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The need for new electrode materials in nonaqueous
batteries feeds ever increasing interest, especially in these

last 2 decades. Numerous families of oxides have been
proposed as attractive electrode materials.1 However, though
lithium is not so expensive for these applications, its large scale
utilization will become rapidly limited due to the rather small
number of natural lithium sources over the world. Thus,
sodium, which is an abundant element, should be the best
candidate for the next generation of batteries. Owing to these
concerns, investigations on transition metal oxides as cathode
materials for sodium-ion batteries have re-emerged recently.2−6

This is the case of the layered oxides NaxCoO2,
7

Na2/3(Ni1/3Mn2/3)O2,
8 Na2/3(Fe1/2Mn1/2)O2,

9 NaCrO2,
10,11

NaxV2O5,
12−14 NaxVO2,

15,16 Na1+yVO3.
17 Focusing on lay-

ered-type structures, the system Na−Mn−O is extremely rich,
and manganese based oxides completely fulfill requirements in
terms of low price and low toxicity. Pioneer studies were
performed by Delmas and Hagenmuller18 in the seventies in
the family NaxMnO2 especially on 2D-type structure obtained
for x = 0.6, 0.7 and 1. These materials are interesting because
they show weak interlayer interactions with free space allowing
sodium diffusion. Mendiboure et al.19 have reported for the first
time the sodium insertion in the α and β forms of NaMnO2,
but it is only recently that 0.85 Na was reversibly inserted/
extracted in these phases using an advanced electrolyte.20,21

Nanostructured Na0.6MnO2
22 and Na0.7MnO2

23 show rever-
sible capacities of 160−150 mAh/g in the potential window
2.0−4.5 V. Note that the 3D-type structure Na0.44MnO2 has
also been intensively studied;24,25 best performances of 84
mAh/g at C/2, upon cycling, have been obtained on nanowires.
The spinel-type NaMn2O4 has been investigated26,27 showing a
capacity of 65 mAh/g in the voltage range 2.0−4.0 V with a
good stability up to 200 cycles. According to the authors, the
low capacity reported for the spinel phase (less than half of the
theoretical capacity) may be due to the large particle size. On
the basis of these results, we decided to explore other layered
sodium manganese oxides and one of them attract our
attention: the phase Na2Mn3O7, described for the first time
by Jansen et al.28 Na2Mn3O7 black crystals were prepared
hydrothermally from MnO2 and NaOH under 2 kbar of O2 at
595 °C for 7 days. The structure of this compound was solved
from single crystals in a triclinic symmetry (P1 ̅) and it could be
described as a lamellar structure with [Mn3O7]

2−
∞ layers

(Figure 1a,b) built up with edge sharing MnO6 octahedra. The
sheets are separated by NaO6 and NaO5 polyhedra.
Surprisingly, this compound has never been studied through
the sodium insertion whereas the lithium insertion into the
phase Li2Mn3O7 was reported in 2001 by Weller et al.29 This
lithiated manganese oxide has been prepared by ionic exchange
from Na2Mn3O7 using LiBr in ethanol. Its structure differs from
the latter by a cationic disorder between and inside the layers

leading to a description of the structure in the R3m space
group. A capacity of 160 mAh/g, i.e., 1.7 lithium was observed
through a biphasic process for a cycling between 2.0 and 4.5 V
versus Li+/Li with a plateau at 3.0 V. On further cycling, the
authors have reported the structural transition into the spinel
type phase LiMn2O4.
We have, then, prepared the sodium manganese oxide

Na2Mn3O7 by a very simple conventional solid-state method,
from stoichiometric amounts of sodium nitrate and manganese
carbonate according to the following equation:

+ +
→ + +

2NaNO 3MnCO O

Na Mn O 3CO 2NO
3 3 2

2 3 7 2 2
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Figure 1. Layered view of the structure of Na2Mn3O7 perpendicular to
the c axis (a) and [Mn3O7]

2−
∞ plane along the direction (−5,5,0) (b);

LeBail refinement plot of Na2Mn3O7: observed X-ray diffraction (○)
and calculated (line). The bottom is the difference of patterns, yobs−
ycal, and the small bars indicate the allowed Bragg reflections (c).
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An Ideal Battery is Like an Ideal Spouse

* High Energy Density : Range of Travel (80-200 km/ charge)

* High Power Density :  Fast pick-up and fast charging

* High Economy :  Affordable and easy to manufacture

* High Safety :  Safe operation and storage

Emphasis on Cost and Safety 4
35



Energy Density = Potential (V) x Capacity (Q)						Energy	Density	=	Poten/al	(V)	x	Capacity	(Q)	

Capacity	(QTh)	=							Molecular	Weight	(Mw)	
26800	(F/3600)	

X			n	e-	

Pursuit of Sustainable Iron-Based Sodium Battery Cathodes: Two
Case Studies
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ABSTRACT: Rechargeable batteries have been the torchbearer
electrochemical energy storage devices empowering small-scale
electronic gadgets to large-scale grid storage. Complementing the
lithium-ion technology, sodium-ion batteries have emerged as viable
economic alternatives in applications unrestricted by volume/weight.
What is the best performance limit for new-age Na-ion batteries? This
mission has unravelled suites of oxides and polyanionic positive
insertion (cathode) compounds in the quest to realize high energy
density. Economically and ecologically, iron-based cathodes are ideal
for mass-scale dissemination of sodium batteries. This Perspective
captures the progress of Fe-containing earth-abundant sodium battery
cathodes with two best examples: (i) an oxide system delivering the
highest capacity (∼200 mA h/g) and (ii) a polyanionic system showing
the highest redox potential (3.8 V). Both develop very high energy
density with commercial promise for large-scale applications. Here, the structural and electrochemical properties of these two
cathodes are compared and contrasted to describe two alternate strategies to achieve the same goal, i.e., improved energy density
in Fe-based sodium battery cathodes.

1. INTRODUCTION
With the ever-growing global energy consumption, the 21st
century acutely needs solutions for large-scale and eco-efficient
energy generation−storage−delivery trilogy.1 Innovative technol-
ogies (portable electronics to automobiles) and their rapid
global dissemination have led to significant increase in global
energy consumption. The resulting rapid consumption of fossil
fuels and growing CO2 emission have triggered imperative
searches of new materials and technologies. It is ideal to have
clean energy generation with zero emission, which demands
novel materials development for electricity generation along
with reliable energy storage. In the energy storage sector,
secondary lithium-ion batteries offer the most efficient option
for portable electronics, smart grid, and transportation usages.
The paucity of Li minerals and their uneven geographic
distribution has led to the question: Is lithium the new gold?2

Here, sodium-ion batteries can work wonders as an alternate
charge carrier option especially for stationary applications such
as grid storage, which are not restricted by volume/weight of
the battery. Sodium is a worthy contender in the battery field
due to its abundance, uniform global distribution, easy
reclamation, material economy, and competitive electro-
chemical properties. It has led to worldwide research on suites
of oxides and polyanionic insertion materials for development
of robust sodium batteries.3

Positive insertion (cathode) materials can be generally
written as AxMy(XOn)z, where A = alkali metals (Li/Na/Mg/
Zn/Al), M = 3d/4d transition metals, and X = auxiliary anions
(P, S, and Si, etc.). While (XOn)z imparts overall thermal/

structural stability, 3d metals undergo reversible change in
redox state parallel to the insertion/extraction of alkali metals.
From an elemental composition point of view, it is important to
employ abundant alkali and 3d metals to have low-cost
batteries. While Na is the most abundant alkali metal, Fe is the
ideal 3d metal for cathode design owing to its abundance,
economy, and low toxicity. So, the ideal cathode composition
can be NaxFey(XOn)z. But there is a problem. The combination
of Na−Fe drastically reduces the net redox potential as (i) the
Na/Na+ redox couple (−2.71 V vs SHE) is lower than Li/Li+

redox couple (−3.04 V vs SHE) and (ii) the Fe redox couple is
over 1 V lower than the Co redox couple. The decrease in
redox potential limits the overall energy density. To overcome
this issue, it will be ideal to have NaxFey(XOn)z chemistry with
either very high reversible capacity (close to 200 mAh/g) and/
or high redox potential (near 4 V). While the former goal can
be accomplished with low molecular weight oxides, the latter
can be realized by polyanionic chemistry with tunable crystal
structure (and local M−O bond coordination). Here, two such
champion materials are summarized, one each for oxide and
polyanion systems, which demonstrate formidable energy
density in earth-abundant “Na−Fe”-based cathodes for
secondary sodium batteries.
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LixFePO4 LixFeBO3 Li2-xFeP2O7 LixFeSO4F
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Potassium-ion Batteries

