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A Mn-based sodium-containing layered oxide, P'2-type Na,,sMnO,,
is revisited as a positive electrode material for sodium-ion batteries,
and factors affecting its electrochemical performances are exam-
ined. The cyclability of Naz;sMnO, is remarkably improved by
increasing the lower cut-off voltage during cycling even though
the reversible capacity is sacrificed. Furthermore, the use of highly
concentrated electrolytes, in which the presence of free solvent
molecules is eliminated, effectively suppresses the dissolution of
Mn ions, thus enabling stable cycling with > 85% capacity retention
for 300 continuous cycles.

In recent years, the rapid growth in the market of electric
vehicles has resulted in an increase in the prices for lithium,
cobalt, and nickel resources used in lithium-ion batteries. There-
fore, great research effort has been conducted to explore new
battery systems based on more abundant resources with lower
costs. Recently, rechargeable sodium-ion batteries have been
attracting much attention for energy storage applications in
terms of abundant resources. In the past decade, numerous
research efforts have been devoted to developing cost-effective
and high-performance electrode materials, especially for positive
electrodes, made from earth abundant elements.'™ Among a
variety of potential positive electrode materials, layered sodium
transition metal oxides (Na,MeO,, Me = transition metal ions)
have been intensively studied.*” From the viewpoint of material
abundance and energy density, Mn-based layered oxides
(Na,MnO,) are considered to be promising positive electrode
candidates. The structure of layered Na,MnO, is divided into two
groups with different layered stacking manners, O3-type and
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P2-type, based on Delmas’s notation.® Here, the letter “O” or “P”
denotes the octahedral or prismatic site accommodating Na ions
between MnO, slabs, and the number “2” or ““3” represents the
number of MnO, slabs in a cell unit. An in-plane distorted O3-
type, denoted as O’3-type, NaMnO, delivers a relatively large
reversible capacity approaching 200 mA h g~'.” However, the
reversible capacity fades upon cycling due to the dissolution of
Mn ions into electrolyte solutions and internal stress generated
by structural changes on electrochemical cycles.>® On the other
hand, compared with O’3-type NaMnO,, P'2-type Na,;3MnO,
shows better cyclability without sacrificing a large reversible
capacity over 200 mA h g™, but its cyclability is still unacceptable
as an electrode material for practical applications.'®!" In this
study, P’2 Na,;3MnO, is revisited as a positive electrode material
for battery applications. The cycling performance of P’2
Na,;sMnO, is significantly improved by controlling the operating
voltage during electrochemical cycling. In addition, the use of
highly concentrated electrolytes enables highly reversible and
stable cycling of P'2 Na,,;;MnO, for 300 continuous cycles with a
large reversible capacity, ~200 mA h g~*. On the basis of these
results, factors affecting the electrode performance of P2
Na,;sMnO, and its practical feasibility are discussed.

P’2-type Na,;sMnO, was synthesized by a solid-state reaction.
Starting materials composed of Na,CO; (FUJIFILM Wako Pure
Chemical) and MnCO;-nH,0 (FUJIFILM Wako Pure Chemical)
were mixed by wet ball milling with ethanol and then dried in
air. A mixture of the precursors was pressed into a pellet at
20 MPa, and the obtained pellet was heated at 1050 °C for 12 h
in air followed by quenching to room temperature."* Fig. 1a
shows a synchrotron X-ray diffraction pattern of the synthesized
Na,/;3sMnO,. Synchrotron XRD measurement was conducted at
the beamline BL5S2 in the Aichi Synchrotron Radiation Center
(AichiSR) in Japan. The sample powder was sealed in a glass
capillary in an Ar atmosphere and measured using the 2D
detector (PILATUS 100 K, DECTRIS Ltd). The wavelength of
X-rays was 0.775 A. An XRD pattern of the sample is assigned
into a single-phase P’2-type layered structure with a space group
of Cmcm. Note that the ratio of b/a values is higher than /3,
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Fig.1 (a) A synchrotron XRD pattern of NayzsMnO, and (b) schematic
illustration of the P’2-type layered structure, which was drawn using the
program, VESTA?2 (c) A SEM image and (d) HAADF- and (e) ABF-STEM
images of magnified regions of Fig. S1 (ESIt) along [100] for Naz;sMnO,.

