-anionic redox activity,
where more stable Na-rich composition can be targeted.
Furthermore, the anion substitution, which influences the
electronic state of the metal and crystal field, can tune the
structure and the physicochemical properties as well, i.e., the
changes in ion bonding and valence state can influence the
structural stability. Hence, oxygen substitution by fluorine can
be a good strategy to suppress the irreversible anionic redox
process, as has been reported for other structures with
improved capacity retention.35 Nonetheless, the study of
fluorinated Na-rich DRS materials with new chemistries is
significantly lacking in literature; it is all the more required to
investigate various SIB cathode materials given the actual
energy context with proliferating gigafactories. It should be

noted that this emerging class of DRS materials, which are at
early stage of development, still suffer from fast capacity fading.
However, their high potential in terms of structure and
chemistry arouses interest for further study and investigation.
Here, we report a new synthesis of Mn-based oxyfluoride

positive electrode materials with DRS structure for Na-ion
battery applications. The Na-rich DRS oxyfluoride compounds
were synthesized using high energy mechanochemical ball-
milling, and their crystalline structure was characterized by
powder X-ray diffraction (PXRD), being supported by Rietveld
refinement analysis and electron microscopy (TEM/SEM).
The electrochemical properties of the formulated cathodes
were investigated using galvanostatic cycling, cyclic voltamme-
try (CV), electrochemical impedance spectroscopy (EIS) and
operando X-ray absorption fine structure (XAFS). More
experimental details are provided as Supporting Information
(SI).
Figure 1 shows the powder XRD patterns for the two as-

prepared Na2MnO2F (NMOF) compounds using two different
precursors as a manganese source (Mn2O3 and MnO), in
addition to Na2O and NaF. NMOF1 was synthesized from
Mn2O3 and NOMF2 from mixed oxides (Mn2O3 and MnO) to
compensate the presence of Na2O2 impurity (assay 18−21%).
For both compositions, the disordered rock salt structure was
successfully formed using the mechanochemical synthesis
approach.36 The broadness of the diffraction peaks in the
patterns is due to the nanocrystalline nature of the synthesized
powders.37 Rietveld refinement results confirm that all the
compounds crystallize in Fm3̅m symmetry with a DRS
structure, where Na and Mn cations occupy randomly the 4a
Wyckoff octahedral sites and O and F anions occupy 4b
Wyckoff sites. The refined lattice parameter was around 4.44 Å

Figure 1. X-ray diffraction pattern and results of Rietveld refinement of a cubic rock salt phase (space group Fm3 ̅m) for NMOF1 (a) and
NMOF2 (b) and schematic illustration (c) of the crystal structure of the DRS phase.
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for MNOF1 and 4.46 Å for NMOF2. Additionally, it can be
noticed that the I111/I200 ratio in NMOF2 is slightly lower
(0.44) compared to NMOF1 (0.53), which may be an
indication of the formation of Na-rich NMOF2. A small
reflection peak around 20° is visible in the diffraction pattern
of both samples presumably related to unreacted NaF. More
information on Rietveld refinement can be found in Table S1
(SI). Using the Williamson−Hall method, the crystallite size of
both samples was calculated, as shown in Table S2, considering
any contribution from microstrain. The morphology and
particle size distribution obtained from SEM, and the related
EDX elemental mapping of both samples are shown in Figure
S1. Based on the SEM images the samples consist of fine
particles that were agglomerated together into different sizes,
leading to bigger particles. The average particle size of the
samples is shown in Figure S1c and Table S2, indicating that
the NMOF2 sample has relatively larger particle sizes. The
EDX elemental mapping shown in Figure S1d,e reveals a
particle constitution consistent with a homogeneous distribu-
tion of the elements. Regardless the EDX sensitivity to the

elements present, the calculated cation and anions ratios are
consistent with the stoichiometric composition in both
samples.
Galvanostatic cycling in Na half-cells has been performed for

the NMOF1 and NMOF2 mixed with conductive carbon
additive. Both electrodes showed a similar sloping voltage
profile (Figure 2a,b), with some difference at the early stage of
cycling. The NMOF1-based electrode exhibited slightly higher
first charge capacity (220 mAh g−1) compared to the NMOF2-
based electrode, corresponding to 1.25 Na+ extracted from the
structure. Note, at slow cycling rate (C/100, not shown) close
to a steady state equilibrium, up to 1.7 Na+ can be removed
during the first desodiation. Additionally, the materials present
good cyclability at a higher rate. One of the possible reasons of
the capacity loss of the samples could be the irreversible
anionic redox of oxygen, along with Mn dissolution. This is a
known phenomenon in Li-DRS oxyfluoride cathode materials,
which could be the case here as well.38,39 The electrode which
was directly synthesized from Mn2O3 only (NMOF1) provided
better stability and capacity retention (Figure 2c). The increase