Proper^es Li+ Na+ K+

Elemental abundance (ppm) 20 23600 20000
RelaBve atomic mass: 6.94 23.0 39.10
Mass-to-electron raBo 6.94 23.0 39.10
Shannon’s ionic radii (Angstrom) 0.76 1.02 1.38
E0 (vs. SHE)/ V -3.04 -2.71 -2.93
MelBng point/ C 180.5 97.7 63.4
TheoreBcal capacity of ACoO2 (mAh g-1) 274 235 ----
Molar conducBvity in AClO4:PC (S cm2 mol-1) 6.54 7.16 ----
DesolvaBon energy in PC (kJ mol-1) 218.0 157.3 119.2
CoordinaBon preference oct/tet oct/pris.           prismaBc
Cost of carbonate (USD/ ton) 23000 200 1000

begin a demonstration test for electrical energy storage (EES).
Such MWh-class batteries are also probably used to store
electricity generated from solar cells and wind turbines as green
and renewable energy resources.
Although LIBs potentially provide a solution to meet these

tough challenges to realize sustainable energy development
through the increasing market for electric vehicles and an
emerging market for EES, we must reconsider the feasibility of
lithium,2 which is certainly the inherent element in LIBs.
Lithium is widely distributed in the Earth’s crust but is not
regarded as an abundant element. The relative abundance of
lithium in the Earth’s crust is limited to be only 20 ppm as
shown in Figure 1.3 Indeed, the materials cost (the price of

Li2CO3) was steeply increased during the first decade of this
century.4 Moreover, lithium resources are unevenly distributed
(mainly in South America); therefore, production of LIBs
depends on the import of lithium from South America. In
contrast to lithium, sodium resources are unlimited everywhere,
and sodium is one of the most abundant elements in the Earth’s
crust. The infinite sodium resources are also found in the
ocean. Additionally, sodium is the second-lightest and -smallest
alkali metal next to lithium as shown in Table 1. On the basis of
material abundance and standard electrode potential, recharge-
able sodium batteries (or Na-ion battery, NIB, if we follow the
terminology of LIB) are the ideal alternative to LIBs.4−6

NIBs are operable at ambient temperature, and metallic
sodium is not used as the negative electrode, which is different

from commercialized high-temperature sodium-based technol-
ogy, e.g., Na/S7 and Na/NiCl2

8 batteries. These batteries utilize
alumina-based solid (ceramic) electrolyte, and high-temper-
ature operation (∼300 °C) is required for maintaining the
electrodes in the liquid state to ensure good contact with the
solid−electrolyte. Since molten sodium and sulfur are used as
active materials at such high temperature, safety issues of these
batteries have not been completely satisfied for consumer
appliances. In contrast, NIBs consist of sodium insertion
materials with aprotic solvent as electrolyte and, therefore, are
free from metallic sodium unless there are unfavorable reactions
(e.g., overcharge) causing the failure in batteries. Structures,
components, systems, and charge storage mechanisms of NIBs
are essentially the same except that lithium ions are replaced
with sodium ions as shown in Figure 2a.5 A NIB consists of two
sodium insertion materials, positive and negative electrodes,
which are electronically separated by electrolyte (in general,
electrolyte salts dissolved in aprotic polar solvents) as a pure
ionic conductor. The battery performance depends on battery
components selected, and many different NIBs for different
purposes can be assembled.
Historically, studies of Li+/Na+ ions as charge carriers for

electrochemical energy storage at ambient temperature started
before 1980. Electrochemical lithium insertion into TiS2 and its
application for energy storage devices were first proposed in
1970s.9,10 Immediately after this report, electrochemical and
highly reversible sodium insertion into TiS2 at room temper-
ature was also demonstrated in 1980.11 The electrode
performance of lithium cobalt oxide, LiCoO2, which is a
lithium-containing layered oxide and is still widely used as high-
energy positive electrode materials in LIB, was first reported in
1980.12 Similarly, the electrochemical properties of sodium-
containing layered oxides, NaxCoO2, were also reported.13 The
early history of sodium insertion materials was reviewed in the
literature published in 1982.14,15 Nevertheless, in the past three
decades, significant research efforts have been conducted only
for LIBs, and studies on sodium insertion materials for energy
storage once almost disappeared.
This big rush of Li battery research after 1980 could originate

from the fact that available energy density was believed to be
much higher for the Li system compared with the Na system.
Figure 3 compares typical charge/discharge curves of Li/
LiCoO2 and Na/NaCoO2 cells. Since an ionic radius of cobalt
is relatively fairly small (0.54 Å) compared with those of both

Figure 1. Elemental abundance in the Earth’s crust. Data derived from
ref 3.

Table 1. Comparison of Physical Properties for “Lithium” and “Sodium” as Charge Carriers for Rechargeable Batteriesa

Li+ Na+ K+ Mg2+

relative atomic mass 6.94 23.00 39.10 24.31
mass-to-electron ratio 6.94 23.00 39.10 12.16
Shannon’s ionic radii/Å 0.76 1.02 1.38 0.72
E° (vs SHE)/V −3.04 −2.71 −2.93 −1.55
melting point/°C 180.5 97.7 63.4 650.0
theoretical capacity of metal electrodes/mAh g−1 3861 1166 685 2205
theoretical capacity of metal electrodes/mAh cm−3 2062 1131 591 3837
theoretical capacity of ACoO2/mAh g−1 274 235 206 260 as Mg0.5CoO2

theoretical capacity of ACoO2/mAh cm−3 1378 1193
molar conductivity in AClO4/PC/S cm2 mol−1 6.54 7.16
desolvation energy in PC/kJ mol−1 218.0 157.3 572.3
coordination preference octahedral and tetrahedral octahedral and prismatic octahedral and tetrahedral

aSome sets of data are also compared for potassium and magnesium. Data for ionic radii derived from ref 34; data for molar conductivity from ref 35
and data for desolvation energy from ref 30.
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contribution of battery technology in 19th century because
our laboratory for electrochemical energy storage is located at
the same place.

In 1991, lithium-ion battery was first commercialized by
Sony. In 1990s, IT technology and portable electronic devices
were developed, therefore, demand of high energy secondary
battery drastically increases, especially for mobile phones,
video cameras, and laptop computers. To realize sustainable
energy society, energy is very important issue in the 21st

century. Actually, electric vehicles and stationary electricity
storage systems combined with solar cells and wind turbines
require large-format and high-performance secondary battery,
i. e., high energy density, long cycle life, high efficiency, lower
cost, and so on. Any conventional secondary batteries, such as
lead acid, Ni!Cd, Ni!MH batteries, do not fully meet the
requirements. Because Li-ion battery shows the highest energy
density and efficiency among practical secondary batteries,
many researchers have actively studied on development of
new materials and analysis of materials in order to further
improve performance of cost, energy, efficiency, safety etc. of
Li-ion batteries. Of course, higher energy is one of the most
important and straightforward challenges of next generation
batteries beyond Li-ion batteries, such as Li-air and Li!S.
Another important issue is abundance of elements needed to
be used in battery components.

Indeed, lithium concentration in the Earth crust is so low
similar to those of costly metal elements, such as cobalt,
copper, nickel. Moreover, lithium resources are unevenly
distributed in Latin America, so that there is risk of unstable
supply and increase in price of lithium market. In order to
solve these essential drawback, research activity of sodium-ion
battery which can be realized by replacing lithium atoms of
Li-ion battery with sodium atoms has significantly increased
since 2010 as shown in Figure 2a. Clearly, yearly number of
scientific papers is increasing after 2010 while the yearly
number was less than 10 before 2010.

When one of the authors, Komaba, was a post-doctoral
researcher of ICMCB-CNRS, Bordeaux, France in 2003–
2004, he studied sodium transition metal layered oxides as a
precursor to synthesize meta-stable lithium transition metal
oxides via Na+/Li+ ion exchange reaction.[2] During the
period, he learned from Dr. Delmas not only the sodium
layered oxides but also history of Li-ion battery materials
including Mizushima’s study published in 1980.[3] After the
period of post-doctoral fellow in France, Komaba came back
to Japan and listened to a talk about electrochemical activity
of alpha-NaFeO2 at the Battery Symposium in Japan, 2004.[4]

The talk was so impressive because Fe(III/IV) redox couple is
highly reversible in alpha-NaFeO2 (O3-type NaFeO2) which
had never been observed in lithium iron oxides including
O3-type LiFeO2. In the next year, Komaba had an
opportunity to establish his own laboratory in TUS as a
faculty staff, and started research and development of sodium
insertion materials to demonstrate a non-aqueous sodium-ion
battery. As is seen in Figure 2a, we found a very limited
number of research papers on sodium insertion materials.
According to our knowledge and published scientific papers
until 2009, no successful data of satisfactory cycle life of non-
aqueous Na cells was reported in our understanding. After
starting the study on Na-ion batteries, we noticed the

Figure 1. (a) Head shot of Mr. Sakizo Yai. (b) A photo of Yai’s manganese
dry battery. (c) X-ray CT image of the Yai’s manganese dry battery.