indicating an in-plane structural distortion induced by Jahn-
Teller active Mn®* ions (Fig. 1b)."' From a morphological
observation using a scanning electron microscope (JCM-6000,
JEOL), P'2 Na,;sMnO, consists of mainly large particles with a
size of >10 um and partially small particles (<5 pm) in Fig. 1c.
The crystal structure of P'2 Na,,;sMnO, was further characterized
by high-angle annular dark field (HAADF) and annular bright
field (ABF) scanning transmission electron microscopy (STEM)
using a JEOL JEM-ARM200F instrument equipped with a sphe-
rical aberration corrector operated at an acceleration voltage of
200 kv (Fig. 1d, e and Fig. S1, ESIt). In a HAADF-STEM image
viewed along [100], heavier Mn ions are clearly highlighted as
bright spots (Fig. 1d), and their arrangement along the c-axis
direction is in good agreement with the P2-type layered stacking
sequence. In contrast, for an ABF-STEM image, lighter O and Na
ions are also distinctly visualized as dark spots (Fig. 1e).

The electrochemical performance of P2 Na,;MnO, was
examined in two-electrode electrochemical cells with metallic
sodium. The configuration of the two-electrode cell is described
in the ESL{ Galvanostatic charge/discharge tests of Na/
Na,;sMnO, cells were performed with two different lower cut-
off voltages, 1.5 and 2.4 V, and a fixed upper cut-off voltage of
4.0 V at a current rate of 10 mA g~ '. The corresponding charge/
discharge curves are shown in Fig. 2a. In the first cycle, the
cell discharged to 1.5 V shows a reversible capacity of over
200 mA h g', which is consistent with that of a previous
report.'’ However, in the subsequent cycles, a gradual increase
in polarization on the charge/discharge process is observed
upon cycling, and 35% of the initial reversible capacity is lost
after 30 cycles (Fig. 2b). In contrast, when the lower cut-off
voltage is increased to 2.4 V, the increased polarization and
capacity fading with cycling are significantly mitigated even
though the reversible capacity is limited to approximately 60%
of that in the cell with a 1.5 V cut-off. Moreover, coulombic
efficiency is also improved, ~98 and 93% on average for 2.4 and
1.5 V cut-off, respectively, as shown in Fig. 2c. In differential
capacity plots shown in Fig. 2d, a stepwise charge/discharge
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Fig. 2 (a) Charge/discharge curves, (b) capacity retention, (c) coulombic

efficiency, and (d) differential capacity plots of P’2 Na,,sMnO, cycled with
1 M NaPFg in propylene carbonate (PC) electrolyte in the voltage ranges of
1.5-4.0 Vand 2.4-4.0 V at a rate of 10 mA g~ (e) Changes in Mn K-edge
XAS spectra for P’2—Na2/3,yMnOZ on electrochemical cycles.

