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Sodium-ion batteries can be designed as a low-cost alternative to lithium-ion batteries, where various
layered transition metal oxides are frontrunner positive electrode materials. Owing to the inexpensive
and abundant Mn resources and a large reversible capacity approaching 200 mA h gfl, o type (O'3 type)
NaMnO, is considered as a competent and economical candidate for sodium-ion batteries. However,
0’3 NaMnO, suffers from rapid capacity fading during charge—discharge cycling, for which the reasons
remain elusive. The current work probes the underlying mechanisms behind this capacity degradation
based on the correlation between the crystal structure and electrochemical properties. O'3 type

NaMnO,, having a monoclinic O3-type structure, undergoes (de)intercalation of sodium ions through
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ex situ X-ray diffraction analyses reveal that the structure changes with different degrees of (de)sodiation

DOI: 10.1039/d1ta05390f and that eight different crystalline phases (co)exist. Furthermore, we have optimized the appropriate
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Introduction

Electrochemical energy storage devices, in particular Li-ion
batteries (LIBs), have become ubiquitous in the 21st century,
propelling myriads of consumers of electronic gadgets, electric
vehicles and micro-to-mega grid storage. The consumption of
lithium resources has leapt, and concern has been raised over
its paucity with touting Li as the new gold. This scenario has
renewed interest in Na-ion battery (NIB) chemistry which
enables earth-abundant and low-cost alternative energy-storage
devices to be achieved particularly if the target applications are
not limited by the volumetric/gravimetric energy density. While
many alternative alkali (earth) metal chemistries are being
pursued (e.g. K, Mg, Ca, Al, etc.), NIBs have exhibited the most
practically decent reversible capacity, rate kinetics, and
thermal/chemical stability as well as safe storage and
transportation.*™
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voltage window to achieve excellent cycling stability.

In fact, Na-ion chemistry was launched parallel to LIBs with
an early report on Na,CoO, in 1980." With the prospects and
commercialization of LIBs, the Na-ion story took a back seat.
Recently, there has been a rapid revival of NIBs with suites of
oxides and polyanionic insertion systems. While the poly-
anionic systems show the highest redox potential, the transition
metal oxides deliver the highest reversible capacity.” Various
sodium layered transition metal oxides (Na,TMO,, where TM =
transition metal) and their solid-solutions have been intensively
explored for feasible Na (de)intercalation.’” In contrast to Li
layered oxides where Li* ions only occupy octahedral sites,
Na,TMO, accommodate Na® ions at prismatic or octahedral
sites coordinated by six oxide ions. According to the notation
proposed by Delmas and the type of coordination environment
for Na' ions, Na,TMO, is typically classified into P2, P3, and O3
type structures, depending on the polyhedral type of Na site and
the number of TMO, slabs in the hexagonal unit cell.®

Among these Na,TMO,, Mn-based compounds (Na,MnO,)
represent a promising family with cost-effective Mn as a result
of its abundance and excellent energy density arising from high
capacity.”** The stoichiometric composition of NaMnO, crys-
tallizes into two polymorphs: (i) a low-temperature monoclinic
phase (a-NaMnO,) having a distorted O3 type structure (deno-
ted as O3 type) owing to the lattice distortion arising from the
Jahn-Teller effect of Mn*" ions*>** and (ii) a high-temperature
orthorhombic phase (B-NaMnO,) with a corrugated-layer
structure.®**™® Nevertheless, DFT calculations estimate that
the formation energies of these two phases are almost the

This journal is © The Royal Society of Chemistry 2021
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same,'® and it is known that it is experimentally difficult to
synthesize a pure phase, especially a pure f-NaMnO, phase.**

The electrochemical performance of O'3-type NaMnO, was
first probed as early as 1985 (ref. 9) and the first demonstration of
efficient Na (de)intercalation was reported in 2011.* O'3-NaMnO,
delivers a large reversible capacity approaching 200 mA h g™
however, it undergoes severe and continuous capacity loss upon
cycling.* Recently, Li et al. studied structural changes of O'3-type
NaMnO, upon charging at the first cycle.”*® They reported some
intermediate phases having Na-vacancies and Mn™-Mn"
orderings below 3.50 V. Beyond this voltage, the O1 phase is
developed and it tends to stay in a wide range upon the subse-
quent discharging process, leading to the asymmetric structural
evolution. The activation process through the formation of the
01 phase in the high voltage region beyond 3.6 V was reported to
be responsible for the improved cyclability. On the other hand,
Ma et al. proposed the complete opposite.” They reported that
high voltage cycling induces structural degradation and capacity
fading during cycling.

As part of our ongoing studies on understanding the charge-
discharge mechanism and improvement of cyclability for Na,-
MnO, having high concentration of Jahn-Teller active Mn™,122
it is of interest to investigate the relationship between the
enigmatic structural changes in 0'3-NaMnO, and its electro-
chemical properties (such as charge-discharge profile and
cycling stability). In addition, the upper cut-off voltage is opti-
mized to maximize the reversibility of Na extraction reactions
and to improve the cycling performance of O'3-NaMnO,. In the
current work, the optimal voltage range of 2.0-3.476 V leads to
enhanced cyclability. As a result, we have succeeded in identi-
fying all crystalline phases and found that O’3-NaMnO,
undergoes structural changes in seven crystalline phases with
an O'3 type structure up to 3.476 V.

