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ABSTRACT: There is much interest in Na-ion batteries for grid storage because of the lower projected cost compared 
with Li-ion. Identifying Earth abundant, low cost and safe materials that can function as intercalation cathodes in Na-ion 

batteries is an important challenge facing the field. Here we investigate such a material, -NaMnO2, with a different struc-
ture from that of NaMnO2 polymorphs and other compounds studied extensively in the past. It exhibits a high capacity 
(of ca. 190 mA h g-1 at a rate of C/20), along with a good rate capability (142 mA h g-1 at a rate of 2C) and a good capacity 
retention (100 mA h g-1after 100 Na extraction/insertion cycles at a rate of 2C). Powder XRD, HRTEM and 23Na NMR stud-

ies revealed that this compound exhibits a complex structure consisting of intergrown regions of -NaMnO2 and -
NaMnO2 domains.  The collapse of the long-range structure at low Na content is expected to compromise the reversibility 
of the Na extraction and insertion processes occurring upon charge and discharge of the cathode material, respectively. 
Yet stable, reproducible and reversible Na intercalation is observed. 

1. INTRODUCTION 

The renaissance of interest in sodium-based rechargea-
ble batteries has been driven by the greater and more 
uniform Earth abundance of sodium, compared with lith-
ium, and hence potentially lower cost.1-6 The larger mass 
of Na, compared with that of Li, leads to a lower specific 
capacity for sodium cells, with respect to equivalent lithi-
um cells, but this is no disadvantage for static applica-
tions such as the storage of electricity on the grid. It is the 
possibility of discovering sodium intercalation (insertion) 
compounds that might outperform lithium intercalation 
compounds, leading to a new generation of sodium-based 
rechargeable batteries, that is perhaps the most signifi-
cant motivation for the investigation of sodium intercala-
tion materials. 

Potential sodium intercalation cathodes, such as 3D 
framework compounds, especially those based on the 
NASICON structure, have received considerable attention 
because of the high Na+ conductivity of the solid electro-
lyte, Na3Zr2Si2PO12, with a similar structure.1-3,7-10 The lay-
ered Li transition metal oxide LiCoO2, and related materi-
als have been the dominant cathodes for lithium-ion 

cells.11-16 Layered Na transition metal compounds, NaMO2, 
exhibit extensive intercalation chemistry, more so than 
their Li counterparts. For example, both NaFeO2 and 
NaCrO2 are electrochemically active in contrast to their 
lithium analogues,17,18 and NaMnO2 compounds can sus-
tain sodium deintercalation without conversion to the 
spinel structure, unlike layered LiMnO2.

19-21 

A number of recent studies on sodium intercalation 
compounds have focused on Earth abundant and hence 
low-cost transition metals, especially Mn and Fe. Of the 

layered NaxMnO2 compounds, -NaMnO2, which exhibits 
a monoclinic distortion of the O3 crystal structure of 
LiCoO2 (ABC oxygen stacking), and P2-Na0.67MnO2 (ABBA 
oxygen stacking), have been widely studied as sodium 
positive electrode materials.19,22-24 The reversibility of the 
deintercalation process in the P2 polymorph is enhanced 
by Mg doping.25 Similarly, substitution of Mn by lithium 
in P2 Nax[M1-yLiy]O2 compounds leads to improved revers-
ibility of the charge (that is, the electrochemical Na inser-
tion) process.26,27 Solid solutions of Mn and Fe, Nax[Mn1-

yFey]O2, adopting either O3 or P2 structures, have also 
been investigated.28,29  



 

-NaMnO2 possesses a different layered structure from 
that conventionally adopted by NaMO2 type structures. 
Instead of planar layers of MnO6 octahedra that simply 
alter their stacking sequence to generate the different 

polymorphs (O3, P2, P3, etc.),30 -NaMnO2 is composed of 
zig-zag layers of edge sharing MnO6 octahedra between 
which Na+ ions reside in octahedral sites, Figure 1.31 

             
Figure 1. a) Schematic representation of -NaMnO2 in 

the Pmnm space group and b) intergrowth model be-

tween and -NaMnO2. MnO6 octahedra are pink, NaO6 

octahedra are yellow and O atoms are red. Adapted from 
Abakumov et al. 34. 