profile is lost after 30 cycles in the voltage range of 1.5-4.0 V, but
mostly maintained in the range of 2.4-4.0 V. In general, the
dissolution of Mn ions into electrolyte solution is considered as
a major degradation mechanism of Mn-based electrode
materials.">'* Moreover, the dissolved Mn ions deposit on the
negative electrode surface,”> and deposited Mn causes the
electrolyte decomposition and formation of by-products, for
instance, alkoxide species.'® When the by-products are soluble
species into electrolytes, they are oxidatively decomposed at the
surface of the positive electrode, leading to lower coulombic
efficiency. Because the same upper cut-off voltage, 4.0 V, is used
for both tests, the difference is found with the accumulation of
Mn®* ions for the sample with 1.5 V cut-off. Similarly, the
electrode reversibility for a spinel-type oxide, LiMn,0Oy, is influ-
enced by the average oxidation states for Mn ions, and much
better electrode reversibility is achieved for Li;,Mn,_,O, and
LiMg,Mn,_,O, with higher Mn oxidation states."” Such high
reversibility for spinel-type oxides with higher Mn valence is
attributed to the smaller amount of Mn dissolution."® According
to the first-principles computational study, the higher Mn
oxidation state increases the covalency and decreases the anti-
bonding nature for Mn and O bonds, which energetically
stabilize Mn-O bonds and reduce Mn dissolution.'® Therefore,
increasing the lower cut-off voltage maintains a higher average
oxidation state of Mn ions in the electrode (i.e., a larger Mn**/
Mn*" ratio), thereby mitigating the Mn dissolution into the
electrolyte and resulting in superior cyclability for the sample
with 2.4 V cut-off. In fact, brown coloration of the glass filter
used as a separator associated with Mn dissolution is found
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after 30 cycles with 1.5 V cut-off but not with 2.4 V (Fig. S2, ESI¥).
Similarly, for LiMn,0,, the concentration of dissolved Mn ions
in the electrolyte decreases with increasing the lower cut-off
voltage.* The difference in average oxidation state of Mn ions in
Na,MnO, at different discharge states is evidenced by hard X-ray
absorption spectroscopy (XAS) at the Mn K-edge (Fig. 2e). Hard
XAS spectra were collected at beamline BL-12C of the Photon
Factory Synchrotron Source in Japan. Composite electrode sam-
ples were rinsed with dimethyl carbonate and sealed in a water-
resistant polymer film in an Ar-filled glovebox. The Mn K-edge
XAS spectra were found in a lower energy region for the sample
after discharge to 1.5 V compared to 2.4 V. Furthermore, in situ
XRD studies reveal that the structural evolution of Na,MnO,
upon cycling is highly reversible in both voltage ranges of
1.5-4.0 V and 2.4-4.0 V. Although a slightly larger volume change
associated with additional Na insertion into Na,;MnO, on dis-
charge to 1.5 V is observed, as shown in Fig. S3 (ESI}), clear
changes in XRD patterns are observed on charge to >3.7 V for
both conditions. The clear shrinkage of the interlayer distance as
observed for the 002 diffraction line on charge, ~4.0 V, is noted.
The interlayer distance after charge to 4.0 V is calculated to be
5.2 A. Note that other peaks almost disappear, indicating that
through-plane stacking faults are enriched associated with the
glide of the transition metal layer from P2 to O2 phase after
desodiation.”" Nevertheless, the interlayer distance is much wider
compared with the pure O2 phase (d = 4.4 A),** suggesting that P2
domains with wider interlayer distances still coexist with O2
domains. Because the volume changes are pronounced on charge
to ~4.0 V, phase transitions and volume changes on additional
sodiation from 2.4 to 1.5 V are not expected to be responsible for
the degradation. Hence, the dissolution of Mn ions is considered
as a primary reason for the loss of electrode reversibility of P'2
N,MnO, on reduction to 1.5 V.

Another key strategy to solve the Mn dissolution issue is the
use of sparingly solvating electrolytes. Among these electrolytes,
highly concentrated electrolytes (HCEs), in which the presence
of free solvent molecules is eliminated, have gained much
attention as a new trend in electrolyte design for Li and Na
batteries.*>">* Several research groups reported that ether-based
HCEs consisting of sodium bis(fluorosulfonyl)amide (NaFSA)
and 1,2-dimethoxyethane (DME) exhibit good compatibility with
both a 4 V-class positive electrode and Na metal negative
electrode and are expected to be promising electrolyte candi-
dates for high energy density Na metal batteries.”®*” However,
the insufficient wettability of HCEs to a conventional polyolefin
membrane hinders their use for practical applications.?®?°
Although a porous glass fiber filter has been used as a substitute
for a polyolefin membrane in laboratory-scale studies of
HCEs,*° an internal short circuit associated with the penetration
of Na dendrites through the separator is inevitable during
repeated charge/discharge cycling for the Na cell with the glass
fiber filter. To overcome the practical issue of HCEs, the surface
coating with a meta-aramid resin has been reported to greatly
enhance the wettability of the polyolefin membrane to HCEs
with LiFSA.***? Similar to LiFSA-based HCEs, as shown in