Experimental
Synthetic procedures

NaMnO, was synthesized by a solid-state reaction. Reagent
grade Na,CO; (99.8%, Kanto Chemical Co., Inc.), and Mn,0;
prepared by calcining MnCO; (44% as Mn content, Kishida
Chemical Co., Ltd.) at 700 °C in air were mixed using a mortar
and pestle. 3 mol% excess amounts of Na,CO; were used in
consideration of the high volatility of sodium oxides during the
heat treatment. The mixture was pelletized and was calcined in
a muffle furnace at 800 °C for 10 h in air at a heating rate of
5 °C min~'. In addition, lower temperature or longer heat-
treatment samples were prepared by heating at 700 °C for
24 h and at 800 °C for 48 h. Only for the case of the low
temperature heating at 700 °C, the starting materials were ball-
milled for 12 h at 600 rpm before the calcination. The calcined
products were quenched by taking them out from the heated
furnace and were quickly transferred into an Ar-filled glovebox.
The quenched samples were cooled to room temperature inside
the glovebox so as to avoid any moisture contamination and/or
unwanted oxidation. It led to the formation of the desired O'3-
NaMnO, product, which was used for structural and electro-
chemical characterization.

This journal is © The Royal Society of Chemistry 2021
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Structural and morphological characterization

The structure of the as-synthesized O'3-NaMnO, was examined
by X-ray diffraction (XRD) measurements using a laboratory-
scale X-ray diffractometer (MultiFlex, Rigaku Corporation)
equipped with a Cu Ko X-ray source with a Ni filter (operating at
40 kv/30 mA). A homemade air-tight sample holder was used for
the XRD measurements to avoid sample exposure to air.
Detailed structures of the as-synthesized and electrochemically
tested samples were determined with a synchrotron X-ray
diffractometer at BLO2B2 of SPring-8 in Japan, equipped with
a large Debye-Scherrer camera. For ex situ measurements, the
samples were prepared electrochemically by holding the tar-
geted voltage for sufficient time (typically 60 h; 24 h only in the
case of cycling 10 times) after galvanostatic charging at
12 mA g~ " using a coin type cell to ensure electrode equilibrium.
Constitution of the coin type cell is described in the next
section. The composite electrodes were taken out from the coin
cell as soon as possible after the voltage holding process or after
30 h only in the case of cycling 10 times without the 2.0 V
holding. The electrodes were washed by dipping them several
times in dimethyl carbonate (DMC, Kishida Chemical Co., Ltd.)
to remove any electrolyte salt, and then dried overnight at room
temperature in an Ar-filled glovebox. For ex situ laboratory-scale
XRD measurements, the rinsed and dried composite electrodes
were used, but for ex situ synchrotron XRD measurements, the
oxide composites were separated from the aluminum current
collectors and crushed into powders.

The as-synthesized and electrochemically tested samples
were put into glass capillaries, 0.3 and 0.5 mm in diameter,
respectively. The glass capillaries were sealed with a resin in the
glovebox or by heating and melting the end of glass capillaries
to eliminate sample exposure to air. To minimize the effect of X-
ray absorption by the samples, the wavelength of the incident X-
ray beam was set to 0.5 A using a silicon monochromator and
was calibrated with NIST standard reference material (SRM)
674b CeO, as an external standard reference. Structural
parameters were refined by the Rietveld method with the
program RIETAN-FP.** XRD patterns were also simulated by the
RIETAN-FP program and compared to the observed patterns.
Schematic illustrations of crystal structures were drawn using
the VESTA program.? Structural changes of O’'3-NaMnO, during
an initial charging process were examined by an operando XRD
technique using a battery-cell attachment (Rigaku Corporation)
and the data were collected using the above-mentioned X-ray
diffractometer. Particle morphology was observed using a scan-
ning electron microscope (SEM, JCM-6000, JEOL Ltd.) operating
at an acceleration voltage of 15 kV.

Electrochemical characterization

Composite electrodes were prepared by making a slurry con-
taining 80 wt% active material, 10 wt% acetylene black (AB,
Strem Chemicals, Inc.), and 10 wt% poly(vinylidene fluoride)
(PVdF, Polysciences, Inc.) binder in an adequate amount of N-
methylpyrrolidone (NMP, Kanto Chemical Co., Inc.). This slurry
was coated on an Al foil and was dried at 80 °C under vacuum.
The electrode sheet was punched into a disk shape to make
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aworking electrode. The mass loading of the active material was
~3 mg cm > The working electrode was incorporated into
R2032 coin cells with a glass fiber separator (BG-100R, Advantec
Co.) soaked with electrolyte (1 mol dm ® NaPFg in propylene
carbonate, Kishida Chemical Co., Ltd.) and Na metal (purity >
99%, Kanto Chemical Co., Inc.) as a counter/reference elec-
trode. Electrochemical tests were performed at 25 °C using
a charge-discharge measurement system (TOSCAT-3100, TOYO
System Co., Ltd.), in various voltage ranges, primarily at
a current rate of C/20 (ca. 12 mA g~ ). The galvanostatic inter-
mittent titration technique (GITT) was carried out with charging
at a C/50 rate (ca. 4.8 mA g~ ) for one hour and resting for 30
hours at 25 °C. Except for operando XRD and GITT, constant
current and constant voltage (CC-CV) mode was employed for
the charging process or both charging and discharging
processes.

