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ABSTRACT: Due to its potential cost advantage, sodium ion batteries could
become a commercial alternative to lithium ion batteries. One promising
cathode material for this type of battery is layered sodium manganese oxide. In
this investigation we report on the influence of morphology on cycle
performance for the layered NaxMnO2+z. Hollow spheres of NaxMnO2+z with a
diameter of ∼5 μm were compared to flake-like NaxMnO2+z. It was found that
the electrochemical behavior of both materials as measured by cyclic
voltammetry is comparable. However, the cycle stability of the spheres is
significantly higher, with 94 mA h g−1 discharge capacity after 100 cycles, as
opposed to 73 mA h g−1 for the flakes (50 mA g−1). The better stability can
potentially be attributed to better accommodation of volume changes of the
material due to its spherical morphology, better contact with the added
conductive carbon, and higher electrode/electrolyte interface owing to better
wetting of the active material with the electrolyte.
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1. INTRODUCTION

Electrochemical energy storage technologies have become an
important field of research, as the need to flexibly store
electricity has greatly increased over the last years. This can be
seen in a variety of areas in everyday life, from portable
consumer electronics like laptops and smartphones, electrically
powered vehicle to boost electro mobility, to the need of large-
scale energy storage to smoothen erratic fluctuations of
electricity generated by renewable sources.
Over the last years and decades, the intercalation-based

lithium ion battery (LIB) technology has been at the centre of
this research, due to its high power density and capacity.
However, as the necessity for flexible and affordable energy
storage pervades more and more areas, relying on this
technology might pose several problems. First, with a crustal
abundance of 10 ppm,1 lithium resources are limited, and
hence, it is uncertain whether these resources can sustain a
considerably elevated demand. Moreover, as LIBs are already a
relatively expensive technology, a significantly higher demand
could increase prices even further. Therefore, research has
recently also focused on alternative energy storage technolo-
gies. One promising candidate is sodium ion batteries (NIB).
NIB is based on the same working principle as LIB but uses
sodium as the electroactive species.2−7 With a crustal
abundance of sodium of 26 000 ppm, (see abstract graphic)1

both availability and price make NIB a promising option to

complement (or even eventually replace) LIB in certain areas.
Furthermore, in contrast to LIB which uses copper as anode
current collector, NIB can use the cheaper and more abundant
Al, as it does not alloy with Na.8−10 However, one inherent
disadvantage is that sodium compounds usually provide lower
performance. Several classes of cathode materials have been
studied in the field of NIB. NaFePO4 provides a high cycle
stability and acceptable capacity.11 Different (sodium) vana-
dium oxides were studied and show promising performances.
NaV6O15, for example, provides 142 mA h g−1, and NaV3O8

delivers a capacity of 200 mA h g−1.12−17 Jian et al. recently
showed that Na3V2(PO4)3 is a promising material,

18 and Xu et
al. published a study on Na3V2O2(PO4)2F/graphene, which
shows a high intercalation potential (>3.5 V), combined with a
good capacity and stability.19 Layered oxides are among the
most promising materials to deliver the performance required
for practical applications.20−31 Vassilaras et al., for example,
recently reported approximately 160 mA h g−1 for
NaNi1/3Co1/3Fe1/3O2,

32 and Wang et. al. published a work of
Na0.66[Li0.22Ti0.78]O2 as an anode material with a low volume
change, in which they also studied the position of Na in the
interlayer.33 Within this class of materials, sodium manganese
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based oxides have received special attention, as manganese is
relatively abundant.1 Furthermore, these compounds have
shown that they are able to deliver considerable capacities.34−37

Various attempts have been made to improve specific
characteristics (e.g., cycle stability) by partially substituting
manganese with other transition metals like Co, Ni, or
Fe.10,37−39 Yabuuchi et al., for example, reported good
capacities and stabilities for NaxFe1/2Mn1/2O2.