Figure 2. The number of papers published per year for (a) Na and (b) K
batteries.
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batteries is, therefore, growing in the world and price of
lithium resources is increasing.[17] Although lithium is widely
distributed in the Earth’s crust and sea, abundance of lithium
is less than 20 ppm in the Earth’s crust as shown in Figure 3b.
Moreover, practically productive lithium resources are re-
stricted in South America, Australia, China, and US. In
contrast to lithium, sodium and potassium are evenly
distributed in the world and are the most abundant elements
on the Earth. In addition, no alloy with aluminium is
electrochemically formed with sodium and potassium; there-
fore, aluminium foil is available as a (bipolar) current
collector of both of negative and positive electrodes in Na-ion
and K-ion batteries unlike Li-ion. Since lithium, copper, and
cobalt are not essential elements, lower materials cost is
expected for Na-ion and K-ion batteries.

2.2. Standard Electrode Potential of Alkali Metals

Researches on Li-ion and Na-ion batteries started more than
40 years ago and have been first reported in 1980.[3,18] On the
other hand, K-ion batteries have been studied since 2004.[19]

Because relative atomic mass of potassium is heavier and the

ionic radii is larger compared to lithium and sodium
(Table 1), K-ion batteries seemed to be unattractive. Indeed,
Li is widely recognized as the lowest standard potential metal,
which leads to high-voltage batteries. As shown in Table 1, in
aqueous system, standard electrode potentials of Na+

aq./Na
and K+

aq./K are +0.33 and +0.11 V vs. Li+
aq./Li, respec-

tively. However, in propylene carbonate (PC) solution, the
standard electrode potential of K+

PC/K is calculated to be
!0.09 V vs. Li+

PC/Li by Y. Marcus.[20] We have also reported
potassium plating/stripping potential located at !0.15 V vs.
Li+/Li in 0.5 moldm!3 KPF6/EC :DEC (1 :1 v/v) solution
confirmed by cyclic voltammetry.[16] We note that operating
voltage of the batteries is very important to realize high
energy density, because energy density (Wh) is determined by
multiplying capacity (Ah) by working voltage. A state-of-the-
art lithium-ion battery is charged up to 4.4 V vs. Li+/Li,
which is limited mainly by anodic decomposition of electro-
lyte, resulting in gas evolution, dissolution of transition
metals from the positive electrode, and irreversible capacity,
leading to capacity reduction and short cycle life due to
unbalanced capacity between the positive and negative
electrodes. From the same reason, the upper cut-off voltage
will be able to be elevated to ca. 4.5 V vs. K+/K (equal to
4.4 V vs. Li+/Li) in K-ion batteries. Therefore, K-ion
batteries are potential alternatives to Li-ion batteries to realize
a high-voltage battery system.

2.3. Characteristics of Alkali Metal Ions as an Ionic
Carrier

Transport properties of alkali-metal ions in electrolyte, e. g.
ionic conductivity and transference number, generally influ-
ence rate performance of alkali-metal ion batteries. Na+ and
K+ ions have weaker Lewis acidity than Li+, which results in
smaller Stokes’ radii in various solvents. Figure 4a compares

Figure 3. (a) Energy density of rechargeable batteries and (b) abundance of
elements in the Earth’s crust.[15]

Table 1. Comparison of physical properties for “lithium”, “so-
dium”, and “potassium” as charge carriers for rechargeable
batteries.

Li+ Na+ K+

Relative atomic mass 6.94 23.00 39.10
Mass-to-electron ratio 6.94 23.00 39.10
Shannon’s ionic radii/Å 0.76 1.02 1.38
E0 (A+

aq./A)/V vs. SHE !3.04 !2.71 !2.93
E0 (A+

PC/A)/V vs. Li+
PC/Li 0 0.23 !0.09

Melting point/8C 180.5 97.7 63.4
Desolvation energy in PC/
kJmol!1

215.8 158.2 119.2

Coordination preference of
A+ in AMeO2

Octa-
hedral
and
tetrahedral

Octa-
hedral
and
prismatic

Prismatic
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Battery Electrodes: The Alkali Ions
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I. Na2Mn3O7 : A 2.1 V cathode for Na-ion Batteries

* J. Hwang, S.T. Myung, Y.K. Sun, ChemSocRev, 46, 3529 (2017).
* N. Yabuuchi et al, S. Komaba, Chem. Rev., 114, 11636 (2014).
* P. Barpanda et al, A. Yamada, Adv. Energy Mater., 8, 1703055 (2018). 
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Overview of Na2M3O7 (M = 3d metals) Class of Electrodes

* N. Tanibata et al, S. Okada, Sci. Rep., 8, 17199 (2018). 
* E. Adamczyk et al, V. Pralong, Materials, 11, 1021 (2018).  
* P. Senguttuvan et al, J.M. Tarascon, M.R. Palacin, Chem. Mater., 23, 4109 (2013).

(-) Na2Ti3O7 Na2CO3 + 3 TiO2 ---- (800 C/ 40h) ------ Na2Ti3O7

* Na2TiIV3O7 ~ Monoclinic (P21/m)
* Na2TiIV3O7 + 2 Na ---- Na4TiIII3O7

* Lowest redox potential (0.3 V) anode

(+) Na2V3O7 Na2O + 3 VO2 ---- (600 C/ 12h/ vacuum) ------ Na2V3O7

* Na2VIV
3O7 ~ trigonal (P31c)

* Na2VIV
3O7 - 2 Na ---- NaVV

3O7
* Lowest redox potenBal (0.3 V) anode
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Figure 1. (a) XRD pattern and Rietveld fit for Na2V3O7 in cyan and ⌘-Na1.286V2O5 in orange and (b)
SEM images of the as-prepared material. Structural views (c) along c axis and (d) along a axis.

Figure 2. (a) Voltage vs. composition profiles between 4.5 V and 2.0 V at a rate of C/20 and (b)
corresponding derivative curves. The 1st, 2nd, 5th, and 10th cycles are respectively in cyan, orange,
blue, and red.

By performing galvanostatic and potentiostatic intermittent titration techniques on the course of
the oxidation/reduction process, we can look more closely at the redox phenomena. More precisely,
five domains are observed on the first charge and four domains are observed on the first discharge.
For further cycles, four domains are maintained on both the oxidation and reduction cycles. These
four domains correspond to the following composition ranges: 0.00  x  0.10, 0.10  x  0.45, 0.45 
x  0.65, and 0.65  x  1.00 in Na2-xV3O7. The open-circuit potentials (black curve in the Figure 3b)
correspond to the thermodynamic potentials for any x in Na2-xV3O7, which was determined by the
GITT (Galvanostatic Intermittent Titration Technique). This helps highlight the four different domains.
By zooming in on the second domain (0.10  x  0.45), a pseudo-plateau can be observed at an
equilibrium potential of 2.86 V (Figure 3b). We can also see that at a higher voltage above the extra
oxidation peak potential (>3.9 V), there is probably a side reaction that could explain the important
relaxed potential, which is reported elsewhere [24]. Nevertheless, this side reaction is observed for the
first charge only and could correspond to the difference in the first charge and discharge capacities
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occurred on the Na and O ions (not shown). Thus, vanadium ions were responsible for the redox reaction of the 
charge/discharge reaction, which agreed with the XANES spectra shown in Fig. 4(c,d).