Results and discussion
Structural analysis of the as-synthesized 0'3-NaMnO,

A fitted profile of the synchrotron XRD pattern for the as-
synthesized O'3-NaMnO, is shown in Fig. 1a, and the refined
structural parameters are summarized in Table S1 in the ESLf
Almost all Bragg diffraction peaks can be indexed to an O’3 type
structure (the prime on O represents a distorted lattice from
a hexagonal one) with a space group (S.G.) of C2/m, where Na"
ions occupy octahedral sites in the interslab space between
MnO, slabs stacked along the c-axis with ABCABC oxygen
stacking arrays, and the number of MnO, slabs in a pseudo-
hexagonal unit cell is three (Fig. 1b). The ratio of lattice
parameter b/a for the monoclinic O’'3-NaMnO, is 1.98, which is
higher than the /3 obtained for the hexagonal system.
Furthermore, two Mn-O bonds in a MnOg octahedron are
longer than the other four bonds as shown in Fig. 1b. These
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Fig. 1 (a) Rietveld refinement results of the synchrotron XRD pattern

for O'3-NaMnO,. Observed data points are shown in red with the fitted
profile shown in olive. Green and blue-green tick marks indicate
allowed reflections for the O'3 type (o type) phase (S.G. C2/m) and the
B type phase (S.G. Pmmn), respectively. (b) Schematic illustrations of
the refined layered structure of the O'3 phase (left) and MnOg octa-
hedron in the refined structure (right). (c) SEM image of the as-
synthesized O’3-NaMnO,.
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results are consistent with previous reports'”** and confirm
cooperative Jahn-Teller distortion associated with Mn** ions.
Although a trace amount of B type phase was detected on the
synchrotron XRD pattern, the refined mass fraction was as low
as 4.6%, and an almost single phase of 0'3-NaMnO, is
successfully synthesized. The morphology of the as-prepared
0'3-NaMnO, exhibits primary particles ranging from 200 to
500 nm, which agglomerate to form micrometric secondary
particles ranging from 1 to 4 pm (Fig. 1c).

Effect of upper cut-off voltages on electrochemical properties

Using the synthesized O'3-NaMnO, as a positive electrode
active-material, a charge-discharge test of a non-aqueous Na
cell was carried out in the voltage range of 2.0-3.8 V at a current
density of 12 mA g~ ' (C/20, 1C = 244 mA h g~ ') as shown in
Fig. 2. At the end of the first charge, almost 0.9 Na per formula
unit is successfully extracted, delivering an initial charge
capacity of ca. 215 mA h g~ *. The characteristic stepwise voltage
profile is clearly observed on the first charge, which is related to
the various Na-vacancy orderings,"”'®* whereas the stepwise
profile is largely absent upon discharge (Fig. 2a). Despite a high
initial discharge capacity of ca. 180 mA h g, its capacity
gradually fades upon cycling, retaining 58% (104 mA h g™') at
the 50™ cycle (Fig. 2b). In addition, the various plateaus on
charge become unclear in the course of cycling, in agreement
with previous reports.**#123

In order to determine the appropriate upper cut-off voltages,
quasi-equilibrium voltages were examined through GITT with
charging at C/50 (ca. 4.8 mA g~ ) initially for 1 h and then for
0.5 h followed by resting for 30 h as shown in Fig. 3. Seven
distinct voltage plateaus are observed upon desodiation with
average voltage values of 2.54, 2.70, 2.76, 2.94, 3.10, 3.45, and
3.52 V. All the voltage plateaus correspond to the two-phase
reactions associated with phase transitions upon Na extrac-
tion. The detailed structural changes are discussed in a later
section. The long plateau observed at the lowest voltage of
2.54 V and short plateaus at 2.76 and 3.10 V have relatively small
polarization (ca. 0.05 V) but it is slightly larger than that of the
other two plateaus at 2.70 and 2.94 V in the low voltage region
(Fig. 3b). In contrast, much larger polarization develops above
3.10 Vwhere the Na content is smaller than 0.4, probably due to
sluggish phase transformation, limited Na kinetics in the cor-
responding phases, and/or undesired structural deterioration.
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Fig. 2 (a) Charge—discharge curves of the O’3-NaMnO, electrode in

a Na cell cycled in CC—CV mode at 12 mA g~ in the voltage range of
2.0-3.8 V at 25 °C and (b) cycling stability over 50 cycles.
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Fig. 3 (a) GITT curves obtained by charging at 4.8 mA g~* for 1 h or
0.5 h followed by relaxation for 30 h. The blue line and circles repre-
sent the open circuit voltage plots obtained from GITT. Selected upper
cut-off voltages for cycling tests in CC-CV mode are highlighted in
red circles. (b) Magnified curves of panel (a) between 2.5 and 3.2 V.

One of the strategies to mitigate capacity fade is optimiza-
tion of an upper cut-off voltage as experienced in Na layered
oxides with a single TM.>*** To address this, we selected a total
of ten voltages as upper cut-off voltages based on the interme-
diate voltage between two successive plateaus except for the
initial low-voltage plateau, plus the several higher voltages
(indicated by the red circles in Fig. 3a). In order to ensure
accuracy in the electrochemical measurement, cells were cycled
under a CC-CV mode in the charging process, where the cells
were galvanostatically charged at 12 mA g~ up to each cut-off
voltage and then the cell voltage was held for 12 h.

During the discharge process to 2.0 V, a constant current
(CC) mode was employed without voltage holding. Fig. 4a shows
the comparative initial charge-discharge curves of 0'3-NaMnO,
electrodes during charging to the various upper cut-off voltages
ranging from 2.745 to 4.000 V. The distinct voltage plateaus are
unambiguous in both charge and discharge profiles when cells
were charged up to the upper cut-off voltage lower than 3.55 V.
In contrast, charging to higher voltages (i.e. 3.60, 3.80, and 4.00
V) gives sloping voltage profiles followed by only one plateau at
ca. 2.45 V on discharge. This is further illustrated by the
comparative differential capacity versus voltage (dQ/dV) plots

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) Initial charge—discharge curves of the O’3-NaMnO, elec-
trode in Na cells cycled in CC-CV mode with charging to different
upper cut-off voltages with 12 h holding at the voltages and dis-
charging to 2.0 V at 25 °C. (b) The corresponding dQ/dV plots for the
cells charged to voltages higher (top) and lower (bottom) than 3.55 V.
(c) Discharge capacity and (d) the retention rate over 45 cycles.