10

A different approach to decrease capacity fading is
optimization of the morphology. Hollow spherical nano-
structured morphologies possess favorable characteristics such
as high surface-to-volume ratio, low density and low co-
efficients of thermal expansion as compared to their bulk
micrometer sized counterparts. For example it has been shown
that for LiNi0.5Mn1.5O4, LiMn2O4, and ZnMn2O4 spherical
particles considerably enhance cycle stability in LIB applica-
tions.40−43

In this publication, we demonstrate that this approach is
beneficial in the field of sodium ion batteries, in general, and
sodium manganese oxides in particular. For this purpose, we
will first describe the synthesis of spherical sodium manganese
oxides along with physical characterization studies such as X-ray
diffraction (XRD), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM).We have evaluated
the electrochemical performance of this material and compared
it to a sodium manganese oxide that has been synthesized
through a different route, which yielded a flake-like
morphology. We present in this work the effect of morphology
on the electrochemical performance of sodium manganese
oxide (NMO) in sodium ion batteries.

2. EXPERIMENTAL SECTION
2.1. Synthesis. Spherical NMO was synthesized using spherical

MnO2 as precursor, which was synthesized according to a slightly
modified procedure described by Li et al.44 Spherical MnO2 was
synthesized by first dissolving NH4HCO3 in deionized water. Then, a
small amount of ethanol (10% volume of the NH4HCO3 solution) and
a solution of MnSO4 in deionized water was added dropwisely. During
the subsequent stirring at room temperature, spherical MnCO3 was
forming. The precipitate was filtrated, washed repeatedly with water
and ethanol, and afterwards annealed in air for 5 h at 400 °C to give
spherical MnO2. Next, this was added to a solution of NaOH in
deionized water and ethanol to give a dispersion. Both water and
ethanol were evaporated, and the residue was annealed in air for 3 h at
320 °C, followed by 4 h at 800 °C to give the targeted spherical
sodium manganese oxide.
Flake-like NMO was synthesized as described previously by our

group.37 Sodium nitrate (Sigma-Aldrich, ≥99%), manganese acetate
(Alfa Aesar, anhydrous, 98%), and gelatin were dissolved in deionized
water and nitric acid (≥69%, Honeywell). The solution was heated to
250 °C until spontaneous combustion set in. Subsequently, the
product was annealed in air for 4 h at 800 °C to give the flake-like
NMO.
2.2. Characterization. The crystal structures of the products were

verified by powder X-ray diffraction, using a Bruker X-ray
diffractometer with Cu Kα radiation. 2θ was varied within a range
of 10° < 2θ < 80°, using a step size of 0.02° and 0.9 s per step. The
Topas software (version 3) was used to conduct a phase analysis. The
product morphologies were analysed by field emission scanning
electron microscopy (FESEM, JEOL JSM-7600F) and transmission
electron microscopy (TEM, JEOL 2100F, 200 kV). Elemental
compositions were determined by micro X-ray fluorescence analysis
(XRF, Bruker/M4 Tornado), using Rh as X-ray source (50 kV, 200
μm).
2.3. Electrochemistry. The composite electrodes were prepared

by mixing NMO with acetylene black (Alfa Aesar, > 99%) and

polyvinylidene fluoride (PVDF, Arkema, Kynar HSV 900) binder in
the weight ratio 60:20:20 with N-methyl-2-pyrrolidone (NMP) to
form a homogeneous slurry. This mixture was coated on an Al foil
using a doctor blade; the coating was dried in air at 80 °C to remove
the NMP. The coating was punched into pieces with a diameter of 16
mm, which were then roll-pressed, so that the electrodes prepared
from flake-like and spherical NMO had comparable packing densities.
Subsequently, they were dried at 110 °C under vacuum. These
electrodes were then assembled in 2016 coin cells with circular
metallic sodium pieces with a diameter of 16 mm as the anode, and
glass fibre (Whatman) as the separator. A 1M solution of NaClO4
(Sigma-Aldrich, ≥98%) in a mixture of ethylene carbonate and
propylene carbonate (1:1 wt %; EC, Sigma-Aldrich, 99%; PC, Sigma-
Aldrich, ≥99.7%) was employed as electrolyte. Cyclic voltammetry was
measured using a BioLogic potentiostat, and a Neware battery tester
was used for galvanostatic charge/discharge tests.