Figure 3(b) shows galvanostatic discharge capacities with various current densities (using units of C-rate). The 
C-rate increased gradually every 4 cycles from 0.1 C to 10 C, and then 0.1 C cycling was repeated. Remarkably 
good capacity retention of ~65% (against the initial capacity at 0.1 C) was obtained even at 10 C, correspond-
ing to full discharge within 6 minutes. Good rate performance was confirmed through comparison with other 
representative cathodes for SIBs11–13,15–18, as shown in Fig. 3(c). Figure 3(d) shows the cycle performance of the 
Na2V3O7 electrode at a current density of 1 C. The Na2V3O7 electrode also exhibited excellent cycle performance 
in which the capacity retentions were ca. 94% at the 50th cycle. The coulombic efficiency was almost 100% up to 
50 cycles. This was confirmed by comparison of capacity degradation with those of other representative cath-
odes11,12,15–17,19,20, as shown in Fig. 3(e), which indicated a small capacity fade per cycle for Na2V3O7. The good 
cycle performance arises from the small volumetric change in the V3O7 host lattice, ca. −3.2 vol% at 3.8 V, which 
was calculated using the lattice parameter change obtained from ex-situ XRD profiles (Supporting Table S2). A 
SEM image of the Na2V3O7 electrode after the 50 charge-discharge cycles also indicated that the tube structures 
of the as-prepared Na2V3O7 particles remained (Supporting Figure S3). Note that the present results show much 
better rate and cycle performances than the recent work by Adamczyk et al.9. We inferred that the difference stems 
from (1) the higher charge cutoff voltage (4.5 V) than the present condition (3.5 V), which causes slow Na+ diffu-
sion, as mentioned later, and (2) inclusion of the impurity phase, Na9V14O35 (7%), in the recent report9.

As mentioned above, the observed reversible capacity was half of the theoretical value at the upper cutoff volt-
age of 3.5 V. The galvanostatic intermittent titration technique (GITT) was used to obtain the open circuit voltage 
and polarization (overvoltage) of the highly desodiated region, x > 1 in Na2−xV3O7, as shown in Fig. 3(f). Further 
charging was confirmed for x > ~1 accompanying large polarization, indicating that slow kinetics regulate the 
capacity. Figure 5(d) displays the variation of the MD-derived diffusion coefficients of Na versus composition 
x (0.33 ≤ x ≤ 1.33) at a temperature of 1073 K (see details in Supporting Section S2). A significant decrease in 
the sodium diffusion coefficient was indicated at x > ~1 in Na2−xV3O7 where the Na5 sites were almost empty, 
which agrees with the results of the AC impedance measurements (Supporting Section S3 and Supporting 
Figure S6). The sharp drop in sodium diffusivity at x > ~1 was ascribed to Na/vacancy ordering from the compu-
tational results of the GA-derived structure and FPMD-averaged structures (Fig. 5(c)), which prevented further 
desodiation.

In summary, the Na2V3O7 compound, which was selected among ~4300 candidates due to fast sodium diffu-
sivity via a high-throughput computation, was evaluated as a cathode material for SIBs. This compound showed 
excellent rate performance and cyclability, though the capacity was limited to half of the theoretical capacity 
(~173 mAh g−1). Since the ordering of Na/vacancy prevented further sodium extraction, doping with appropriate 

Figure 3. (a) The 1st charge/discharge curves of a SIB using the Na2V3O7 electrode at a current density of 0.1C 
at 30 °C. The rate performance of the cell is shown in panel (b), whose capacity retention at 1C (against initial 
capacity at each lowest C-rate) is compared with those of other representative cathodes for SIBs11–13,15–18 in panel 
(c). The cycle performance of the cell at a current density of 1C is shown in panel (d). Capacity degradation rate 
per cycle is compared with those of other representative cathodes for SIBs11,12,15–17,19,20 in panel (e). Numbers 
in the circle brackets indicate the cycle number to assess the degradation rate. The galvanostatic intermittent 
titration technique (GITT) curve of the cell is shown in panel (f).9
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Na2Mn3O7 as a 2.1 V Sodium Insertion Material

2 NaNO3 + 3 MnCO3 + O2 ------- (600 C/ 4h) ------ Na2Mn3O7 + 2 NO2 + 3 CO2

Triclinic (P-1) Crystal Structure

* Triclinic (P-1) Layered Structure Material
* Non-toxic, Easy to Synthesize, Scalable, Economic

Na2Mn3O7: A Suitable Electrode Material for Na-Ion Batteries?
Evan Adamczyk and Valerie Pralong*

Laboratoire de Cristallographie et Sciences des Mateŕiaux CRISMAT, ENSICAEN, Universite ́ de Caen, CNRS, 6 Bd Marećhal Juin,
F-14050 Caen, France

The need for new electrode materials in nonaqueous
batteries feeds ever increasing interest, especially in these

last 2 decades. Numerous families of oxides have been
proposed as attractive electrode materials.1 However, though
lithium is not so expensive for these applications, its large scale
utilization will become rapidly limited due to the rather small
number of natural lithium sources over the world. Thus,
sodium, which is an abundant element, should be the best
candidate for the next generation of batteries. Owing to these
concerns, investigations on transition metal oxides as cathode
materials for sodium-ion batteries have re-emerged recently.2−6

This is the case of the layered oxides NaxCoO2,
7

Na2/3(Ni1/3Mn2/3)O2,
8 Na2/3(Fe1/2Mn1/2)O2,

9 NaCrO2,
10,11

NaxV2O5,
12−14 NaxVO2,

15,16 Na1+yVO3.
17 Focusing on lay-

ered-type structures, the system Na−Mn−O is extremely rich,
and manganese based oxides completely fulfill requirements in
terms of low price and low toxicity. Pioneer studies were
performed by Delmas and Hagenmuller18 in the seventies in
the family NaxMnO2 especially on 2D-type structure obtained
for x = 0.6, 0.7 and 1. These materials are interesting because
they show weak interlayer interactions with free space allowing
sodium diffusion. Mendiboure et al.19 have reported for the first
time the sodium insertion in the α and β forms of NaMnO2,
but it is only recently that 0.85 Na was reversibly inserted/
extracted in these phases using an advanced electrolyte.20,21

Nanostructured Na0.6MnO2
22 and Na0.7MnO2

23 show rever-
sible capacities of 160−150 mAh/g in the potential window
2.0−4.5 V. Note that the 3D-type structure Na0.44MnO2 has
also been intensively studied;24,25 best performances of 84
mAh/g at C/2, upon cycling, have been obtained on nanowires.
The spinel-type NaMn2O4 has been investigated26,27 showing a
capacity of 65 mAh/g in the voltage range 2.0−4.0 V with a
good stability up to 200 cycles. According to the authors, the
low capacity reported for the spinel phase (less than half of the
theoretical capacity) may be due to the large particle size. On
the basis of these results, we decided to explore other layered
sodium manganese oxides and one of them attract our
attention: the phase Na2Mn3O7, described for the first time
by Jansen et al.28 Na2Mn3O7 black crystals were prepared
hydrothermally from MnO2 and NaOH under 2 kbar of O2 at
595 °C for 7 days. The structure of this compound was solved
from single crystals in a triclinic symmetry (P1 ̅) and it could be
described as a lamellar structure with [Mn3O7]

2−
∞ layers

(Figure 1a,b) built up with edge sharing MnO6 octahedra. The
sheets are separated by NaO6 and NaO5 polyhedra.
Surprisingly, this compound has never been studied through
the sodium insertion whereas the lithium insertion into the
phase Li2Mn3O7 was reported in 2001 by Weller et al.29 This
lithiated manganese oxide has been prepared by ionic exchange
from Na2Mn3O7 using LiBr in ethanol. Its structure differs from
the latter by a cationic disorder between and inside the layers

leading to a description of the structure in the R3m space
group. A capacity of 160 mAh/g, i.e., 1.7 lithium was observed
through a biphasic process for a cycling between 2.0 and 4.5 V
versus Li+/Li with a plateau at 3.0 V. On further cycling, the
authors have reported the structural transition into the spinel
type phase LiMn2O4.
We have, then, prepared the sodium manganese oxide

Na2Mn3O7 by a very simple conventional solid-state method,
from stoichiometric amounts of sodium nitrate and manganese
carbonate according to the following equation:

+ +
→ + +

2NaNO 3MnCO O

Na Mn O 3CO 2NO
3 3 2

2 3 7 2 2
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Figure 1. Layered view of the structure of Na2Mn3O7 perpendicular to
the c axis (a) and [Mn3O7]

2−
∞ plane along the direction (−5,5,0) (b);

LeBail refinement plot of Na2Mn3O7: observed X-ray diffraction (○)
and calculated (line). The bottom is the difference of patterns, yobs−
ycal, and the small bars indicate the allowed Bragg reflections (c).
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substitution of A for M (AMO2 → A1+xM1−xO2) can trigger an 
additional oxygen-redox capacity.[12–14] However, for efficient 
substitution, M and A should have similar ionic radii, which 
in turn facilitates M migration to other crystallographic sites 
during charging/discharging. Therefore, most of A1+xM1−xO2 
undergo large structural changes upon first charge, leading to 
irreversible charge/discharge curves at the first cycle, and lower 
voltage and capacity fading upon subsequent cycling.[7,15–17]

