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Abstract. Spinel LiMn2O4 is a popular cathode material in lithium-ion batteries due to its high operating voltage and
reversible specific capacity. Synthesizing analogous NaMn2O4 in the spinel structure, for sodium-ion batteries, is challenging due to the thermodynamic instability of the compound, mostly arising due to Jahn–Teller distortion of the Mn3?
centre. However, post-spinel NaMn2O4 (named as such because the compounds were initially achieved by subjecting a
spinel phase to high pressure) could be synthesized at a high temperature and pressure (1373 K and 4.5 GPa, respectively)
and is found to be stable at standard conditions. Also, these compounds have a lower ion diffusion barrier than their
respective spinels. In this work, an attempt has been made to induce chemical pressure within the system by the use of a
heavy cation, i.e., Sn4? in the framework, to synthesize post-spinel NaMnSnO4 at ambient pressure conditions. The asprepared NaMnSnO4 samples are characterized with scanning electron microscopy, X-ray diffraction, inductively coupled
plasma-atomic emission spectroscopy and galvanostatic cycling with potential limitation measurements.
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Introduction

Due to the growing concerns over depleting fossil fuels and
increasing CO2 footprint, the recent focus has shifted towards
the development of cleaner and sustainable energy sources.
Along with the research on the production of clean energy, it is
also important to have an efficient energy storage system. In
this regard, rechargeable batteries stand out due to their economic maintenance and comparable energy and power densities. Lithium-ion batteries (LIBs), with high operating voltages
and energy densities, have captured the markets of
portable electronics and electric vehicles [1,2]. However, their
application to the grid storage is limited by high cost, accessibility and availability of lithium resources. To address this
problem, recent research efforts have shifted towards the
development of sodium-ion batteries (SIBs) due to inexpensive
and earth-abundant sodium precursors. On account of the
chemical similarity between lithium and sodium, the design
knowledge gained from LIBs could be imparted to develop
electrode materials for SIBs [3,4]. Sodium-layered oxides are
one of the most extensively studied cathode materials for SIBs.
They have comparable specific capacity with respect to
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Li-based layered cathodes. However, due to their multiple
phase transformations during the charge–discharge cycles,
their cycle life is limited [5]. One of the major reasons for this
structural instability has been attributed to the Jahn–Teller
distortion in the transition metal sites. A typical example of it is
NaxMnO2, wherein Mn is in the degenerate d3? state. It exhibits Jahn–Teller distortion following the reduction of Mn4? to
Mn3? and that leads to reduced cyclability [6].
The transition of layered oxides to spinel compounds has
been well documented for systems like LixMnO2 and LixCoO2
[7]. In fact, spinel LiMn2O4 is considered as a promising
cathode material for LIBs due to its high voltage (4.0 V vs. Li?/
Li0), thermal stability, reversible capacity (*100–120 mAh
g-1 vs. Li?/Li0), low cost and abundance of manganese precursors [8–10]. LiMn2O4 (Fd-3m) is a mixed valence compound consisting of Mn4? to Mn3? in octahedral geometry. It
undergoes a first-order transition at 290 K due to Jahn–Teller
distortions of Mn3? [11]. It involves partial charge ordering at
the octahedral sites. The lithium conduction is through a zigzag pathway passing through a bottleneck of oxide triangle
[12,13]. The electrochemical displacement of Li with Na was
studied for spinel LiMn2O4 in SIBs [14]. However, after a few
cycles, the structure converted into the layered spinel. The
formation of spinel NaMn2O4 through simple solid-state synthesis route was found to be thermodynamically infeasible [6].
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On subjecting LiMn2O4 spinel to a pressure of 6 GPa, and
heating above 1100°C, post-spinel Li0.92Mn2O4 was formed
which was found to be 6% denser than the former. This
compound crystallized into a CaFe2O4-type structure
(Pnma) which contains double rutile chains and 1D sodium
channels. Theoretical calculations showed that the lithium
diffusion barrier for the post-spinel compound is 0.12 eV,
which is far less than the spinel compound (0.40 eV) [15].
Thus, the kinetics can be expected to be more facile in the
post-spinel compound. First principle calculations done on
post-spinel AMn2O4 (A = Li, Na, Mn) have indicated a
higher sodium mobility and structural stability [16]. Postspinel NaMn2O4 was first synthesized under high pressure
of 4.5 GPa and temperature of 1373 K using stoichiometric
mixtures of Na2O2 and Mn2O3 as starting materials. It was
also determined to be structurally analogous to CaFe2O4
[17,18]. When tested against sodium metal at 55°C in the
voltage range of 1.5–4.8 V vs. Na?/Na0 at a current density
of 5 mA g-1, it showed a plateau at 3.0 V vs. Na?/Na0 with
the specific capacity of 83 mAh g-1. Furthermore, it
exhibited capacity retention of 94% at the 200th cycle. This
suggests the suppression of Jahn–Teller distortion because
of the high barrier of rearranged MnO6 octahedrons.
Therefore, it presents a stable material structure.
Nanocrystalline NaMn2O4 synthesized via high energy
mechanical ball milling showed first discharge capacity of
*95 mAh g-1 in the potential window of 2.0–4.5 V at a
rate of 40 mA g-1 [19]. Vanadium-based post-spinel
NaV1.25Ti0.75O4 has been recently reported by Nazar and
co-workers. It gives a reversible capacity of *55 mAh g-1
in the voltage range of 1.5–4.5 V at 5 mA g-1 current
density. This material has also been shown as a prospective
cathode material for Mg batteries [20]. CaFe2O4-type postspinel compounds have also been studied as anodes for
LIBs [21].
In this work, we have attempted to synthesize postspinel manganese oxide without the use of high external
pressure. This was achieved by inducing chemical pressure
with substitution by a large cation, i.e., Sn4?. We could
successfully synthesize NaMnSnO4, which was characterized with X-ray diffraction (XRD), field emission-scanning
electron microscopy (FESEM), inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) and
galvanostatic cycling with potential limitation (GCPL)
measurements.