3. RESULTS

3.1. Morphology and Structure. Spherical MnO2 (Figure
1a and b) was synthesized as a precursor for spherical NMO.
The MnO2 spheres are approximately 5 μm in diameter and

Figure 1. (a and b) SEM image of spherical MnO2, (c and d) SEM
image of spherical NMO, (e) TEM image of spherical NMO, (f) SEM
image of a spherical NMO electrode after 100 cycles, surrounded by
PVDF binder and acetylene black, (g) SEM image of flake-like NMO
electrode before cycling, (h) SEM image of a flake-like NMO electrode
after 100 cycles, surrounded by PVDF binder and acetylene black.
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consist of fused, cubic crystallites. Sodium manganese oxide
maintains this morphology (Figure 1c). However, during the
synthesis process, some of the spheres seem to have opened up.
Thus, a cross-section became visible (Figure 1d), indicating that
the spheres are hollow, and that the shells are composed of
sodium manganese layers with a thickness of several hundred
nanometers. TEM pictures (Figure 1e) confirm that the
spheres are hollow. Moreover, they indicate polycrystallinity
of the material. After 100 cycles, the morphology is maintained
(Figure 1f). Although minor cracks are visible, the spheres are
preserved. The flakes, however, do not maintain their initial
morphology. Figure 1g shows flake-like NMO on an electrode;
after 100 cycles (Figure 1h), the flakes appear degraded and
fused, indicating that morphology is degrading during cycling.
The flake-like NMO shows the same morphology as described
previously, that is, layered flakes with a cross-section of several
hundred nanometers (see inset in Figure 1g).37 BET
measurements showed a comparable surface area of approx-
imately 5 m2 g−1. However, the macropores in the spheres
(Figure 1d, e) can contribute to better wetting of the active
material with electrolyte.
For both morphologies, NMO was synthesized in the layered

P2 structure (space group P63mmc). The crystal structure
consists of layers of MnO6 octahedra, while the sodium ions
occupy two different triangular prismatic sides in between these
layers. This was confirmed by XRD measurements (Figure 2).

The patterns for layered and spherical NMO, which were
synthesized via similar annealing procedures, show that both
materials have the same phase, albeit the flakes are more
crystalline than the spheres. The crystallite size of the flakes, as
estimated by the Debye−Scherer equation on the peak half
maximum for different peaks, exceeds the crystallite size of the
spheres (22−36 nm vs 4−20 nm). P2-type sodium manganese
oxide occurs in the α and the β form. The XRD pattern of the
synthesized spherical material corresponds to the α form; the
additional small impurity peak at 2θ = 32° can be attributed to
the β form. As the oxygen content slightly varies for these two
different forms, we write the chemical formula as NaxMnO2+z,
with 0 ≤ z ≤ 0.25.45 XRF measurements showed that, initially,
x = 0.8 for the spheres, and x = 0.6 for the flakes. The unit cell
volume changes, according to Patoux et al., by approximately
1% upon (de-)insertion of 0.1 Na.46

3.2. Electrochemistry. Figure 3d shows the cyclic
voltammogram (CV) of spherical NMO at a scan rate of 0.1
mV s−1, which is remarkably similar to the CV of the layered
NMO discussed earlier.37 The main oxidation peak occurs
around 2.45 V, and the corresponding reduction peak around
2.22 V. At higher voltages, several oxidation and reduction
peaks are visible, which can mainly be attributed to phase
transitions due to ordering process of the sodium ions between
the two different triangular prismatic sites.
In the cycling profile of spherical NMO for 50 mA g−1, as can

be seen in Figure 3a, the significant peaks that can be seen in
the CV can be observed as well. The dominating feature is the
plateau around 2.3 V. As the half-cell is charged first, a certain
amount of sodium is removed from the NMO structure. The
observed capacity in the first charge is 47 mA h g−1, which
corresponds to 0.27 Na+ per formula unit. The structure of this
material varies with its sodium content−from the structure at
hand, Na+ can be removed until a stoichiometry of ca. Na0.44 is
reached.45 Thus, in the first charge Na+ can potentially be
removed from the structure with the initial composition only
until this barrier, which is why the capacity is rather low. Upon
discharge, the structure is filled with sodium, which is removed
in subsequent charge cycles. Thus, subsequent charge capacities
are considerably higher. The first discharge capacity is 161 mA
h g−1, which decreases to 120 mA h g−1 after 50, and 94 mA h
g−1 after 100 cycles.
Flake-like NMO shows a slightly lower capacity for both