Instead of substituting A for M, introducing transition metal 
vacancies (e.g., Ax[□yM1−y]O2, □: transition metal vacancy) is 
another possible approach for stabilizing the voltage profile 
of the oxygen-redox reactions while generating nonbonding 
oxygen 2p orbitals along the A−O−□ and □−O−□ axes. The 
damaging M migration would be suppressed if the ionic radii of 
A and M differ largely. In this regard, sodium shows larger con-
trast in ionic radii with 3d transition metals and its compounds 
look promising. For example, Na0.78[□0.08Ni0.23Mn0.69]O2, in 
which oxygens around the □ should have nonbonding oxygen 
2p orbitals, delivers a reversible oxygen-redox capacity with a 
potential plateau centered at ≈4.2 V versus Na/Na+ with no sig-
nificant structural rearrangement and voltage drop.[18] Although 
the reversible oxygen-redox capacity of Na0.78[□0.08Ni0.23 
Mn0.69]O2 is limited (40 mAh g−1) owing to the small amount of 
nonbonding oxygen 2p orbitals (8%), it is worth exploring the 
oxygen activity in Nax[□yM1−y]O2.

We investigated the reversible oxygen-redox capacity of a lay-
ered sodium manganese oxide Na2Mn3O7 (Figure 1). Na2Mn3O7 
(Na4/7[□1/7Mn4+

6/7]O2 in conventional NaxMO2 notation) con-
sists of Na+ and [□1/7Mn4+

6/7] layers that stack alternately. 
Ordered □−Mn arrangement in the [□1/7Mn4+

6/7] layer forms 
a 7  × 7 superlattice.[19,20] Owing to the distorted stacking 

and the Mn vacancies, Na+ ions between the [□1/7Mn4+
6/7] 

layers have two unusual local coordination environments with 
neighboring oxygens, in which the effective coordination num-
bers are 5 and 6. Recently, Adamczyk and Pralong reported that 
Na2+xMn3O7 delivers a specific capacity of 160 mAh g−1 at ≈2.0 V  
versus Na/Na+ based on the Mn4+/Mn3+ redox chemistry.[21] 
However, considering the inherent manganese vacancies in 
the [□1/7Mn4+

6/7]O2 layers, we expect that Na2Mn3O7 has non-
bonding 2p orbitals of oxygens neighboring □, leading to an 
extra oxygen-redox capacity upon Na+ extraction at a higher 
potential. In this study, we show that Na2−xMn3O7 can operate 
as a highly reversible 4.1 V oxygen-redox cathode.

2. Results and Discussion

Density functional theory (DFT) calculations were applied to 
confirm the existence of nonbonding oxygen 2p orbitals in 
Na2Mn3O7. The Heyd–Scuseria–Ernzerhof (HSE) functional 
was employed for more accurate description of the electronic 
structures of transition-metal oxides.[22–25] The calculated den-
sity of states of Na2Mn3O7 (Figure 2a) indicates the dominant 
contribution of oxygen 2p states below the Fermi level (EF). 
Importantly, the spatial electron density at −0.4 < E − EF < 0 eV 
(Figure 2b) mainly consists of the 2p orbitals of oxygens neigh-
boring □ (labeled as O1 in Figure 1) with contribution from 
neighboring Mn t2g orbitals that form π-type bonds with O1 2p 
orbitals. In the C2v symmetry of an OMn2 coordination geo-
metry, this π-type molecular orbital is labeled as b1*.[26]

After Na+ deintercalation, the desodiated phase NaMn3O7 
has unoccupied states dominated by oxygen 2p orbitals just 
above EF (Figure 2c, Figures S1 and S2, Supporting Informa-
tion), and the spatial hole density at 0 < E − EF < 0.55 eV mainly 
consists of O1 2p orbitals (Figure 2d). These results suggest 
that Na+ deintercalation from Na2Mn3O7 is associated with O1 
oxidation. The visualized hole density, in which neighboring 
Mn t2g orbitals form a π-type bond with O1 2p orbital, indicates 
that the oxidized oxygen is stabilized by a π-type bond with Mn 
t2g orbitals (b1* molecular orbital).

Our theoretical predictions were then verified experimen-
tally. The powder X-ray diffraction (XRD) pattern of the as-
prepared compound (Figure 3a) was indexed by the previously 
reported structure (triclinic, 1P ),[19,21] which confirms the suc-
cessful synthesis of Na2Mn3O7. The small diffraction peak 
at 2θ ≈ 6.1° arises from a 7  × 7 ordering of □ and Mn in 
the [□1/7Mn6/7]O2 layers. The complex broadening and diffuse 
nature of the diffraction peaks suggest that the stacking of the 
[□1/7Mn6/7]O2 layers contains a large amount of planar defects, 
as often observed in layered compounds.[27] The selected area 
electron diffraction (SAED) pattern (Figure 3b) shows intense 
spots (e.g., 210 and 131 spots) that are from the typical trigonal 
sublattice of MO2 with less intense spots (e.g., 100 and 010 
spots) that correspond to the 7  × 7  superlattice originating 
from the □−Mn ordering. The sublattice of MO2 and 7  × 7  
superlattice in real and reciprocal spaces are indicated by the 
orange and blue cells, respectively, in Figure 3b.

The galvanostatic charge/discharge curves of Na2+xMn3O7 
recorded between 1.5 and 3.0 V versus Na/Na+ (Figure 4a and 
Figure S3, Supporting Information) confirm the reversible 

Adv. Energy Mater. 2018, 1800409

Figure 1. Crystal structure of Na2Mn3O7. O coordinated by two Mn is 
labeled as O1, whereas O coordinated by three Mn is labeled as O2. Mn 
vacancies exist in the Mn layers.

* F.M. Chang, M. Jansen, Z. Anorg. Allg. Chem., 531, 177-182 (1985). 10
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Na2Mn3O7 as a 2.1 V Sodium Insertion Material
The required precursors were mixed together for 15 min and
further heated at 600 °C for 4 h in an alumina crucible under
oxygen flow. The as-prepared material is brown in color and
poorly crystallized as observed on the powder X-ray diffraction
pattern in Figure 1c. Nevertheless, the structure can be refined
from these data using the crystallographic parameters
previously reported. Thus, this phase crystallizes in the triclinic
space group P1 ̅ with the following cell parameters: a = 6.488(1)
Å, b = 6.792(1) Å, c = 7.497(1) Å, α = 105.27(1)°, β =
108.13(1)°, γ = 110.66(1)° and a volume of V = 266.67(1) Å3.
The values are in a good agreement with the previous reports.
The thermogravimetric study (not shown) revealed that this
phase is stable up to 650 °C under air. The cationic
composition was checked by Inductively Coupled Plasma
(ICP) analysis and the manganese oxidation state by
iodometric titration (Table 1). See ‘Note’ at end of the paper.

The charge−discharge profiles of this compound have been
performed by a galvanostatic cycling at C/20 (1 Na+ in 10 h) in
the potential window 1.5−3.0 V versus Na+/Na (Figure 2).
Starting from Na2Mn3O7, a reversible capacity of 2 Na/f.u. (160
mAh/g) is obtained through a plateau at 2.1 V. Similar capacity
was obtained for NaMnO2 in the range of potential 2.0−3.0
V.20,21 As shown on the derivative curve (Figure 2b) for the
first cycle, the sharp redox peaks occur at 2.20 V on charge and
at 2.10 V on discharge with a half width length of 22 and 15
mV, respectively. Such redox potentials are consistent with the
Mn4+/Mn3+ couple. In β-NaMnO2, a plateau at 2.7 V with a
polarization of 150 mV is associated with a phase transition
between two similar structures whose one (β-NaMn+3O2)
corresponds to a Jahn−Teller distorted structure and the
second one is an undistorted structure.19

The plot of discharge capacity versus cycle number (Figure
2c) indicates a slight decrease of the reversible capacity
reaching 130 mAh/g after 10 cycles for a C/20 rate. A decrease
in capacity is also observed at higher rate, 110 mAh/g at C/10,
80 mAh/g at C/4 and 40 mAh/g at C/2. Nevertheless, it would
be necessary to optimize the particle size in order to increase
the Coulombic efficiency at elevated rate.
The intermittent galvanostatic titration (GITT) reported in

Figure 3a enhances the biphasic process and allows us to access
to the equilibrium potential in the course of the reduction with
a thermodynamic potential of 2.15 V vs Na+/Na. A low
polarization of 100 mV is observed.
The potentiodynamic titration curve (PITT, Figure 3b)

reveals a bell-shape-type response on the reversible phenom-
enon, and confirms together with the sharpness of the peaks in
the derivative curve (Figure 2b) that the reversible process is
biphasic. Indeed, recording the chronoamperometric responses
of the system during every potential level gives access to the
evolution of the kinetics with the redox level. The current
evolution upon the charge and discharge (bell-shape-type
curve) is directly proportional to the area of the interface

between the two phases (nucleation−growth process of one
phase over another one).
Here, we observe the reaction paths between charge and

discharge as usually reported in a pure biphasic reaction at 2.10
V. Thus, Na2Mn3O7 could reversibly intercalate/deintercalate
two sodium per f.u. and this electrochemical process allows a
reduced phase Na4Mn3O7 to be obtained. Note that this new
compound with the nominal composition of Na4.2(2)Mn3O7
(Table 1) corresponds to a manganese mixed valence, Mn3.3+,
suggesting that the number of cations and their positions in the
structure are the key parameters to stabilize the structure.