 

The structure possesses an orthorhombic symmetry, 
space group Pmnm, with cell parameters a = 2.86,  
b = 4.79, c = 6.33 Å. The c axis is perpendicular to the lay-
ers in this setting.31 Sodium deintercalation was first in-
vestigated by Mendiboure et al., demonstrating reversible 
removal of 0.15 Na at a potential of around 2.7 V vs. 
Na+/Na.22 A phase formed upon electrochemical Na ex-
traction from NaMnO2 was identified with the same space 
group as the pristine (as-synthesized) phase, but with a 
significant reduction of the Jahn-Teller distortion, associ-

ated with Mn3+ to Mn4+ oxidation. Here we show that -
NaMnO2 can exhibit a first discharge capacity (that is, the 
capacity to electrochemically reinsert Na in the material) 
as high as 190 mA h g-1, corresponding to the removal of 
0.82 Na per formula unit. A discharge capacity of ca.  
130 mA h g-1 is retained after 100 cycles. 

 

2. EXPERIMENTAL METHODS 

2.1. Synthetic procedures. The -NaMnO2 samples 
were prepared by solid-state synthesis. The solid-state 
route involved mixing together Na2CO3 and Mn2O3; 15% 
weight excess of sodium was used in order to compensate 
for Na2O evaporation on firing. Two firing steps were nec-
essary, firstly at 950 °C for 24 hours, after a temperature 
ramp of 1 °C/min, and secondly at 950 °C for 24 hours, 
after ramping the temperature at a faster heating rate of 5 
°C/min. Both firing steps were performed on pellets under 
oxygen flow, and followed by a quench to room tempera-
ture. The samples were then transferred to an Ar-filled 
glovebox. 

2.2. Powder X-ray diffraction. Powder X-ray diffrac-
tion (XRD) was performed on a Stoe STADI/P diffractom-
eter operating in transmission mode with FeKα1 radiation 

(λ = 1.936Å) and using a capillary to avoid contact with 
the air.  The Diffax program was used to model the dif-
fracted intensities.32 

2.3. In situ X-ray diffraction. In situ X-ray diffraction 
data were collected on a Bruker D8 diffractometer operat-
ing in Bragg-Brentano geometry with CuKα1 radiation (λ = 
1.5416Å). The set-up consisted of an in situ cell with an X-
ray transparent Beryllium window (thickness of 200 µm). 
In order to prevent Be oxidation at high potentials (above 
3.8 V vs. Na+/Na), a protective Al foil (thickness 10 µm) 
was placed between the Be window and the powder under 
study. The cell was connected to a Biologic cycler and the 
evolution of the potential was recorded as a function of 
the time.  

2.4. Transmission Electron Microscopy. TEM was 
performed on a Jeol JEM 2100 electron microscope operat-
ing at 200 kV and equipped with a double-tilt (±25°) sam-
ple holder, an EDS detector (Oxford Link), and an Orius 
SC200 CCD Camera. TEM specimens were prepared by 
dispersing the oxides in dry hexane under an inert atmos-
phere, and depositing a few drops of the suspension on to 
a holey carbon-coated copper grid (EMS). TEM images 
were analyzed using the Digital Micrograph™ software 
from Gatan. 