®)

Fig. 3a, the aramid-coated polyolefin membrane (LIELSORT",
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Fig. 3 (a) Comparison of wettability of 5.0 M NaFSA in DME electrolyte to

polyolefin (left) and aramid-coated polyolefin (right) membranes used as a
separator. (b) Charge/discharge curves, (c) capacity retention, and (d)
coulombic efficiency of P’2 Nay,zsMnO, cycled with 1 M NaPFg in PC and
5 M NaFSA in DME electrolytes in the voltage range of 1.5-4.0 V at a rate of
50 mA gt

Teijin Limited) is successfully applied to the HCE with NaFSA
(5 M NaFSA in DME, Kishida Chemical). Therefore, the aramid-
coated polyolefin membrane is used as a separator for HCE. To
compare the electrode reversibility of P’2 Na,;3sMnO, in conven-
tional 1 M NaPF, in PC and highly concentrated 5 M NaFSA in
DME electrolytes, galvanostatic charge/discharge tests were
conducted using Na/Na,;sMnO, cells. Fig. 3b and Fig. S4 (ESI{)
show the charge/discharge curves of Na/Na,;;MnO, cells with
different electrolytes measured at a current rate of 50 mA g~ *. In
the case of the conventional electrolyte, a severe increase in
polarization upon cycling is noted, and the reversible capacity
after 100 cycles is decreased to 43 mA h g (Fig. 3c). This
degradation can be attributed to the dissolution of Mn ions into
the electrolyte. In contrast, the cell with HCE can be cycled
without significant polarization increase and capacity loss and
achieve a stable cycling with > 85% capacity retention and high
average coulombic efficiency of 99.9% for 300 continuous cycles
(Fig. 3d). This is possibly because of the suppression of Mn
dissolution associated with a scarcity of uncoordinated solvent
molecules in the HCE with NaFSA.**** In addition, although a
widely used PF¢-based salt reacts with trace amounts of water in
the electrolyte to produce hydrofluoric acid, which dissolves the
Mn ions in active materials,’®?° the Mn dissolution can be
effectively suppressed by using more stable NaFSA as an elec-
trolyte salt. Indeed, no coloration of the glass filter is noted for
the cell with HCE even after 200 cycles (Fig. S5, ESIT). Moreover,
the use of an aramid-coated polyolefin separator significantly
increases the maximum reversible Na deposition/stripping
capacity in HCEs compared with a glass fiber filter and enables
stable Na deposition/stripping cycling with high coulombic
efficiency of ~98.4% for 100 continuous cycles at a practical
areal capacity of 2 mA h cm™? (Fig. S6, ESIf). Thus, electrolyte
engineering is an effective strategy to improve the reversibility of
sodium metal batteries.*® Although the ionic conductivity of

This journal is © The Royal Society of Chemistry 2025
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HCE is one order of magnitude lower than that of a conven-
tional electrolyte at room temperature (Fig. S7, ESIf), the
combined use of HCEs and the aramid-coated polyolefin separa-
tor would be one of the promising routes to realize stable and
long-life operation of high-energy sodium metal batteries with a
Mn-based layered oxide under practical conditions.

In summary, suppressing the dissolution of Mn ions into the
electrolyte is a critical strategy to improve the cycling performance
of Na,MnO,. Because Mn>" ions are enriched after reduction to the
lower-cutoff voltage, control of the operating voltage to maintain a
high average oxidation state of Mn ions (i.e., a larger Mn**/Mn>*
ratio) in the electrode during cycling is beneficial to inhibit the
dissolution of Mn ions. In addition, the use of HCEs without free
solvent molecules is effective in suppressing the Mn dissolution
owing to their low solvating ability. These two approaches are
helpful to mitigate Mn dissolution and for future research devel-
opment of cost-effective and long-life rechargeable sodium bat-
teries with abundant Na/Mn ions.
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