Table 1. Na/Mn Atomic Ratio, Manganese Oxidation State
and Chemical Formula of the As-Prepared Na2Mn3O7 and
the Fully Reduced Phase Obtained at 1.5 V vs Na+/Na

sample
atomic ratio Na/

Mn (ICP)
Mn valence (chemical

titration) formula

as-prepared 0.66808 +3.98(0.05) Na2.00(2)Mn3O7

reduced at
1.5 V

1.38951 +3.30(0.05) Na4.2(2)Mn3O7

Figure 2. Voltage vs composition curves for Na2Mn3O7 at C/20 rate in
the potential window 3.0−1.5 V (a), corresponding derivative curves |
dQ/dE| vs voltage for the first 5 cycles (b) and rate capability for the
discharge capacity versus cycle number (c).
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a thermodynamic potential of 2.15 V vs Na+/Na. A low
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The potentiodynamic titration curve (PITT, Figure 3b)
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enon, and confirms together with the sharpness of the peaks in
the derivative curve (Figure 2b) that the reversible process is
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evolution upon the charge and discharge (bell-shape-type
curve) is directly proportional to the area of the interface
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compound with the nominal composition of Na4.2(2)Mn3O7
(Table 1) corresponds to a manganese mixed valence, Mn3.3+,
suggesting that the number of cations and their positions in the
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To have a better insight on the structural changes occurring
in the course of the electrochemical process, ex situ X-ray
diffraction patterns have been recorded (under vacuum) at the
end of the first discharge and charge (Figure 4). Despite the
poor crystallinity observed for all the patterns, one could
observe the appearance of large intensity variations for few
reflections (arrows in Figure 4), suggesting a large atomic
rearrangement or the formation of a new structure. Because the
mother phase is described in a triclinic space group, it is rather
difficult from powder X-ray diffraction to go further. Moreover,
with the reduction of Mn4+, one could expect a structure
distortion owing to the Jahn−Teller effect of Mn3+, as in β-
NaMnO2 mentioned above. More importantly, contrary to the
reported studies on layered NaxMnO2, no amorphization and/
or increase of disordered and stacking faults is observed, which
is due to the fact that the insertion process is occurring through
only one biphasic process suggesting a topotactic structural
transformation.
A combined neutron diffraction, TEM and X-ray synchrotron

study will be necessary to solve this structure with accuracy.
Nevertheless, it is interesting to point out that two sodium were

also inserted into the zigzag layered Na2Ti3O7 phase
30 through

a biphasic process at a very low potential (0.3 V vs Na+/Na). It
was the lowest voltage ever reported for a transition metal oxide
in Na-ion batteries. It is also worth noting that the structure of
the fully reduced phase Na4Ti3O7 was recently proposed as a
rock-salt-type structure,31 similar to the triclinic phase
Na16Ti10O28.

32 Regarding our material, one could expect a
similar structural transformation.
To conclude, we found that the layered phase Na2Mn3O7

could reversibly insert two sodium through a biphasic process,
leading to the formation of a new material with the
composition of Na4Mn3O7 showing a capacity of 160 mAh/g
at C/20, with a low polarization. The redox potential of 2.1 V
vs Na+/Na gives an energy density of 336 Wh/kg. This
material, nontoxic and inexpensive, is in addition easy to
prepare. This finding confirms the interest of the exploration of
the system Na−Mn−O for Na-ion electrode materials.
Note: The compounds were characterized by X-ray powder

diffraction (XRD) using a Philips X’Pert diffractometer with
Bragg−Brentano geometry (Cu Kα1,2 radiation). Note that due
to their instability in air, the reduced phases XRD patterns were
registered under vacuum using a chamber attached to the XRD
instrument Philips. The Na/Mn ratio in Na2+xMn3O7 was
estimated by an inductively coupled plasma optical emission
spectrometer (ICP-OES; Agilent 5100). Samples for analysis
were prepared by dissolving the powders in aqua regia for
several hours until solution became clear. Dissolved solution
was then diluted with ultrapure water and filtered with 0.45 μm
nylon filters. The calibration range for Na and Mn were 2.75−
10 μg/mL and 4.25−170 μg/mL, respectively. The manganese
oxidation state was analyzed by iodometric titration described
elsewhere.33 The electrochemistry characterization was per-
formed in Swagelok cells with a solution 1 M NaClO4 in PC as
electrolyte and metallic sodium as counter electrode. The
working electrode was prepared from a mixture of Na2Mn3O7
with acetylene black in a weight ratio of 50:50. The
electrochemical cells were cycled at constant current between
1.5 and 3.0 V at different galvanostatic rates on a VMP III
potentiostat/galvanostat (Biologic SA, Claix, France) at room
temperature. Potentiostatic intermittent titration technique
(PITT) measurements were conducted using potential steps
of 5 mV limited by a minimum current equivalent to a C/100
galvanostatic rate.

Figure 3. Potential−composition curve of Na2Mn3O7 performed in a
galvanostatic intermittent mode (GITT) with a rate of C/40 for 1 h
and relaxation period of 3 h (a), potentiometric titration curve (PITT)
during the first cycle of Na2Mn3O7 in the range of 3.0−1.5 V vs Na/
Na+ using 5 mV potential step in duration of 1 h and current limitation
equivalent to a galvanic current Ilimit = IC/100 (b).

Figure 4. Powder X-ray diffraction patterns of (a) pristine Na2Mn3O7,
(b) discharged phase Na4Mn3O7 down to 1.5 V (C/20) (c) charged
phase Na2.5Mn3O7, up to 3.5 V (C/20).
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Figure 3. Potential−composition curve of Na2Mn3O7 performed in a
galvanostatic intermittent mode (GITT) with a rate of C/40 for 1 h
and relaxation period of 3 h (a), potentiometric titration curve (PITT)
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Figure 4. Powder X-ray diffraction patterns of (a) pristine Na2Mn3O7,
(b) discharged phase Na4Mn3O7 down to 1.5 V (C/20) (c) charged
phase Na2.5Mn3O7, up to 3.5 V (C/20).
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* Na2Mn3O7 as a 2.1 V Cathode.   * Biphasic redox reaction.   * Energy density ~ 336 Wh/kg
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the entire charge/discharge processes (Figure 5a) indicates that 
Mn in bulk does not contribute to the redox reaction. However, 
the XAS spectra of the Mn L3-edge in the surface sensitive TEY 
mode indicate the formation of Mn3+ at the surface when dis-
charging below 4.0 V versus Na/Na+ (Figure S5, Supporting 
Information). Therefore, at the sloping charge/discharge profile 
region below 4.0 V versus Na/Na+, the surface redox reaction of 
Mn4+/Mn3+ is responsible for the capacity.

The XAS oxygen K-edge spectrum (PFY) before charging 
(Figure 5b,c) shows two pre-edge peaks that correspond to the 
excitation from 1s to unoccupied oxygen 2p orbitals hybrid-
ized with Mn eg

↑, t2g
↓, and eg

↓, as suggested by the DFT 
calculations (Figure 2a). If Mn4+ ions were oxidized during 
Na+ deintercalation, a new absorption peak corresponding 
to the excitation from 1s to the unoccupied O 2p−Mn t2g

↑ 
state should appear at the lowest energy region (≈528 eV).[33] 
However, as shown in Figure 5c, the absorption increases at 
the high energy region of 532 eV after charging. The emer-
gence of this new absorption at the high energy region 
upon charge is a typical behavior of oxygen-redox electrodes 
such as Li1.2Ti0.4Mn0.4O2, Li1.2Ni0.13Co0.13Mn0.54O2, and 
Na2RuO3.[8,10,12,13,34] Oxygen oxidation increases the effective 
nuclear charge and lowers the 1s energy to raise the 1s−2p 
excitation energy (Figure 5d,e),[26] leading to the emergence of 
the new absorption at the high energy region after oxygen oxi-
dation. In this manner, the XAS experiments coupled with the 
DFT assignments of the redox species/orbitals prove that the 

reversible capacity of Na2Mn3O7 ↔ Na1Mn3O7 arises from an 
oxygen-redox reaction.