2.5. Electrode preparation. Composite electrodes 
were cast on aluminum foil in an Ar-filled glovebox to 
prevent air oxidation. The slurry was prepared by mixing 

-NaMnO2, super S carbon, and Kynar Flex 2801 as bind-
er, in weight ratios of 75:18:7, in THF. Electrodes were 
incorporated into coin cells (CR2325 type) with a sodium 
metal counter electrode, and with an electrolyte solution 
composed of 1M NaPF6 in ethylene carbonate : propylene 
carbonate : dimethyl carbonate, in weight ratios of 
45:45:10, respectively. Typical electrode active material 
loadings were ca. 4-5 mg/cm2. The electrode used for in 
situ powder X-ray measurements was prepared using the 
same composition as described above (up to 20 mg per 
cell), but in powder form. The samples for ex situ meas-
urements (TEM, PXRD, and Na NMR) were prepared by 
extracting the cathode material from the coin cells and 
washing it with dry dimethyl carbonate (DMC). The sol-
vent was then evaporated. All steps were performed in an 
Ar-filled glovebox. The resulting powder was stored in an 
Ar-filled glovebox for further characterization. 

2.6. Electrochemical measurements. Electrochemical 
measurements were carried out at room temperature us-
ing a Maccor Series 4200 battery cycler. 

2.7. Solid-state NMR. NMR experiments were per-
formed under 60 kHz MAS, using a 1.3 mm double-
resonance HX probe.  23Na 1D spin echo spectra were rec-
orded at room temperature on a Bruker Avance III 200 
wide-bore spectrometer, at a Larmor frequency of -77.9 
MHz, and 23Na NMR chemical shifts were referenced 
against NaCl. 23Na spin echo spectra were acquired using 
a 90° RF (radio frequency) pulse of 1 µs at 25.04 W, a 180° 
pulse of 2 µs at 25.04 W, and a recycle delay of 30 ms. 23Na 



 

RF pulses were assumed to be selective for 
the 23Na central transition. 

2.8. Chemical Analyses. Chemical analyses were per-
formed by Inductively Coupled Plasma (ICP) emission 
spectroscopy. 

 

3. RESULTS AND DISCUSSION 

3.1. Electrochemistry. -NaMnO2 samples were syn-
thesized, characterized and incorporated into electro-
chemical cells as described in the experimental section. 
Load curves (corresponding to electrochemical Na extrac-

tion and reinsertion) for -NaMnO2 are shown in Figure 
2.  

 

Figure 2. Load curves for -NaMnO2 at a rate of C/20 
(10 mA g-1). The 1st, 2nd, 5th and 10th Na extrac-
tion/reinsertion cycles are represented in black, red, blue 
and green, respectively. 

 

The 200 mA h g-1 obtained on the first charge com-
mences with an extended plateau between NaMnO2 and a 
phase with a composition close to Na0.57MnO2, followed 
by a rising potential interrupted by small steps at 
Na0.49MnO2 and Na0.39MnO2. These steps are still present 
upon discharge, but are less pronounced, and the same 
extended voltage plateau is observed at the end of dis-
charge. There is an irreversible loss of capacity corre-
sponding to 25 mA h g-1 (equivalent to 0.1 Na per formula 
unit). The shapes of the load curves are almost invariant 
on cycling, and only exhibit a small but continuous reduc-
tion in capacity associated mainly with the voltage plat-
eau. The 2.7 V plateau is associated with the phase transi-
tion between the Jahn-Teller distorted and undistorted 
structures and exhibits a small polarization (below 150 
mV). 

3.2. Structural characterization. 

Structure of the as-prepared material 

In order to understand the structural changes that ac-
company sodium deintercalation and reinsertion, the 

structure of -NaxMnO2 was monitored by a combination 
of powder X-ray diffraction, solid state NMR and high-
resolution transmission electron microscopy. The PXRD 
pattern of the as-prepared material is shown in Figure 3. 

 

Figure 3. X-ray diffraction patterns of a) the ideal -
NaMnO2 structure in the Pmnm space group, b) simulat-

ed with 25 % stacking faults, c) as-prepared -NaMnO2 
and d) after 5 cycles. Highlighted with the blue circle is 
the major difference between the ideal and experimental 
data with the (011) peak greatly broadened. 