initial charge (34 mA h g−1) and discharge (140 mA h g−1) as
compared to the spherical NMO. These values for initial
discharge capacities for both spherical and flake-like NMO are
comparable to previously reported capacities of layered
oxides.35,37,39 The initial charge capacity of the NMO flakes
is slightly decreased as compared to our previous work,37 which
hints at a lower initial sodium content. However, as the (de-
)insertion of Na+ is reversible, this difference should be
compensated upon the first charge. Similarly, as both the
spheres and the flakes were first charged, a common baseline is
created as all the sodium that can be deinserted from this P2
structure in this voltage range is removed, so that after the first
charge the Na-content for spheres and flakes should be similar.
For our experiments, the electrolyte used was a mixture of
ethylene carbonate and propylene carbonate (1:1 wt %), which
resulted in a better cycle stability as compared to the previously
reported electrolyte without ethylene carbonate. For the flakes,
a discharge capacity of 87 mA h g−1 was observed after 50
cycles, and 73 mA h g−1 after 100 cycles (see Figure 4). After 20
cycles, a capacity of 105 mA h g−1 can be achieved, which
indicates a better stability than previously reported NMO.37

This can probably be attributed to the addition of ethylene
carbonate to the electrolyte.47−49

However, a significant difference in cycle stability can be seen
between the spherical and the flake-like NMO, with the spheres
providing 120 mA h g−1 after 50 cycles as opposed to 87 mA h
g−1 for the flakes, and 94 mA h g−1 as compared to 73 mA h g−1

after 100 cycles, respectively (Figure 4). Thus, a higher capacity
can be maintained for the spherical morphology.
Moreover, more pronounced plateaux at higher voltages (i.e.,

above 2.3 V) were observed when changing the morphology
from flake-like to spherical (Figure 3b). Thus, it seems that
transformations occurring at these voltages can be better
addressed and exploited with hollow spheres. As can be seen in
the direct comparison of the cyclic voltammograms of spherical
and flake-like NMO (0.1 mV s−1, Figure 3d), both materials

Figure 2. XRD pattern of the flake-like and spherical NMO.
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exhibit the same peaks, although they are significantly more
pronounced for the hollow spheres, which corresponds to the
discharge profiles. Thus, similar redox reactions, phase
transformations or ordering processes occur in both materials;
they are not suppressed in the flake-like material. An interesting
feature in these CVs is that for the hollow spheres, the main
reduction peak occurs at 2.22 V with a small shoulder peak at
2.05 V, whereas for the flakes the main peak is at 2.15 V with a
small shoulder peak at 2.20 V. Even though a small shift can be
attributed to polarization effects, it is noticeable that the peak
intensity seem to have switched: a main peak with a shoulder at
a higher voltage for the flakes, and a shoulder peak with a main
peak at a higher voltage for the spheres.

This, together with the increased total capacity, results in an
increase in energy density. The energy density was increased
from 322 W h kg−1 (flakes) to 408 W h kg−1 (spheres), which
corresponds to an increase of 27%. When normalized to state of
discharge (Figure 3c), it can be seen that this increase is to a
large extend (34%) attributable to a better exploitation of
insertion processes, resulting in increased capacity for these
processes.
Moreover, the hollow spheres also show remarkable

capacities at higher current rates (Figure 5). Although the
initial capacities decrease with increasing current rate, capacities
seem to converge after 100 cycles. Therefore, this material is
well suitable for applications for which fast discharge is

Figure 3. (a) Charge/discharge profile of spherical NMO at 50 mA g−1; half-cell vs Na in 1 M NaClO4 in propylene carbonate/ethylene carbonate
(1:1 wt %); (b) discharge profile of spherical (black) and flake-like (green) NMO at 50 mA g−1; (c) state of discharge profile of spherical (black) and
flake-like (green) NMO, (d) cyclic voltammogram of spherical (black) and flake-like (green) NMO at 0.1 mV s−1.

Figure 4. Cycling behavior of NMO at 50 mA g−1; black, spherical;
green, flake-like.

Figure 5. Cycling behavior of spherical NMO at different current rates.
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necessary. The influence of current rate on capacity can be seen
in Figure 6 for both flake-like and spherical NMO.