It is important to note that the oxygen K-edge XAS spec-
tral change is reversible upon charge/discharge, confirming 
the reversibility of the oxygen-redox reactions. As predicted 
by DFT calculations, the oxidized oxygen is stabilized by a  
π-type interaction between the oxygen 2p and Mn t2g orbitals  

Adv. Energy Mater. 2018, 1800409

Figure 4. a) Potential profile (second cycle) of Na2Mn3O7 upon (de)
sodiation between 1.5 and 4.7 V versus Na/Na+. The dashed grey box 
highlights the high voltage region where O is the active redox process. 
b) Galvanostatic charge/discharge curves between 3.0 and 4.7 V versus 
Na/Na+, and c) cycle stability of the oxygen-redox region of Na2Mn3O7 
between 3.0 and 4.7 V at a rate of C/20. The inset shows a cyclic  
voltammetry curve at the second cycle at a scan rate of 0.1 mV s−1.

Figure 3. a) Synchrotron X-ray diffraction pattern of Na2Mn3O7. Black 
bars are simulated diffraction peaks. b) SAED pattern along an ≈c* 
direction, which indicates the ordered cation arrangement in Mn3O7 
layers. The orange cell is a typical trigonal sublattice of MnO2 whereas 
the blue cell is a 7  × 7superlattice from □−Mn ordering.
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the entire charge/discharge processes (Figure 5a) indicates that 
Mn in bulk does not contribute to the redox reaction. However, 
the XAS spectra of the Mn L3-edge in the surface sensitive TEY 
mode indicate the formation of Mn3+ at the surface when dis-
charging below 4.0 V versus Na/Na+ (Figure S5, Supporting 
Information). Therefore, at the sloping charge/discharge profile 
region below 4.0 V versus Na/Na+, the surface redox reaction of 
Mn4+/Mn3+ is responsible for the capacity.

The XAS oxygen K-edge spectrum (PFY) before charging 
(Figure 5b,c) shows two pre-edge peaks that correspond to the 
excitation from 1s to unoccupied oxygen 2p orbitals hybrid-
ized with Mn eg

↑, t2g
↓, and eg

↓, as suggested by the DFT 
calculations (Figure 2a). If Mn4+ ions were oxidized during 
Na+ deintercalation, a new absorption peak corresponding 
to the excitation from 1s to the unoccupied O 2p−Mn t2g

↑ 
state should appear at the lowest energy region (≈528 eV).[33] 
However, as shown in Figure 5c, the absorption increases at 
the high energy region of 532 eV after charging. The emer-
gence of this new absorption at the high energy region 
upon charge is a typical behavior of oxygen-redox electrodes 
such as Li1.2Ti0.4Mn0.4O2, Li1.2Ni0.13Co0.13Mn0.54O2, and 
Na2RuO3.[8,10,12,13,34] Oxygen oxidation increases the effective 
nuclear charge and lowers the 1s energy to raise the 1s−2p 
excitation energy (Figure 5d,e),[26] leading to the emergence of 
the new absorption at the high energy region after oxygen oxi-
dation. In this manner, the XAS experiments coupled with the 
DFT assignments of the redox species/orbitals prove that the 

reversible capacity of Na2Mn3O7 ↔ Na1Mn3O7 arises from an 
oxygen-redox reaction.

It is important to note that the oxygen K-edge XAS spec-
tral change is reversible upon charge/discharge, confirming 
the reversibility of the oxygen-redox reactions. As predicted 
by DFT calculations, the oxidized oxygen is stabilized by a  
π-type interaction between the oxygen 2p and Mn t2g orbitals  
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Figure 4. a) Potential profile (second cycle) of Na2Mn3O7 upon (de)
sodiation between 1.5 and 4.7 V versus Na/Na+. The dashed grey box 
highlights the high voltage region where O is the active redox process. 
b) Galvanostatic charge/discharge curves between 3.0 and 4.7 V versus 
Na/Na+, and c) cycle stability of the oxygen-redox region of Na2Mn3O7 
between 3.0 and 4.7 V at a rate of C/20. The inset shows a cyclic  
voltammetry curve at the second cycle at a scan rate of 0.1 mV s−1.

Figure 3. a) Synchrotron X-ray diffraction pattern of Na2Mn3O7. Black 
bars are simulated diffraction peaks. b) SAED pattern along an ≈c* 
direction, which indicates the ordered cation arrangement in Mn3O7 
layers. The orange cell is a typical trigonal sublattice of MnO2 whereas 
the blue cell is a 7  × 7superlattice from □−Mn ordering.
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the entire charge/discharge processes (Figure 5a) indicates that 
Mn in bulk does not contribute to the redox reaction. However, 
the XAS spectra of the Mn L3-edge in the surface sensitive TEY 
mode indicate the formation of Mn3+ at the surface when dis-
charging below 4.0 V versus Na/Na+ (Figure S5, Supporting 
Information). Therefore, at the sloping charge/discharge profile 
region below 4.0 V versus Na/Na+, the surface redox reaction of 
Mn4+/Mn3+ is responsible for the capacity.

The XAS oxygen K-edge spectrum (PFY) before charging 
(Figure 5b,c) shows two pre-edge peaks that correspond to the 
excitation from 1s to unoccupied oxygen 2p orbitals hybrid-
ized with Mn eg

↑, t2g
↓, and eg

↓, as suggested by the DFT 
calculations (Figure 2a). If Mn4+ ions were oxidized during 
Na+ deintercalation, a new absorption peak corresponding 
to the excitation from 1s to the unoccupied O 2p−Mn t2g

↑ 
state should appear at the lowest energy region (≈528 eV).[33] 
However, as shown in Figure 5c, the absorption increases at 
the high energy region of 532 eV after charging. The emer-
gence of this new absorption at the high energy region 
upon charge is a typical behavior of oxygen-redox electrodes 
such as Li1.2Ti0.4Mn0.4O2, Li1.2Ni0.13Co0.13Mn0.54O2, and 
Na2RuO3.[8,10,12,13,34] Oxygen oxidation increases the effective 
nuclear charge and lowers the 1s energy to raise the 1s−2p 
excitation energy (Figure 5d,e),[26] leading to the emergence of 
the new absorption at the high energy region after oxygen oxi-
dation. In this manner, the XAS experiments coupled with the 
DFT assignments of the redox species/orbitals prove that the 

reversible capacity of Na2Mn3O7 ↔ Na1Mn3O7 arises from an 
oxygen-redox reaction.

It is important to note that the oxygen K-edge XAS spec-
tral change is reversible upon charge/discharge, confirming 
the reversibility of the oxygen-redox reactions. As predicted 
by DFT calculations, the oxidized oxygen is stabilized by a  
π-type interaction between the oxygen 2p and Mn t2g orbitals  
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between 3.0 and 4.7 V at a rate of C/20. The inset shows a cyclic  
voltammetry curve at the second cycle at a scan rate of 0.1 mV s−1.

Figure 3. a) Synchrotron X-ray diffraction pattern of Na2Mn3O7. Black 
bars are simulated diffraction peaks. b) SAED pattern along an ≈c* 
direction, which indicates the ordered cation arrangement in Mn3O7 
layers. The orange cell is a typical trigonal sublattice of MnO2 whereas 
the blue cell is a 7  × 7superlattice from □−Mn ordering.
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the entire charge/discharge processes (Figure 5a) indicates that 
Mn in bulk does not contribute to the redox reaction. However, 
the XAS spectra of the Mn L3-edge in the surface sensitive TEY 
mode indicate the formation of Mn3+ at the surface when dis-
charging below 4.0 V versus Na/Na+ (Figure S5, Supporting 
Information). Therefore, at the sloping charge/discharge profile 
region below 4.0 V versus Na/Na+, the surface redox reaction of 
Mn4+/Mn3+ is responsible for the capacity.