Figure 2. Voltage profiles (10th first cycles) of NMOF1 (a) and NMOF2 (b) at different cycling rates. Discharge capacity retention (c) of
NMOF1 at different cycling rates (1.5−4.3 V window, 25 °C, CE = Coulombic Efficiency). Rate performance (d) and cyclic voltammograms
(e) of NMOF1 sample. EIS profile (f) of NMOF1 sample cycled up to 100 cycles.
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of the rate contributed to the improvement of the cyclability.
This suggests that electrolyte interaction with the cathode
material could have occurred; however, owing to the small
difference in Coulombic efficiency (CE) between 0.5 and 0.05
C, this seems to be less pronounced as compared to Li-rich
DRS cathodes.38,39 Figure 2d shows the rate performance of
the NMOF1 cell conducted from 0.1 to 1 C and back to 0.1 C
(1 C is defined as 352 mA g−1) in the voltage range 1.5−4.2 V.
Upon increase of the charge and discharge rates, the specific
capacities decrease regularly. However, upon decrease of the
rate returning to 0.1 C, the electrode was able to recover its
starting capacity. This result suggests that the NMOF1
electrode may present low electronic conductivity and could
afford rapid charge and discharge upon suitable surface
modification.
Cyclic voltammetry (CV) results for the NMOF1 sample

shown in Figure 2e consist of one redox process with an
equilibrium potential around 2.9 V for Mn3+/Mn4+.39 Upon
scan rate variation, it can be confirmed from the linear E sweep
transient method that the record of the currents indicated the
presence of a limiting diffusion process at high scan rate, where
the kinetic diffusion becomes slow. Electrochemical impedance
spectra (Figure 2f) revealed that during cycling the resistive
contributions from the different segments of the batteries such
as sodium ion migration through the electrode surface film
(Rmt) and the charge transfer resistance (Rct) are increased by
cycling.40 The increase of semicircle diameter with cycling is in
accordance with the continuous capacity fading. The initial
value of Rmt + Rct was 150 Ω, which increased to around 208,
285, and 482 Ω after 25, 50, and 100 cycles, respectively.

Similar to Li-rich materials, anionic redox reaction can
contribute to trigger the Mn dissolution, as one critical issue
for long-term cyclability. In order to probe the amount of Mn
dissolved in the electrolyte and deposited on the anode (Na
metal foil), ICP-OES analyses were conducted on the sodium
foil extracted from the 150-cycled battery cells. The aim was to
correlate the detected Mn in the anode side to the structural
stability of the cathode in the presented configuration. As it is
shown in Table S4, more than three times the amount of Mn
could be detected for the NMOF2 cell than in the NMOF1
cell. This suggests that the latter has a higher structural stability
in agreement with the observed capacity retention during
cycling, while the NMOF2, though it could be a Na-rich
compound, is probably destabilized by the presence of the
additional MnO phase precursor. In the following, inves-
tigations are focused on the NMOF1 sample.
To further understand the morphology and elemental

distribution and monitor the change in the crystal structure
of the NMOF1 sample, TEM/EDX, SAED (selected area
electron diffraction), and PDF (pair distribution function)
analyses were performed on the as-prepared, first charged, and
first discharged samples. The morphology of the as-prepared
sample was characterized by the STEM (Figure 3a). It shows
that the particle size of the sample randomly differs from tens
of nanometers to a few micrometers. Also the morphology of
the charged and discharged samples changed noticeably.
For the as-prepared sample, the corresponding SAED

pattern in Figure 3b presents bright circular rings, which
correspond to the (111), (200), and (220) planes of a rock-salt
structure (Fm3̅m), in good agreement with the analysis of XRD
results in Figure 1. However, in the charged sample after the