(Fig. 4b and c). When the upper cut-off voltage is limited to
3.55 V or lower, almost all redox peaks corresponding to the
voltage plateaus are distinct and reversible during charging and
discharging, but this is not the case for higher cut-off voltages
above 3.55 V, suggesting that irreversible electrochemical
reactions occur when the voltage exceeds 3.55 V.

Given that the highest upper cut-off voltage for greater
reversibility of redox voltage plateaus is determined to be 3.55 V,
cycling performance of the O'3-NaMnO, electrode was examined
under charging to the selected upper cut-off voltages (see charge-
discharge curves obtained for all upper cut-off voltages in
Fig. S17). As shown in Fig. 4c, the highest capacity is delivered for
the first 25 cycles when the upper cut-off voltage is 3.55 V. On the
other hand, when the capacity retention is compared in Fig. 4d,
raising the upper cut-off voltage from 3.476 to 4.000 V results in
more severe capacity decay during cycling. Considering the
initial capacity and capacity retention, an optimal voltage range
for O'3-NaMnO, is proposed to be 2.0-3.476 V in a non-aqueous
Na cell.

It is worth noting that lower upper cut-off voltages below
3.4 V also result in lower cycle retention during cycling
(Fig. S17). Furthermore, when the CC-CV mode is additionally
employed for the discharging process, the capacity retention in
the optimal voltage range of 2.0-3.476 V becomes worse
compared to that without the voltage holding on discharging
(Fig. S2). These results imply side reactions such as irreversible
surface reactions with electrolyte in the low voltage regions as
reported for P2-Na,Co,;3Mn,oNii90,.>° Indeed, addition of
0.5 wt% fluoroethylene carbonate (FEC) to electrolyte as an
electrolyte additive®” significantly improves cycling stability,
and no distinct capacity fading is confirmed during cycling in
the 2.0-3.02 V range (see Fig. S37).

On the other hand, in the optimal voltage range of 2.0-
3.476 V, no significant influence of the FEC addition is

J. Mater. Chem. A, 2021, 9, 26810-26819 | 26813
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confirmed in Fig. S3.1 To improve cycling stability and under-
stand the capacity decay mechanism, O'3-NaMnO, with larger
or smaller particles was prepared under different heat-
treatment conditions. The electrodes of the larger or smaller
0'3-NaMnO, particles demonstrate almost the same or slightly
worse capacity retention (Fig. S47). Interestingly, the smaller
particle size of O'3-NaMnO, more or less maintains the stepwise
profiles of charge-discharge curves and delays the irreversible
change in profiles into sloping ones during cycling compared to
the larger particle size. This implies that structural changes
during Na extraction from O'3-NaMnO, induce internal stress
in the bulk as reported for O’'3-NaNiO,.?® Consequently, capacity
fading would be related not only to the irreversible surface
reactions but also to the internal stress generated by structural
changes in the bulk. The irreversible and gradual change in the
charge-discharge profiles during cycling is associated with the
crystallite size and bulk structure rather than surface reactions,
which agrees with the recent report by Amine and co-workers.*

Ex situ structural analysis in the charging process

In the GITT curves in Fig. 3, seven distinct voltage plateaus are
confirmed during the initial charging as mentioned above. Such
a flat voltage plateau principally corresponds to a two-phase
reaction of a structural change. After the voltage plateau
region during charging, the formation of a single phase is ex-
pected at the end of the plateaus, i.e., the voltage jump regions
such as 2.63 V, 2.745 V, 2.88 V, 3.00 V, 3.25 V, 3.476 V, and
3.58V, as highlighted in yellow in Fig. S5.1 With the addition of
the as-synthesized O’3 type phase, a total of eight phases are
expected to exist in Na,MnO, during the Na extraction process.
However, the structure of more than half of the phases has not
yet been elucidated. Here, in order to clarify the undetermined
structure and to elucidate its relationship with capacity degra-
dation during charge-discharge cycles, we first investigated the
structural changes of NaMnO, by ex situ synchrotron XRD. The
measured points are summarized in the open circuit voltage
(OCV) plots in Fig. S5.t

Fig. 5 displays a series of ex situ synchrotron XRD patterns of
the NaMnO, electrodes charged to the targeted voltages. As
expected, we succeeded in detecting eight major phases in the
patterns from pristine to the electrode charged to 3.80 V.
Diffraction peaks of the main phase can be indexed to the 0’3
type structure except for the diffraction peaks of the eighth
phase observed in the electrodes charged to 3.58 and 3.80 V.
Therefore, we numbered and labeled the phases in order from
the initial low voltage phase to the high voltage phase in
sequence as 0'3(1) to O'3(7), where O'3(1) is the as-synthesized
NaMnO,. The seven phases of the O3 type are highly crystalline,
but the eighth phase is less crystalline and was assigned to an
0'3-O1-like phase (denoted as 0'3-01(8) in this study) as
proposed by Chen et al.*® These phases are also detected by
laboratory-scale XRD, but low intensity superlattice peaks are
not observed as shown in Fig. S6.f On the other hand, as re-
ported by Chen et al.,'® superlattice reflections of the 0'3(2),
0'3(4), and O0'3(6) phases are confirmed in the synchrotron XRD
patterns of the charged electrode samples at 2.63, 2.88, and
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Fig. 5 Ex situ synchrotron XRD patterns collected at the selected
states of charge: (a) wide diffraction angle range, (b) 3.9° = 20 = 6.6°,
(c) 11.1° = 26 = 16.0°, and (d) 19.5° = 26 = 22.0°. The intensity in panel
(d) is twice those in the other panels.