 

It is apparent from Figure 3 that the structure, although 

clearly based on that of -NaMnO2, cannot be described 
by the ideal structure for this compound, see for example 
the (011) peak in the region highlighted by the ellipse.  
Diffax has been used to simulate the effect of introducing 
random stacking faults corresponding to the insertion of a 

monoclinic -NaMnO2 cell between two blocks of ortho-
rhombic symmetry, as shown in Figure 1.32  Stacking faults 
are not uncommon in battery materials.33,34 Those ob-
served here are similar to the microtwinning seen in the 

Ramsdellite form of MnO2, although in -NaMnO2 there 

is also a Jahn-Teller distortion.34 The stacking faults in -
NaMnO2 are most closely related to those in the isostruc-
tural and similarly Jahn-Teller distorted LiMnO2 material,  

albeit in a lower proportion (1-7 % occurrence).35 For -
NaMnO2 the experimental powder diffraction pattern is 
well represented by a structural model composed of 25% 
stacking faults. Simulations using other proportions of 
stacking faults are shown in Figure S1. While the agree-
ment between the experimental powder diffraction pat-
tern and the simulation pattern with 25% stacking faults 
is compelling, and certainly demonstrates that this mate-
rial cannot be described by a single structure, Diffax can-
not reveal the detailed nature of the structural complexi-

ty. A recent in-depth HRTEM study of -NaMnO2 con-
firms that this material is composed of structural motifs 

built from the and  crystal structures.36 The two struc-
tures are energetically very similar and they can form a 
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low energy phase boundary (a twin plane), where the 

MnO6 layers in the  and  phases are oriented at approx-
imately 60° to each other, as indicated in Figure 1 b).36 

Intergrowth of blocks of the  and -NaMnO2 crystal 
structures of different sizes leads to various intermediate 
structures. Our own TEM data, coupled with NMR data, 
reinforce this recent interpretation, as shown in Figure S2 
and in Figure 4. Our as-prepared material is composed of 

regions exhibiting an ideal -like stacking sequence and 

regions in which twin planes between the  and  phases 
lead to stacking faults. Disorder along the c-axis is obvi-
ous from the TEM images of the pristine material, indicat-
ing some degree of disorder in the as-prepared com-
pound. 

 

Figure 4. Ex situ 23Na spin echo NMR spectra obtained 
at different stages of the first electrochemical cycle, under 
an external field of 200 MHz and at a spinning frequency 
of 60 kHz. Spinning sidebands are marked with an aster-
isk (*). The three regions containing the resonances of Na 

atoms in a pure  environment, in a pure  environment, 
and in the vicinity of a stacking fault are highlighted in 
green, red, and blue, respectively. These regions are not 
valid for the sample with lowest Na content 
(Na0.236MnO2), for which significant disorder in the crystal 
structure leads to broadening of the NMR peaks, and 
Mn3+ to Mn4+ oxidation induces a larger Fermi contact 
shift with all Na resonances being shifted towards the 
LHS of the spectrum. The peak near 0 ppm is due to Na+ 
in a diamagnetic environment, most probably from resid-

ual electrolyte or its decomposition products formed dur-
ing cycling.  

 

The assignment of the two main peaks in the 23Na NMR 
spectrum of the pristine phase (Figure 4) was assisted by a 
previous NMR study,37 and by comparison to the 23Na 

NMR spectrum collected on the  phase, presented in 
Figure S4. The presence of two 23Na NMR resonances is 
consistent with a high proportion of defects, given that 

the structure of the ideal  structure only has one Na 
crystallographic site. A third, low intensity Na peak at ca. 

650 ppm matches the Na resonance observed in the  
polymorph, suggesting that there may be a minority of Na 

sites in regions of short-range -like order in the pristine 

 phase.37 This observation is in agreement with a previ-
ous experimental TEM and synchrotron powder XRD 

study on the  polymorph.36 Integration of the spectrum 
reveals that the two major types of Na environments oc-
cur in an approximately 2 to 1 ratio. We assign the main 

Na resonance, occurring at 237 ppm, to Na in an ideal -
structure. The second peak has a shift of 433 ppm, inter-
mediate between the 23Na NMR shifts corresponding to 

the ideal  and  environments (at 656 ppm and 237 ppm, 
respectively), and is therefore assigned to a Na environ-
ment in the vicinity of a planar defect. Preliminary DFT 

calculations of the 23Na NMR parameters on the  and  
polymorphs support this assignment and will be present-
ed in a future publication, along with a more detailed 
analysis of stacking fault formation in NaMnO2. 