Figure 3. TEM images (a) and selected area electron diffraction (SAED) pattern (b) of as-prepared, 1st charged, and 1st discharged sample.
HAADF STEM image (c) and the corresponding EDX elemental mapping of as-prepared sample, confirming the SEM observations.
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desodiation process, the long-range ordering of the crystal
structure of the as-prepared sample was destroyed, in
agreement with the observed XRD loss of crystallinity of the
same sample (not shown). Interestingly, with sodiation and
discharging the sample, the initial crystal structure of as-
prepared sample reappears. As shown in the diffraction pattern
(Figure 3b), all the diffraction rings could be indexed by the
initial rock salt structure. However, the diffraction rings are
broader than those in the diffraction pattern of as-prepared
sample, which may suggest an increased diffuse scattering
owing to presence of a nanocrystalline phase. Similar structural
behavior has been reported for Li2VO2F using X-ray total
scattering data,41 with more or less amorphous diffuse
scattering at the charged state.
The EDX mapping of all the samples shows a homogeneous

elemental distribution (Figure 3c and Figure S2). We have
calculated the elemental ratios of Na and Mn for the as-
prepared sample and the charged samples (Table S5). The
Na/Mn ratio of the selected area for the as-prepared sample is
∼1.75 lower than 2, which points out the possible formation of
a hypo-stoichiometric phase. After desodiation, the ratio
decreased to ∼0.66, a sign of a successful desodiation process.
The PDF analysis was carried out to study the amorphous

structure of the first charged sample (Figure S3). The PDF of
the as-prepared sample show good agreement with the
simulated pattern resulting from XRD of the sample. After
desodiation, the PDF shows clear change. The first peak moves
to lower “r” indicating the Na/Mn−O/F distance becomes
shorter. Compared with the possible candidates in our system
(MnO2, Mn2O3, MnF4, Na2O, and NaF), the first peak of the
first charged sample could be attributed to the Mn-anion (O/
F) bound distance. The PDF analysis of the first charged

sample cannot be indexed by any of the above single
candidates. However, we cannot figure out if the product
after desodiation is single phase Na2−xMnO2F or a complex
mixture of different phases. The PDF of the first discharged
sample, shown in Figure S3, shows good agreement with that
of the as-prepared sample indicating the reversibility of the
sample during battery cycling. For better understanding of the
reversibility of the Mn redox during cycling, EELS spectra of
the Mn L-edge were collected for all the samples, shown in
Figure S4a. The results showed that during battery cycling, the
Mn was first oxidized (desodiation) and then reduced back
(sodiation), in agreement with electrochemical data.
To better explore the different electrochemistry, the redox

mechanism was probed using X-ray absorption spectroscopy
(XAS). Operando Mn K-edge XAFS was performed on the
NMOF1 powder electrode in the initial charge−discharge
cycle between 1.5 and 4.3 V at a rate of C/5 (Figure S5).
XANES fingerprinting with Mn standards demonstrated a
gradual edge shift toward higher energy during charge from
open circuit voltage (OCV, 2.16 V) to 4.3 V (Figure 4a) and
reversibly to lower energy during the discharge process from
4.3 down to 1.5 V (Figure 4b), reflecting the Mn oxidation by
desodiation and the reduction upon sodiation. Consistently,
the two pre-edge peaks representing the 1s → 3d (1s → t2g and
1s → eg) quadrupole transitions exhibited increasing intensity
during desodiation. This corresponds to the rising number of
available empty 3d energy levels of Mn cations at higher
oxidation state. In return, a reverse trend was observed upon
discharge. In Figure 4c,d, the magnitude of Fourier transform
|χ(R)| of k2-weighted χ(k) is represented during both charging
and discharging of the material. During charge, the increasing
intensity of the first and second shell peaks indicated the