3.25 V, respectively, suggesting Na-vacancy ordering due to
Mn™-Mn" ordering or related interactions. Rietveld refine-
ments on the XRD patterns for the three samples reveal small R
factors (see the refinement results in Tables S2-S471) and good
agreement between the observed and calculated patterns as
shown in Fig. S7-S9.7 The refined structures are illustrated in
Fig. 6. Different from a previous report,*® O'3(4) and O’3(6) are
found to have a x 4b x ¢ (S.G. P2/c) and a x 3b x ¢ (S.G. C2/m)
supercells, respectively. The structures of all three phases
exhibit in-plane Na-vacancy ordering and Mn"™-Mn"" ordering
as predicted by DFT calculations.'®**?* Although the charge
disproportionation may not be complete and the electrons may
not be completely localized at room temperature, the refined
Mn-O bond length and bond valence sum (BVS) imply the
Mn""-Mn" ordering. The polarization of the flat voltage
plateaus at 2.63, 2.88, and 3.25 V is indeed large and gradually
increases during charging (Fig. 3b). This may be related to the
formation of the three phases with partly localized electrons
that lower the electronic conductivity of the oxide.

On the other hand, 0'3(3), 0'3(5), and O'(7) phases have not
been reported yet. When compared in detail, the reflection
position of the O’3(7) phase is very close to that of the O'3(6)
phase as shown in Fig. 5b-d. The reflections of the O'3(7) phase
can be indexed to a typical monoclinic model withana x b x ¢
cell and a space group of C2/m. However, the reflections of the

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Schematic illustrations of crystal structures of Na,MnO, ob-
tained by Rietveld refinements of the synchrotron XRD patterns for the
electrodes charged to (a, b) 2.63V, (c,d) 2.88V,and (e, f) 3.25V: (a, c, €)
stacking and (b, d, f) in-plane structures. The main phase of the
electrodes corresponds to O'3(2), O’3(4), and O’'3(6), respectively. The
solid black squares represent unit cells, and the dashed blue squares
represent primitive unit cells as a reference.

0'3(3) and O'3(5) phases cannot be indexed to a monoclinic cell
but can be indexed to a triclinic cell. Based on a typical mono-
clinic a x b x c cell model, we refined the structural parameters
of the triclinic 0’3(3) and O'3(5) phases by a Rietveld method as
shown in Fig. S10 and S11 and Tables S5 and S6.f Indeed, lattice
parameters « and v are slightly different from 90°, and simu-
lation reproduces split reflections of A1/ and k1! (see Fig. S127),
evidencing the triclinic structures.

Finally, with the observed pattern of the eighth phase, we
compared the simulation pattern of the O1 type structure as
shown in Fig. S131 according to Chen's report.'®* However, the
XRD pattern simulation of the O1 type structure does not
reproduce the observed pattern. Instead, simulation of the 06
type structure, which is an intermediate between O3 and O1
types (Fig. S13at), reproduces the observed peak position
(Fig. S13bt). Considering the broad reflections of 10/ and 01/,
stacking faults would be formed between O3 and O1 types as
03-01. Since the seventh phase is distorted into a monoclinic
O'3 type, the eighth phase would be an 0'3-O1 (or 0’3-0'1)
phase. The peak intensity of 113p; (or 1160¢ or 111g;) at
a diffraction angle of 26 = 21° is indeed lower than that of the
simulation, indicating that the peak is split due to the mono-
clinic system having lower symmetry than the hexagonal (or
rhombohedral) system. It is also possible that manganese ions
migrated from the MnO, slab to the Na site in the interslab
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space, as reported by Ma et al.* and this may explain the low
intensity peak as shown in the simulated patterns in Fig. S13c.}
However, since the intensity of the 00/ reflection decreases due
to the migration of manganese, the number of migrated
manganese ions is small in the O’3-O1(8) phase in the electrode
charged to 3.58 V. Rather than the 3.58 V electrode, the phase in
the 3.80 V electrode is estimated to have more migrated
manganese ions in the interslab space based on the lower
intensity of the 00/ and 1133 (or 11606 or 111p,) reflections
(Fig. S13ct), and this phase is hereinafter called Mn-migrated
0'3-01(9). Since typical MnO, polymorphs of pyrolusite (B-
(rutile-type)MnO,), nsutite (y-MnO,), and ramsdellite (R-MnO,)
have 1 x 1 or 2 x 1 tunnels with O1-like oxygen stacking, Mn
migration from the slabs to the interslab space might become
more energetically favorable in the almost Na-free O1 type
structure as Ol-type MnO, with 50% Mn that randomly
migrated into the interslab space has been reported to be
akhtenskite (e-MnO,).** The lab-scale XRD patterns in Fig. S6b¥
also showed a gradual decrease in the intensity of the 00/
reflection at 17.2° during charging, confirming the gradual
disappearance of the 0'3-O1(8) phase without peak shift.