 

Structural changes on cycling 

Given the considerable structural complexity of -
NaMnO2 it is remarkable that the load curve remains rela-
tively invariant on cycling (Figure 2). To investigate the 
structural changes in more detail in situ PXRD and ex situ 
NMR data were collected as a function of 
charge/discharge (that is, Na extraction and reinsertion) 
and are presented in Figures 4 and 5.  



 

 

Figure 5. In situ powder X-ray diffraction patterns of -
NaMnO2 recorded during the first electrochemical cycle 
at C/10 every 0.08 Na+ exchanged. The region between 12 
and 15° in 2θ is highlighted in order to show the gradual 
reduction in intensity of the (001) peak, and the gradual 
appearance of a peak at lower 2θ angles associated with 
the two phase deintercalation. The symbol * represents 
the Be window and the o symbol comes from other com-
ponents of the in situ cell. 

 

Both in situ PXRD and ex situ NMR data are presented 
with the unfolded load curve on the left hand side of the 
figure, the diffraction patterns and NMR spectra located 
at the correct positions on the charge/discharge curves. 
The diffraction patterns associated with the voltage plat-
eaus at the beginning of the Na extraction process, and 
when Na is fully reinserted, are consistent with a mixture 
of two phases, with varying ratios but no compositional 
change, across the plateau. This is perhaps most evident 

in the expanded region in Figure 5 from 12 to 15o in 2 

(CuK), where the (001) peak of the -NaMnO2 structure 
diminishes in intensity, while the new peak at lower an-
gles increases. The Na deficient phase with a composition 
close to Na0.57MnO2 can be assigned to a structure with 
the same Pmnm space group but from which the Jahn-
Teller distortion has been removed, leading to significant-
ly different lattice parameters in close agreement with 
those reported by Mendiboure et al. for Na0.91MnO2.

22 
However, the overriding conclusion from the in situ pow-
der X-ray diffraction data is that there is a major collapse 
of the long-range structure at low sodium content, with 
many of the peaks disappearing and those that remain 
exhibiting significant broadening in most cases. The loss 
of order is also evident from the TEM data acquired on 
the sample with the lowest Na content, with an average 
composition of Na0.23MnO2 in which the crystals develop a 
mosaic structure of domains, as shown in Figure S2. The 
significant structural disorder at the end of the Na extrac-

tion process may result from an increase in the propor-
tion of stacking faults upon Na removal, as indicated in 
the NMR data.  

The 23Na NMR spectra collected at different Na compo-
sitions show that the relative intensities of the two major 
peaks decrease continuously when Na is extracted. The 

faster rate of decrease of the peak corresponding to the  
environment, compared to the peak assigned to Na at the 
stacking faults, either indicates preferential extraction of 

sodium from the -NaMnO2 regions and/or may be relat-
ed to the loss of long-range order observed in TEM and in 
XRD data: more planar defects are formed as Na is ex-

tracted, leading to fewer Na+ in pure  environments and 
more Na+ in stacking fault environments. At low Na con-
tent, the Na NMR peaks become broad, confirming a sig-
nificant disorder in the material. As expected, an increase 
in the Na shifts is observed upon Na removal, as the oxi-
dation of Mn3+ to Mn4+ leads to a higher hyperfine shift, 
the main contribution to the total Na shift in paramag-
netic NaMnO2. A full analysis of the NMR of the different 
ex situ samples taken at different points along the first 
electrochemical cycle, and a thorough study of the effects 
of desodiation upon the magnetism of the NaxMnO2 lat-
tice, will be the subject of a future publication. 