Figure 4. Normalized Mn K-edge XANES of NMOF1 during the first charge (a) and discharge (b) from the operando XAFS measurement;
insets highlight the pre-edge region. Fourier transform of k2-weighted χ(k) spectra obtained from the charge (c) and discharge (d).
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increase of the local ordering by the release of Na+ out of the
structure. Upon discharge and sodiation, the magnitudes of
both coordination shells decreased significantly with increasing
local disordering by Na+ entering into the lattice but not
completely reversibly toward the initial OCV states.
To verify the relative cycling stability, cells were charged (1

charge) and discharged (1 full cycle) at a slow rate (C/100),
followed by 2 h floating voltage to ensure complete redox
reaction. Afterward, the powder cathodes were extracted,
washed with DMC to remove the electrolyte residue, and dried
overnight under vacuum before being analyzed with ex situ
XANES. Figure S6 shows the Mn K-edge of the NOMF1
electrodes at different states of charge. Both pristine and
discharged NMOF1 showed an average Mn oxidation state of
3+, while the Mn in fully charged (4.3 V) NOMF1 exhibited a
4+ state. This confirms the kinetic issue due to insufficient
desodiation/sodiation with C/5 rate during operando measure-
ment, with relatively high electrode loading mass leading to
lower average Mn oxidation state.
EXAFS fitting was performed for the first coordination shell

Mn−O/F, as shown in Figure S7 and Table S6. The average
interatomic distance R between the central Mn and the nearest
O and F ligands in the octahedral coordination showed a
gradual decrease with charging and an increase with
discharging (Figure 5a). This evolution is in agreement with

the change of Mn oxidation states and demonstrates the local
structural contraction and expansion caused by Na extraction
and insertion, respectively. However, the R change is relatively
small, for instance, about 0.03 Å from 4.3 to 1.5 V during
discharge. In addition, the disordering factors σ2 showed only a
weak evolution.

Figure 5b shows the results of linear combination fit (LCF)
of XANES spectra. Principle components analysis (PCA)
suggested these spectra might have more than 5 components
but only three of them have a weight ratio larger than 0.001, as
shown in Figure S8a,b. In total, these three main components
counted for 99.8% of the variation in the data, which was also
enough to match the experimental spectra (Figure S8c).
Nevertheless, in order to track the evolution of the oxidation
state, experimental spectra measured from three reference
standards, MnO, LiMnO2, and MnO2, were used for LCF
fitting (Figure S8d), and here a synthesized disordered rock
salt (Fm3̅m) LiMnO2 was selected as MnIII standard instead of
Mn2O3. For both charging and discharging, the main varying
components were MnIII and MnIV in these intermediate states,
and the remaining MnII seemed to be less redox-active. During
charge, the amount of MnIV gradually increased from a small
weight fraction <0.2 at OCV to a dominating >0.8 at full
charge 4.3 V, along with the decrease of MnIII from <0.6 to
almost null, suggesting a Mn3+/4+ redox behavior reached at
rather fast rate for this operando cell. By return backward, the
relative amount of each component exhibited weaker change
during the discharge from 4.3 to 1.5 V. The MnIV component
decreases from >0.8 to about 0.5 and MnIII increases from 0 to
around 0.3, while MnII showed no significant variation. As a
result of the overall high MnIV ratio, the average Mn oxidation
state in fully discharged 1.5 V was still higher than that of the
initial OCV (2.2 V), with a higher edge energy position,
presumably owing to kinetic cell issues at high rate as discussed
earlier.
Briefly, a new Na-rich Mn-based DRS oxyfluoride

Na2MnO2F has been synthesized by solid-state mechanochem-
istry for consideration as cathode material for next-generation
rechargeable SIBs. In this system, Na and Mn ions occupy
randomly the octahedral sites (4a) in a cubic-close packed (ccp)
lattice with 23% larger cell volume compared to its Li
homologue. The formulated electrodes have been electro-
chemically tested, where up to 1.7 Na+ can be extracted from
the structure at slow cycling rate during charge, corresponding
to an initial capacity of 298 mAh g−1. The results showed that
the electrodes preserve a capacity of 100 mAh g−1 over 50
cycles and stable Coulombic efficiency at fast rates without any
cell optimization.
The Mn K-edge XANES proved that the manganese

undergoes a single Mn3+/Mn4+ redox reaction during
charge/discharge process, in agreement with cyclic voltamme-
try. The loss of crystallinity after desodiation, and its reversion
back after full cycling remains unclear, which needs to be
investigated further for this new category of materials.
However, operando XAFS demonstrated the Mn redox
evolution upon cycling, and the Fourier transform representa-
tion showed the increase/decrease of the local ordering upon
Na+ extraction/insertion. This research is an additional input
to accelerate the evolution of new systems and chemistries for
the forthcoming SIBs technologies.
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