Operando structural analysis in the charging process

Based on the above-mentioned phase identification with ex situ
synchrotron XRD, operando XRD and phase assignment were
conducted. Fig. 7 shows a contour profile map for the operando
XRD patterns upon the first charging at 6 mA g~ '. As repre-
sented by grey dashed lines, seven 0’3 type and one 0'3-O1 type
single-phase (or solid-solution) regions are confirmed. Careful
perusal of the contour plot reveals that, upon charging, novel
diffraction peaks appear on all the voltage plateau regions,
while the original diffraction peaks remain without peak shift
but are weakened. It clearly indicates phase evolution via two-

Mn-migrated 0.0
0'3-01(9)
- ~ toa
-3 03-01(8)
E N Lo0.2
== 03(7)
- 0.3
0'3(6) o~
R Loa @
,,,,,,, 0'3(8) s
L » x
0'3(4) 0:5 2
F os) L06 S
L " <
. - O’iZ) -0.7
R L Lo.s
h | 1l i L L 0.9
e | | | .
3 [ o | Diepe =3 _ v} T T o?g‘)l 1'0
15 16 17 32 33 34 35 36 37 38 41 42 43 40353.025
26/ deg. (CuKa) Voltage /V

Fig. 7 Contour profile map of operando XRD patterns during galva-
nostatic charging at 6 mA g™ at the first cycle. Grey dashed lines are
a guide for the eye, representing the appearance of seven single-phase
regions. The simultaneously collected voltage curve as a function of
sodium content x in Na,MnO, is shown on the right side. Background
intensity and the diffraction peaks from an Al-coated Be window and Al
current collector were subtracted.
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phase reactions. In the first plateau around 2.6 V, 0’3(2) grad-
ually increases at the expense of O'3(1), undergoing complete
phase transition from O’3(1) to O'3(2). A similar two-phase
transition process continues with progressive charging to
3.8V, involving seven O'3 phases and one 0'3-O1 phase deter-
mined by ex situ synchrotron XRD (Fig. 5). The operando anal-
yses reveal multiple phase transitions from O’3(1) to O'3-1(8),
involving seven biphasic regions separated by monophasic
endmembers. The crystalline monoclinic 0’3 structure indeed
degrades above 3.55 V, but a low-crystalline phase of 0’3-01(8)
is confirmed in the operando XRD patterns and the operando
synchrotron XRD data reported by Chen et al.*® In the structural
evolution, unlike in Ma's report,’ O'3-NaMnO, does not
transform into P3 or P'3 type phases. Nevertheless, P3 type
materials are synthesized by solid-state reactions as P3-Na,-
MnO, in the Mn system®*** and are usually observed in the
phase evolution during the charging of O3 and O3 type
NaTMO, such as NaCrO,,”® NaCoO,,' NaNiO,,** and NaNi,,
»Mn,;,0,.°*%¢ Indeed, variation of the in-plane Mn-to-Mn
distance is unusual and partly similar to the O’3-P’3 transition
as discussed in detail below.

Lattice parameters of basic @ x b x ¢ unit cells were calcu-
lated from the operando XRD data to further investigate the
changes in crystal structure with multiple phase transitions.
Further, the variations in interslab distance and in-plane Mn-
Mn distance were calculated from the lattice parameters and are
depicted in Fig. 8a and b, respectively. Note that the in-plane
Mn-Mn distance of the 0’3-01(8) phase could not be calcu-
lated because the 110 and 10/ peaks overlap with the Al peaks
and are too broad and weak. Considering the triclinic phase, the
averaged interslab distance corresponds to the length of the
reciprocal lattice vector ¢, |c¢*| (Fig. 8c), and is obtained using the
following equation:
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Fig. 8 Refinement results exhibiting the changes in (a) interslab
distance and (b) in-plane Mn—Mn distance. Schematic illustrations for
(c) interslab and (d) in-plane Mn—Mn distances in a structure. The Mn—
Mn distance of the O'3-01(8) phase could not be calculated because
the 110 and 10{ peaks overlap with the Al peaks and are too broad and
weak.
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On the other hand, in-plane Mn-Mn distances in the aver-
aged structure correspond to |b|, 0.5a + b|, and 0.5|a — b| values
as shown in Fig. 8d. The monoclinic structure has two types of
in-plane Mn-Mn distance (|b| and 0.5|a + b| (equal to 0.5|a —
b)), while the triclinic structure has three types. With progres-
sive Na extraction, electrostatic repulsion between the adjacent
MnO, slabs is enlarged, resulting in increasing the interslab
distance. This increasing trend in the interslab distance
continues throughout the desodiation process until the 0'3(7)
phase emerges. The decreased interslab distance of the O'3(7)
phase appearing at around 3.50 V is consistent with those in
previous studies'®* despite different phase determination from
the present study. Furthermore, during the phase transition
from O'3(7) to 0’3-01(8) at a voltage plateau of ca. 3.6 V, the
interslab distance decreases from 5.63 A to 5.15 A. The inter-
layer distance of 0’3-01(8) is very close to the 5.1 A reported
based on operando synchrotron XRD measurements,'® which is
consistent with our lab-scale operando XRD measurement in
this study. On the other hand, variation of the in-plane Mn-Mn
distance is very complicated. In general, the in-plane TM-TM
distance decreases by oxidation of transition metal ions and
weakened in-plane repulsion of Na'-Na' in the interslab space
by extraction of large Na' ions upon charging. One can see
a discrete and significant variation of the in-plane Mn-Mn
distance in Fig. 8b, and several features are found. First, the
variation of the in-plane Mn-Mn distance (3.17 to 2.84 A) is
significantly larger than that of the TM-TM distances for typical
NaTMO, such as NaCrO, (2.98 to 2.88 A),zs NaFe;/,C04/,0, (2.95
to 2.81 f\),” and NaNi, ,Mn,;,,0, (2.97 to 2.84 A).“ Of course, the
variation range of the TM-TM distances is highly dependent on
the voltage range (i.e., Na extraction range), but the initial value
of 0'3-NaMnO, (3.17 A) is quite large even compared to those of
other 0’3 types such as NaNiO, (3.02 A).* The large initial value
leads to the result that one of the Mn-Mn distances (i.e., 0.5|a +
b|) is significantly different between O’3(1) and O’3(2). Second,
during the phase evolution with a two-phase reaction, at least
one Mn-Mn distance is almost the same between the two
phases, which is similar to the trend observed in NaNi;,,Mn,,
20,.%® Third, the trend of long Mn-Mn distance 0.5|a + b| and
short Mn-Mn distance |b| in the monoclinic structures of 0'3(1,
2, 6, and 7) phases is reversed only in that of the O’3(4) phase. In
other words, in the 0’3(4) phase, Mn-Mn distance 0.5|a + b| is
short and Mn-Mn distance |b| is long. Such reversal is found for
the O’3-P'3 transition in NaNi,,Mn,,,0,.** Fourth, the two
triclinic phases, 0'3(3) and O’3(5), appear to complement the
difference in Mn-Mn distance between the two phases 0'3(2)
and O’'3(4), and between the two phases 0'3(4) and 0'3(6).