While the collapse of long-range order on Na extraction 
inhibits a detailed understanding of the structure of the 
Na deficient materials it is apparent that the structural 
changes observed when Na is extracted are reversed when 
Na is subsequently electrochemically reinserted in the 
cathode material. PXRD, which probes long-range order, 
together with NMR and HRTEM, which probe short-
range order, demonstrate the reversibility of the structure 
over both length scales. Indeed, the powder X-ray diffrac-
tion patterns during the Na reinsertion process mirror 

those acquired when Na is extracted. A composition of -
Na0.92MnO2, based on the charge passed during the cycle 
and confirmed by ICP (Na0.89MnO2), is obtained at the 
end of the first discharge. The NMR data are also con-
sistent with a high degree of reversibility, with the spec-
trum obtained at the end of the first discharge compara-
ble to the one obtained on the pristine material. The TEM 
data acquired at the end of discharge (Figure S2 c) show 
that the domain structure formed when Na is extracted is 
retained, however structural order is also restored, in 
good accord with the PXRD and NMR data.  

PXRD, TEM and NMR data collected after 5 full Na ex-
traction/reinsertion cycles, Figures 3, S2 d) and S3, show 
that the material exhibits a larger proportion of stacking 
faults after 5 cycles and an increased amount of local re-

gions of -like Na layer stacking.  

Our analysis of the changes in the structure of the 

cathode material upon cycling indicates that -NaMnO2 

has a complex intergrowth structure and that the long 
range order present in the as-prepared material collapses 
when Na is extracted, and is  then recovered when Na is 
reinserted, but with an increase in the proportion of twin 
boundaries. Despite these changes the electrochemistry is 



 

very stable on cycling, as shown in Figure 2. This is in 
contrast to the common expectation that stable and re-
producible load curves require minimal structural chang-
es. We interpret the relative insensitivity of the electro-
chemistry to the number of twin boundaries as reflecting 

the similarity in the energies of the  and  structure 
types.35 Such similarities imply that the energetics of Na 

removal, whether from   or the twin boundaries is sim-
ilar and dependent primarily on the local structure 
around Na+ and the electrons (Mn4+/3+). Although a small 
polarization (150 mV) is observed along the 2.7 V plateau, 
the polarization reached a value of 600 mV below x = 0.4. 
The large cell polarization at low Na content may result 
from the collapse of the long range structure. Changes in 
the structure at short length scales are also observed at 
low Na content (x < 0.4). The broadening of the Na reso-
nances in the NMR spectrum of the Na0.236MnO2 sample 
indicates the formation of a range of Na local environ-
ments. The restoration of long range order and of the 
structure at short length scales as Na is reinserted, and 
the stability of the load curve on cycling, indicate that the 
processes occurring when x < 0.4 are fully reversible. 

3.3. Cycling rate and stability 

The rate performance of -NaMnO2 is shown in  
Figure 6.  

 

Figure 6. Cycling data for -NaMnO2 obtained between 
2 and 4.2 V vs. Na+/Na at various rates and at room tem-
perature. The data were recorded for a single cell, and the 
applied current was varied every 10 cycles. The Na extrac-
tion process was performed at a rate of C/4, and the Na 
reinsertion process at a rate indicated on top of each set 
of data, except for the data acquired at a rate of C/20, for 
which Na extraction was also performed at a rate of C/20. 

 

The first cycles are carried out at a charge and dis-
charge rate of C/20 (that is, a rate of C/20 for both Na 
extraction and reinsertion processes), while subsequent 
cycles involved charging the cell at a C/4 rate and dis-
charging the cell at increasing C-rates, as indicated in 
Figure 6. At C/2, a capacity of 150 mA h g-1 is obtained, 
which drops to 90 mA h g-1 at 10 C. When the discharge 

rate is reduced to C/20 a capacity of 152 mA h g-1 is recov-
ered. Clearly, there is an irreversible loss of capacity on 
cycling, as the capacity does not return to its initial value. 
In order to explore the cyclability of the material in more 
detail, continuous cycling at a range of rates was carried 
out, and is presented in Figure 7.  