This conclusion that hollow spheres exhibit a higher cycle
stability than other morphologies has also been found for
materials of other chemical compositions.41−43 Several argu-
ments for this behavior have been introduced. First, hollow
spheres can more easily accommodate the volume change that
is inherently caused by the (de-)insertion of lithium or sodium
into (from) the host structure. Thus, morphology is maintained
over a longer time, resulting in higher cycle stability. Especially
for sodium (de-)insertion, which distorts the structure to an
even greater extent, this characteristic is highly significant. This
assumption has been verified by opening a cell that had been
cycled for 100 cycles at 200 mA g−1 and examining the
morphology. As can be seen from Figure 1f, the spherical
morphology is retained throughout cycling Thus, the inherent
advantages of this morphology are retained as well. Moreover,
as opposed to bulk materials, hollow spheres distinguish
themselves through singular particles with defined boundaries,
which enhances uniform mixing with the added conductive
carbon. This could lead to a longer-lasting contact between the
active material and the necessary conductive carbon, resulting
in better cycle stability. Another effect is that the electrolyte
penetration is enhanced, and thus, the diffusion pathway for
sodium ions is shortened. Better crystallinity can be ruled out as
a potential factor for the superior performance of the spheres as
crystallinity is higher for the flakes (see section 3.1). As shown
previously, cycle stability can potentially be improved even
further by partially substituting manganese with other metals,
such as cobalt.37

4. CONCLUSION
Different synthesis routes that yield different morphologies of
sodium manganese oxide were explored. Specifically, flake-like
and spherical sodium manganese oxide with the same P2-type
crystal structure were obtained. Both materials show the same
electrochemical behavior as measured by cyclic voltammetry,
while the spheres provide slightly higher discharge capacities
(140 vs 161 mA h g−1, respectively) for a current rate of 50 mA
g−1. After 100 cycles, a higher discharge capacity could be
maintained for the hollow spheres (94 mA h g−1 as opposed to
73 mA h g−1). Moreover, energy density could be increased by

27%, due to an increase in capacity, especially based on more
pronounced plateaux at higher voltage regions. As both
materials have been tested under the same conditions, it can
safely be assumed that the spherical morphology is responsible
for the increase in cyclability, probably due to better
accommodation of volume changes, better contact with the
conductive carbon, and shortened sodium ion diffusion
pathways. Even for higher current rates, spherical NMO
shows remarkable cycle stability so that, for example, after
100 cycles, 84 mA h g−1 can still be achieved for 200 mA g−1.
Therefore, we have proven that a change in morphology

towards spheres does not only work for LIB systems but also
for sodium ion batteries. Moreover, we have demonstrated that
spherical, P2-type NMO is a suitable sodium ion battery
cathode material for applications that require high capacities
and cycle stability.

■ ASSOCIATED CONTENT
*S Supporting Information
Figure S1 shows the (ex-situ) XRD of the flake-like and
spherical NMO after cycling, indicating that the main structure
is largely maintained and small transformations occur for both
materials. The impurity peak at 2θ = 13 can be attributed to the
birnessite structure, which was probably formed while handling
the sample in atmosphere. Figure S2 shows SEM images of the
flake-like NMO after cycling to substantiate the claim that the
particles that can be seen in Fig. 1h are indeed NMO. This
material is available free of charge via the Internet at http://
pubs.acs.org/.

■ AUTHOR INFORMATION
Corresponding Author
*Email: Madhavi@ntu.edu.sg.
Author Contributions
∥The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript. N.B. and S.H. contributed equally to this
manuscript.
Funding
This work was financially supported by the Singapore National
Research Foundation under its Campus for Research
Excellence and Technological Enterprise (CREATE) pro-
gramme.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Y.L.C. acknowledges the World Future Foundation for their
support.

■ REFERENCES
(1) Mp, X. Springer Materials (www.springermaterials.com) Landolt-
Boernstein Databaset-Boernstein Database; Springer: New York; pp
248−250, 1984.
(2) Ellis, B. L.; Nazar, L. F. Sodium and Sodium-Ion Energy Storage
Batteries. Curr. Opin. Solid State Mater. Sci. 2012, 16, 168−177.
(3) Palomares, V.; Serras, P.; Villaluenga, I.; Hueso, K. B.; Carretero-
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