Ex situ structural analysis in the discharging process

From the operando and ex situ XRD data, structural changes
during the initial charging process are elucidated, but those
during the discharge process are still unclear. Considering the
very low intensity of diffraction peaks after charging beyond the

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Ex situ laboratory-scale XRD patterns of the electrodes dis-
charged from (a) 3.80 V and (b) 3.476 V to the selected voltages with
voltage holding for 60 h. During the charge process, the voltage was
held for 12 h after galvanostatic charging at 12 mA g%,

plateau of 3.50-3.55 V, ex situ XRD measurements were per-
formed instead of operando XRD on the electrode samples dis-
charged from 3.476 V or 3.80 V (Fig. 9). In order to ensure
a uniform sample in the equilibrium state, a constant voltage
was applied for 60 h after discharging to the desired voltage.

As expected from the asymmetric redox reactions between
charging and discharging (Fig. 4b), the electrodes discharged
from 3.80 V show very broad diffraction peaks up to 2.74 V,
except for the 001 reflection at 26 = 15.8°, and sharp peaks of
0'3(2) and O’3(1) are observed at 2.60 and 2.00 V, respectively, in
Fig. 9a, which agrees with the appearance of only the 2.45 V
reduction peak corresponding to the transition from 0’3(2) to
0'3(1) (Fig. 4b). In contrast, the electrodes discharged from
3.476 V show sharp diffraction peaks, and six O’'3 type phases
are detected in the reverse process although the peak intensity
of the O'3(3) phase is very low. The reduction peak originating
from the transition from 0'3(4) to 0'3(3) is indeed not clearly
seen in the 2.87-2.61 V range in Fig. 4b.

All the ex situ XRD results for the discharging process are
consistent with the results of the charge and discharge curves.
The remarkable recovery of crystallinity and the formation of
0'3(2) during discharge from 3.8 V are also consistent with the
results observed in the reported operando synchrotron XRD.'®
The 2.0 V electrode discharged from 3.8 V shows broader
diffraction peaks than those in the electrode discharged from
3.476 V. However, the difference in peak width is too small to
explain the different cycling stabilities.

Interestingly, broad peaks surrounding the 001 reflection are
observed at 26 = 13.0°-13.3° (d = 6.65-6.80 A) and 26 = 16.7° (d
=5.30 A) up to the formation of 0'3(1) as shown in Fig. 9, and at
least the lower-angle peak does not originate from the wide
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interslab space of hydrates, which is proved by the synchrotron
XRD data of hydrates in Fig. S14.f In the synchrotron XRD
pattern of the 3.8 V electrode (Fig. S13bt), the low-angle peak at
20 = 4.21° (d = 6.80 A) can be assigned to the 200 reflection with
a 3a x b x ¢ supercell. Although accurate values of lattice
constants and crystal symmetry of the high-voltage phase were
difficult to determine due to too broad and weak peaks, the
roughly calculated lattice constants (@ = 13.6 A, b = 2.85 A, and ¢
=4.5 1&) are close to those of v-MnO, (a = 13.7 A b=287Ac=
4.46 A, and § = 90.5°)® (Fig. S13ct). y-MnO, has pyrolusite (B-
MnO,) type and ramsdellite (R-MnO,) type portions in the
structure,*® which is a modulated structure and is different from
the Mn-migrated O1-type structure (50% of the Mn-migrated O1
type is &-MnO,). Chen et al. also reported the presence of O’'3-
like and O1-like domains alternately formed (stacked along the
(201) direction) as striped regions based on the TEM images."®
Furthermore, the low-angle broad peak at 20 = 4.21° (d = 6.80 A)
is also observed after drying the hydrate to remove the interslab
water (see Fig. S14bt). Thus, the appearance of broad super-
structure peaks can be explained by the migration of Mn into
the interslab space to form a modulated phase and/or the
coexistence of differently oriented domains. This broad peak
may be a good indicator to understand the long-range structural
degradation.

Cycling effect on crystallinity

In addition to the observation of the broad-peak phase, various
phase transitions with significant changes in the in-plane Mn-Mn
distance during charging and the formation of a low-crystalline
0'3-01(8) phase on the 3.52 V plateau at the open-circuit voltage
(Na < 0.2) suggest that not only local structural changes such as
formation of stacking faults and Mn migration, but also the
accumulation of lattice stress through phase transitions eventu-
ally leads to capacity degradation. In order to confirm the spec-
ulation, ex situ XRD measurements were carried out for the
electrode samples after initial charging and discharging and
cycling in the two different voltage ranges of 2.0-3.476 V and 2.0-
3.80 V.