2.
2.1
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the rate of 5°C min-1, annealed for a day and subsequently
cooled slowly (0.5°C min-1) to room temperature. A blackcoloured powder of NaMnSnO4 was obtained. The effect of
cooling rate on the formation of NaMnSnO4 was also
studied by using different cooling rates as well as direct
quenching with liquid nitrogen.

2.2

Powder X-ray diffraction (PXRD)

PXRD for the as-synthesized samples was recorded using a
Cu Ka (k = 1.5406 Å) radiation on a Bruker D8 diffractometer. Rietveld refinements were performed using
FULLPROF software [22].

2.3

Electrode preparation and cell assembly

The electrodes were prepared by ball-milling 70 wt% of
NaMnSnO4, 22 wt% TIMICAL SUPER C-45 carbon (MTI)
and 8 wt% poly(vinylidene fluoride) (Sigma-Aldrich) for
20 min and then making a slurry which was coated on a
0.025 mm-thick carbon-coated aluminium foil current
collector. The electrode laminate was dried at 70°C in a
vacuum oven for overnight and punched as a disc (10 mm
diameter). The Swagelok cells were assembled in a dry box
(H2O \ 0.1 ppm and O2 \ 0.1 ppm). Sodium metal (Sigma,
99.9%) was used as the counter electrode and the electrolyte contained 1.0 M NaPF6 in a mixture of ethylene
carbonate (45 wt%), propylene carbonate (45 wt%),
dimethyl carbonate (10 wt%) and fluoroethylene carbonate
(2 wt%). For the ex situ XRD analysis, the electrodes
coated on a pinhole-free thin aluminium foil (Alfa, 99.99%,
10-lm thickness) were used. The electrodes were harvested
from the Swagelok cells at different state of charges,
washed and dried inside the glove box. Then, the electrodes
were mounted on a glass plate upside down in a way which
Al foil serves as the window and were hermitically sealed
with Kapton tape.

2.4

Electrochemical measurements

GCPL measurements were taken using Biologic BCS-805.
The NaMnSnO4 electrode was cycled against sodium metal
at current rate of C/25 in between potential range 2.0–4.5 V
vs. Na?/Na0.

Experimental
Synthesis

Na2CO3 (Sigma-Aldrich, 99.5%), Mn2O3 (Sigma-Aldrich,
99%) and SnO2 (Alfa-Aesar, 99.9%) were mixed in the
stoichiometry of Na:Mn:Sn = 1:1:1 and ball-milled in a
SPEX Sample Prep Mixer/Mill 800M for 30 min to form
the precursor. The precursor was then heated to 1200°C at

2.5 Field emission scanning electron microscope
(FESEM)
FESEM for NaMnSnO4 was carried out on ZEISS GeminiSEM 500 at a probe current of 20 nA. Energy-dispersive
X-ray spectroscopy (EDS) measurements and elemental
mapping were also done using the same instrument.
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2.6 Inductively coupled plasma-atomic emission
spectroscopy (ICP-AES)
Actual stoichiometric ratio of Na, Mn and Sn in the asprepared NaMnSnO4 sample was determined with ICP-AES
measurements using Perkin-Elmer Optima 7000DV instrument. Na standard (1000 mg l-1, Sigma-Aldrich), Mn
standard (1000 mg l-1, Sigma-Aldrich) and Sn standard
(1000 mg l-1, Sigma-Aldrich) were mixed to form a single
multi-standard solution with equal ratio of the cations. This
standard was further diluted for obtaining the calibration
curve in the concentration range of the sample solution.