 

Figure 7. Values of specific discharge capacities for -
NaMnO2 cycled between 2 and 4.2 V vs. Na+/Na at room 
temperature. 100 cycles are presented for each rate (from 
C/20 to 10C). The Na extraction process was performed at 
a rate of C/4, and the Na reinsertion process at a rate in-
dicated on top of each set of data, except for the data ac-
quired at a rate of C/20, for which Na extraction was also 
performed at a rate of C/20. Black squares correspond to a 
rate of C/20, purple squares to C/4, green squares to C/4 
and blue squares to 10C. 

 

Except for the data acquired at C/20, the rest of the cy-
cling data were collected with a charge rate of C/4 and 
with discharge rates indicated in Figure 7. The data ob-
tained upon cycling the cell at equal charge and discharge 
rates are shown in Figure S5.  A comparison of the two 
sets of data indicates that the kinetics of the Na extraction 
process are relatively slow, and that the Na extraction 
capacity decreases markedly with increasing Na extrac-
tion rate. Although the capacity is reduced at higher cy-
cling rates, the capacity retention improves. As noted 
previously, capacity fading at low rates is associated main-
ly with the voltage plateau at 2.6 V. The load curves ob-
tained at both low and high rates (C/20 and 10C) for cycle 
number 5 in Figure S6 demonstrate that there is little 
contribution from the plateau region at these rates, con-
sistent with the fact that the capacity does not fade. The 
reason the plateau region is not traversed at high rates is 
that it is associated with a kinetically slow two-phase pro-
cess with significantly different lattice parameters be-
tween the Jahn-Teller distorted and undistorted phases. 
This can be seen in the GITT plot presented in Figure S6, 
where significant polarization is apparent during Na in-
sertion, along the plateau. It should also be recalled that 
Mn3+ containing electrodes are prone to some degree of 
Mn2+ dissolution in the electrolyte, something that will be 

0 20 40 60
0

50

100

150

200

C/2 C/20

C/20

10C

4C

2C

 

 

C

C/4

S
p

ec
if

ic
 D

is
ch

a
rg

e 
C

a
p

a
ci

ty
 (

m
A

h
/g

)

Cycle Number

20 40 60 80 100

50

100

150

200

10C

2C

C/4

C/20

S
p

ec
if

ic
 D

is
ch

a
rg

e 
C

a
p

a
ci

ty
 (

m
A

 h
 g

-1
)

 

 

Cycle Number



 

more prominent near full Na insertion where the concen-
tration of Mn3+ is greatest. 

 

CONCLUSIONS 

-NaMnO2 has been prepared, characterized using a 
range of techniques including PXRD, HRTEM and 23Na 
NMR, and its behavior as a cathode material in sodium-
ion batteries studied.  23Na NMR reveals the presence of 
Na sites intermediate between the two Na environments 

present in the ideal  and  polymorphs, assigned to Na 
sites in the vicinity of a planar defect between the two 
polymorphic forms. The high fraction of Na atoms in 
these intermediate sites indicates a high propensity for 

the formation of planar defects in -NaMnO2, in agree-
ment with the Diffax simulations of the XRD data. 

This compound exhibits a high discharge capacity of 
190 mA h g-1 at low rate of C/20 when tested as a cathode 
in sodium-ion batteries. The compound also shows good 
rate capability with 142 mA h g-1 at 2C and 90 mA h g-1 at a 
rate of 10C.  

The complex structural changes occurring upon cycling 
have been monitored and characterized using in situ 
XRD, 23Na NMR and HRTEM, showing that the propor-
tion of stacking faults increases upon Na extraction, asso-
ciated with a loss of crystallinity. Upon Na reinsertion 
however, the structure is recovered, although exhibiting 
increased disorder. In view of the severe order/disorder 
changes that accompany cycling, the reversibility of the 
transformation, and associated reproducibility of the load 
curve is remarkable, as is the rate capability of the elec-
trode. It is in contrast with common expectation that sta-
ble reproducible cycling requires minimal structural 
change between the structures with highest and lowest 
Na content, that is, the charged and discharged states.  
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