First, changes in charge-discharge profiles are compared as
differential curves as shown in Fig. 10. All oxidation and
reduction peaks become less intense over cycling regardless of
voltage ranges. Interestingly, the oxidation peak at the lowest
voltage shifts notably towards lower voltage after charging to
3.8 V and continues to move during cycling, implying
a pronounced change in the local Mn-O coordination envi-
ronment upon the first charging to 3.80 V. An analogous
phenomenon also occurs even in the narrower voltage range of
2.0-3.476 V; however, a gradual voltage decay is observed with
the appearance of an oxidation peak at 2.55 V from the 5% cycle
accompanied by decreasing intensity of the oxidation peak at
2.58 V. This may indicate that the local Mn coordination
changes slowly during cycling in the 2.0-3.476 V range, whereas
it changes rapidly when charging above 3.476 V up to 3.8 V.

Fig. 11 displays the ex situ XRD patterns after 10 cycles in
different voltage ranges of 2.0-3.80 V and 2.0-3.476 V. In order
to clarify the phases just after the conventional cycling test, we
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Fig. 10 dQ/dV plots for O’3-NaMnO; electrodes cycled at 12 mA g1
under CC-CV mode (only on charging) in the different voltage ranges
of 2.0-3.80 V (top) and 2.0-3.476 V (bottom).

did not perform CCCV discharge in the final cycle but cycled the
sample under the same conditions as the cycling test in Fig. 4. It
is obvious that diffraction peaks such as 113 and 202/311
reflections become broader with raising the upper cut-off
voltage as well as increasing the number of cycles. This
presumably suggests a decrease in crystallinity (suppressed
long-range ordering), such as trapped migrated Mn in the
interslab space and formation of stacking faults, which are
analogous to a previous study.” It is true that the peak is
broadened when the 0’3-01(8) phase and the Mn-migrated O'3-
01(9) phase are generated by charging to a high voltage (Fig. 9
and 11), but a broad peak (26 = 4.2° to 4.5° in Fig. 5) is gener-
ated even when charging to 3.25 V or higher. By applying the CV
treatment at the end of the 10™ cycle, the 13° broad peak
weakened and the O'3(2) phase peak disappeared (Fig. 11b), but

v Al foil |

60 56 57 s ) )
26/ deg. (CuKa

10 20 3‘0 40 50
28 / deg. (CuKa)

Fig. 11 (a) Ex situ XRD patterns of the electrodes after the 10 cycles at
12 mA g~! under CC-CV mode (only on charging) in the different
voltage ranges of 2.0-3.476 V (orange) and 2.0-3.80 V (light blue). The
pattern of the sample where the constant voltage treatment (2.0 V
holding for 24 h) is also applied to the 10*" discharging process of 2.0—
3.476 V cycling is also shown in green. (b) The magnified XRD patterns
in the region for 113 and 202/311 reflections (blue dashed square in
panel ‘a’). The XRD pattern of the as-synthesized O'3-NaMnO, powder
is also presented as a reference.
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there was no noticeable change in the peak profile of 113 and
202/317 reflections (especially the peak width). This suggests
that the modulation and defect phases, which show the low-
angle broad peak, may disrupt the long-range order, and even
if the modulation and defect phases disappear, the crystallinity
of the O3 phase is no longer recovered.

Actually, avoiding the formation of low-crystallinity O'3-
01(8) and Mn-migrated phases, i.e., cycling below 3.476 V, is
critical for the long cycle life of O'3-NaMnO,. The phase evolu-
tion of O'3-Na,MnO, is kinetically slow and is related to the
crystallite size of the as-synthesized O’3-NaMnO,. The O'3-
NaMnO, sample has a structural part of f-NaMnO, as a planar
defect in the O'3-NaMnO, particle’ as well as long-range
ordered crystalline B-NaMnO, domains (see the structural
refinement results in Fig. 1a). Smaller particle but more highly
crystalline O'3-NaMnO, is expected to demonstrate rapid phase
transitions and better cycling stability as a positive electrode
material for NIBs. Furthermore, Na-extracted O’3-NaMnO,
always has distorted MnOg octahedra with a monoclinic or
triclinic lattice symmetry, and is expected to exhibit specific
magnetic and anion-redox behaviors.

Conclusions

The electrochemical performance of an O'3-NaMnO, electrode
has been systematically examined in a non-aqueous Na cell by
changing the upper cut-off voltage. The optimum voltage window
is 2.0-3.476 V, showing fully reversible multiple voltage plateaus.
Synergizing ex situ synchrotron XRD and operando XRD analyses,
the underlying phase evolution mechanism is found to proceed
through six distinct two-phase reactions involving seven distinct
0’3 phases during charging up to 3.476 V. Further charging
beyond the 3.52 V plateau at the open-circuit voltage leads not
only to the formation of a low-crystalline 0’3-O1 phase and Mn-
migrated phases but also to the asymmetric discharge profile.
The phase transition associated with this decrease in crystallinity
results in the formation of 0’3 phases with low crystallinity even
in the discharged state, resulting in severe capacity degradation
during cycling in the wider voltage range. When operated in
a suitable voltage range, highly crystalline O’3-NaMnO, can be an
economical candidate for rechargeable NIBs with formidable
energy density and long cycle life.
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