3.

Figure 1. (a) XRD patterns of as-prepared NaMnSnO4 under
different conditions. (b) Structural stability of NaMnSnO4 after 6
months in ambient air.

Results and discussion

The precursors were annealed at 1200°C for a day in air and
subsequently cooled to room temperature at different conditions. The corresponding XRD patterns are shown in
figure 1a. Cooling at slower rate (i.e., 0.5°C min-1) resulted
in pure NaMnSnO4 phase. On the other hand, quenching
with liquid nitrogen or cooling at higher rates produces
phase mixtures containing post-spinel NaMn2-xSnxO4 and
SnO2. However, these mixtures slowly degrade over time,
while the as-synthesized pure NaMnSnO4 sample shows
extraordinary stability in ambient atmosphere up to 6
months (figure 1b). Hereafter, we will focus on single phase
NaMnSnO4 for further characterization.
To solve the crystal structure of NaMnSO4, Rietveld
refinement was carried out based on CaFe2O4 (ICSD
159751) as the model structure [17]. The fitting is shown in
figure 2a. All the reflections of NaMnSnO4 could be fully
indexed with Pnma space group, thus confirming its phase
purity.
The final atomic coordinates, bond distances and bond
valence sum (BVS) are displayed in tables 1 and 2,

Figure 2. (a) Rietveld refinement of Na0.877MnSnO4 (space group: Pnma) (Rwp = 3.86 and
v2 = 2.11); cell parameters: a = 9.42026(9), b = 3.03450(4), c = 11.12933(12) and a = b = c =
90°. (b) Crystal structure of Na0.877MnSnO4, (c) (Mn2/Sn2)O6 and (d) (Mn1/Sn1)O6
octahedra with their corresponding bond lengths (viewed along a-direction).
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Table 1.
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Refined atomic positions of NaMnSnO4.

Atom

Wyckoff site

x

y

z

Occupancy

Na1
Mn1
Mn2
Sn1
Sn2
O1
O2
O3
O4

4c
4c
4c
4c
4c
4c
4c
4c
4c

0.2480(6)
0.0592(2)
0.0867(2)
0.0591(1)
0.0868(2)
0.2972(8)
0.3710(7)
0.4620(9)
0.0860(8)

0.25000
0.25000
0.25000
0.25000
0.25000
0.25000
0.25000
0.25000
0.25000

0.3469(5)
0.1166(2)
0.6025(1)
0.1166(2)
0.6025(1)
0.6636(7)
-0.0185(7)
0.2139(7)
-0.0753(5)

0.877(2)
0.500
0.500
0.500
0.500
1.000
1.000
1.000
1.000

The composition obtained from occupancy refinement of Na is Na0.87MnSnO4.

Table 2.

Bond lengths and BVS calculation of NaMnSnO4.

Atom

C.N.

Bond lengths (in Å)

Na1?(1)

8

Mn3?(1)/Sn4?(1)

6

Mn3?(1)/Sn4?(1)

6

(Na1)–(O1): 2.5787(83)
(Na1)–(O1): 2.5787(83)
(Na1)–(O2): 2.4082(76)
(Na1)–(O2): 2.4082(76)
(Na1)–(O3): 2.4978(97)
(Na1)–(O3): 2.7791(95)
(Na1)–(O4): 2.3377(72)
(Na1)–(O4): 2.3377(72)
(Mn1/Sn1)–(O1): 2.0998(53)
(Mn1/Sn1)–(O1): 2.0998(53)
(Mn1/Sn1)–(O3): 2.0943(79)
(Mn1/Sn1)–(O4): 2.1632(69)
(Mn1/Sn1)–(O4): 2.0894(52)
(Mn1/Sn1)–(O4): 2.0894(52)
(Mn2/Sn2)–(O1): 2.0910(77)
(Mn2/Sn2)–(O2): 2.2428(70)
(Mn2/Sn2)–(O2): 2.0731(54)
(Mn2/Sn2)–(O2): 2.0731(54)
(Mn2/Sn2)–(O3): 2.0122(52)
(Mn2/Sn2)–(O3): 2.0122(52)

respectively. According to the refinement results, the final
composition can be written as Na0.877MnSnO4, which will
be further verified by ICP and EDS analysis later. The
crystal structure of Na0.877MnSnO4 along b-direction is
shown in figure 2b. It consists of double rutile chains of
edge-shared (Mn1/Sn1)O6 and (Mn2/Sn2)O6 octahedra
(figure 2c and d, respectively) which share corners and
edges to make three-dimensional framework. In this network, sodium ion channels are located along b-axis. Lower
values of BVS for Mn1 and Sn1 may be due to the higher
distortion of (Mn1/Sn1)O6 than (Mn2/Sn2)O6. In the (Mn2/
Sn2)O6 octahedra, one of the (Mn2/Sn2)–O2 bonds has a
large elongation which may indicate the presence of a Jahn–
Teller centre. However, since none of the elongations are
observed along both the axial bonds in either of the Mn3?
centres, the Jahn–Teller distortions are suppressed up to an
extent. The cation mixing with Sn4? (4d10: Jahn–Teller

BVS
1.518(12)

Mn1 = 2.691(18)
Sn1 = 3.983(27)

Mn2 = 2.907(19)
Sn2 = 4.301(28)

inactive) at the same Wyckoff sites may also contribute to
this suppression. The suppression of Jahn–Teller distortions
has been studied for similar materials synthesized under
high pressure [16]. Thus, the chemical pressure of Sn acts
similarly to the external pressure for creating a higher
barrier for rearrange MnO6 octahedrons.
Figure 3a shows an FESEM image of as-prepared
NaMnSnO4 sample. It shows an irregular shaped morphology with agglomeration. The average particle size of
NaMnSnO4 was 1–2 lm. Figure 3b shows the energy-dispersive X-ray analysis (EDAX) spectra of NaMnSnO4. The
composition obtained from EDAX was close to
NaMnSnO2.72, since oxygen is not properly quantifiable
using EDAX, this discrepancy can be ignored. We are more
interested in the ratio of sodium and the metal ions which
were found to be approximately 1:1:1. For a more accurate
concentration of the metals, ICP-AES analysis was carried

Bull Mater Sci (2020)43:306

Page 5 of 6

Figure 3. (a) FESEM image of as-prepared NaMnSnO4 and
(b) the corresponding EDAX spectra (inset: composition table).

306

out which gave a Na:Mn:Sn ratio of 0.87:1:0.96. Thus, the
chemical composition was found to be Na0.87MnSnO4.
FESEM image and the corresponding elemental mapping
of the prepared NaMnSnO4 electrode is given in figure 4. It
was observed that the elements are uniformly distributed
throughout the electrode surface.
Electrochemical sodium (de)-intercalation studies of
Na0.877MnSnO4, carried out using galvanostatic cycling
ranging 2.0–4.5 V vs. Na?/Na0 are shown in figure 5.
The theoretical capacity of Na0.877MnSnO4 is calculated
to be *90 mAh g-1. During the first charge, the voltage
profile of Na0.877MnSnO4 rises smoothly to 4.5 V vs. Na?/
Na0 with a charge capacity of *35 mAh g-1 which is
equivalent to the removal of 0.31 moles of sodium ions. Upon
the subsequent discharge, the voltage of Na0.877MnSnO4
cathode is decreased to 2.0 V with a reversible capacity of 28
mAh g-1. The corresponding redox activity could be tentatively ascribed to the operation of Mn4?/3? couple. The
multiple redox features present in the dQ/dV profiles could be
due to the formation of multiple phases during charge and
discharge process.

Figure 4. FESEM image and the corresponding elemental mapping
of NaMnSnO4 electrode.
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so could be to downsize the electrode materials to
nanometre scale. However, the high structural stability and
suppressed Jahn–Teller distortion instigate further investigations of these post-spinel compounds as prospective
cathode materials for SIBs.
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Figure 5. Galvanostatic
charge–discharge
profiles
of
Na0.877MnSnO4 for the first three cycles at C/25 rate. The inset
shows its corresponding dQ/dV plot.

Figure 6. Ex situ XRD patterns collected on the Na0.877MnSnO4
during electrochemical cycling at the end of first charge (4.5 V vs.
Na?/Na0) and discharge (2.0 V vs. Na?/Na0) and after 10 cycles.

To understand the electrochemical (de)-intercalation
mechanism of Na0.877MnSnO4, ex situ XRD patterns were
collected at the end of first charge (4.5 V vs. Na?/Na0) and
discharge (2.0 V vs. Na?/Na0), and after 10 cycles, as
shown in figure 6. The collected patterns do not show any
significant changes in comparison with the pristine electrode, which indicates the robustness of the crystal structure
during sodium (de)-intercalation.

4.

Conclusion

To sum up, we have shown that the formation of post-spinel
oxides is possible even without external high pressures by
inculcating a chemically driven pressure within the structure. This led us to successfully synthesize CaFe2O4-type
Na0.877MnSnO4 at ambient pressure. This material has been
studied as a cathode in SIBs. The capacity attained is low
(*30 mAh g-1) and needs to be improved. One way to do
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