The XAS oxygen K-edge spectrum (PFY) before charging 
(Figure 5b,c) shows two pre-edge peaks that correspond to the 
excitation from 1s to unoccupied oxygen 2p orbitals hybrid-
ized with Mn eg

↑, t2g
↓, and eg

↓, as suggested by the DFT 
calculations (Figure 2a). If Mn4+ ions were oxidized during 
Na+ deintercalation, a new absorption peak corresponding 
to the excitation from 1s to the unoccupied O 2p−Mn t2g

↑ 
state should appear at the lowest energy region (≈528 eV).[33] 
However, as shown in Figure 5c, the absorption increases at 
the high energy region of 532 eV after charging. The emer-
gence of this new absorption at the high energy region 
upon charge is a typical behavior of oxygen-redox electrodes 
such as Li1.2Ti0.4Mn0.4O2, Li1.2Ni0.13Co0.13Mn0.54O2, and 
Na2RuO3.[8,10,12,13,34] Oxygen oxidation increases the effective 
nuclear charge and lowers the 1s energy to raise the 1s−2p 
excitation energy (Figure 5d,e),[26] leading to the emergence of 
the new absorption at the high energy region after oxygen oxi-
dation. In this manner, the XAS experiments coupled with the 
DFT assignments of the redox species/orbitals prove that the 

reversible capacity of Na2Mn3O7 ↔ Na1Mn3O7 arises from an 
oxygen-redox reaction.

It is important to note that the oxygen K-edge XAS spec-
tral change is reversible upon charge/discharge, confirming 
the reversibility of the oxygen-redox reactions. As predicted 
by DFT calculations, the oxidized oxygen is stabilized by a  
π-type interaction between the oxygen 2p and Mn t2g orbitals  
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Figure 4. a) Potential profile (second cycle) of Na2Mn3O7 upon (de)
sodiation between 1.5 and 4.7 V versus Na/Na+. The dashed grey box 
highlights the high voltage region where O is the active redox process. 
b) Galvanostatic charge/discharge curves between 3.0 and 4.7 V versus 
Na/Na+, and c) cycle stability of the oxygen-redox region of Na2Mn3O7 
between 3.0 and 4.7 V at a rate of C/20. The inset shows a cyclic  
voltammetry curve at the second cycle at a scan rate of 0.1 mV s−1.

Figure 3. a) Synchrotron X-ray diffraction pattern of Na2Mn3O7. Black 
bars are simulated diffraction peaks. b) SAED pattern along an ≈c* 
direction, which indicates the ordered cation arrangement in Mn3O7 
layers. The orange cell is a typical trigonal sublattice of MnO2 whereas 
the blue cell is a 7  × 7superlattice from □−Mn ordering.
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(Figure 5d,e).[26] In addition, the large difference in the effective 
ionic radii of Na+ (1.16 Å) and Mn4+ (0.67 Å) should suppress 
damaging Mn migration while coulombic attraction between 
Na+ and □ maintains the stacking of [□1/7Mn4+

6/7] layers after 
desodiation. These three phase-stabilizing features (π-type 
orbital hybridization, suppression of M migration, and Na+−□ 
attraction) should play a critical role in achieving highly revers-
ible oxygen-redox chemistry in Na2Mn3O7.

Finally, the charge-discharge experiments for Na2Mn3O7 with 
the potential range of 1.5-4.7 V versus Na/Na+ were conducted 
to prove the importance of the additional oxygen-redox capacity 
(Figure 6a). Owing to the redox activity of both Mn and O, 
Na2Mn3O7 delivers a large reversible capacity of ≈200 mAh g−1 
with the capacity retention of 85% after 20 cycles (Figure 6b).  
Importantly, vacancy-free counterpart of the layered compound, 
Na2/3MnO2, does not give a capacity above 4.0 V versus Na/Na+, 
which further supports that the extra capacity at 4.1 V observed 
in Na2-xMn3O7 (Na4/7−x[□1/7Mn6/7]O2) is coming from vacancy-
induced oxygen-redox activity.[35]

3. Conclusion
A Mn deficient layered compound Na2−xMn3O7 (Na4/7-
[□1/7 Mn4+

6/7]O2) showed highly reversible oxygen-redox 

reaction at ≈4.1 V versus Na/Na+. Nonbonding 2p orbitals of 
oxygens neighboring Mn vacancies □ were determined to be 
essential for the reversible oxygen-redox reaction delivering 
an extra capacity of 75 mAh g−1. Although further studies are 
required to enhance the oxygen-redox capacity, for example 
by incorporating more □ in transition metal layers, this work 
provides a compelling future research direction toward revers-
ible oxygen-redox cathodes for high energy density batteries 
through orbital/structural engineering.

4. Experimental Section
All the calculations were carried out with DFT calculations and 

the projector augmented wave method implemented in the Vienna 
ab initio simulation package.[36–39] The exchange-correlation energy 
was calculated with a GGA using the Perdew–Burke–Ernzerhof 
functional.[40,41] Ferromagnetic ordering is assumed and a plane wave 
cutoff energy of 550 eV and a Γ-centered 5 × 5 × 4 k-point mesh were 
employed. Geometry optimizations were performed until forces acting 
on each atom were less than 0.01 eV Å−1. For the calculations of density 
of states (DOS), the Heyd–Scuseria–Ernzerhof hybrid functional 
(HSE06) was used as it has been found to reproduce the O 2p states on 
transition metal oxides.[22,23] The structure of the desodiated phases is 
shown in Figure S1a in the Supporting Information.

Adv. Energy Mater. 2018, 8, 1800409

Figure 5. Electronic structure changes of Na2Mn3O7 during the charge and discharge. a) Ex situ X-ray absorption spectra for Mn L3-edge. b) Ex situ 
X-ray absorption spectra for O K-edge. c) Enlarged part of X-ray absorption spectra for O K-edge. All the X-ray absorption spectra were recorded in the 
bulk-sensitive partial fluorescence-yield mode. Schematic illustration of the electronic structures of d) Na2Mn3O7 and e) NaMn3O7. Densities of states 
are labelled based on the molecular orbitals of OMn2 in a C2v symmetry.
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electrochemical reaction of Na2Mn3O7 ↔ Na4Mn3O7 based 
on Mn4+/Mn3+, which is consistent with the result reported 
by Adamczyk and Pralong.[21] In addition, we confirm that 
Na+ can also be de-intercalated from Na2Mn3O7, as shown 
in Figure 4a,b. The galvanostatic charge/discharge curves for 
first few cycles between 3.0 and 4.7 V versus Na/Na+ at a C/20 
rate (Figure 4b) show that Na2−xMn3O7 delivers an extra revers-
ible capacity of ≈75 mAh g−1, corresponding to the (de)inter-
calation of 1.0 Na+ per formula unit (Na2Mn3O7 ↔ NaMn3O7) 
at an average potential of 4.1 V versus Na/Na+. Considering 
that Mn4+ in Na2Mn3O7 cannot undergo further oxidation 
during Na+ deintercalation, the origin for this capacity is 
the reversible oxygen-redox reaction predicted by the DFT  
calculations.

The voltage profile of Na2Mn3O7 ↔ NaMn3O7 exhibits two 
reversible distinct potential plateaus at ≈4.2 and 4.5 V versus 
Na/Na+. The cyclic voltammetry curve (inset in Figure 4b)  
shows that the peak separation between the anodic and 
cathodic waves of each plateau is rather small (≈0.2 V), in sharp 
contrast to most oxygen-redox electrodes, in which a potential 
plateau is observed only at the first charging process followed 
by a reversible operation at a much lower potential owing to 
irreversible structural rearrangement induced by oxygen-
redox reactions.[3–10,13–17] The reversibility is also confirmed at 
the subsequent cycles, in which 76% of the initial discharge 
capacity is retained after 20 cycles (Figure 4c).

To clarify the reaction mechanism of Na2−xMn3O7, the struc-
tural evolution was analyzed using ex situ XRD during charge 

and discharge at the second cycle (Figure S4, Supporting Infor-
mation). Although detailed structural analyses are hindered by 
the existence of stacking faults, the evolution of the main 001 
diffraction peak, whose position corresponds to the interlayer 
distance between the [□1/7Mn6/7]O2 layers, indicates that the 
interlayer distance is maintained at ≈5.6 Å before/after passing 
the two potential plateaus. Therefore, it is most likely that the 
major structural modification in Na2−xMn3O7 involves the rear-
rangement of Na+ ions in the Na layers without a large change 
in the interlayer distance as is the case for other NaxMO2 layered 
oxides.[28,29] Interestingly, the main diffraction peaks are always 
sharp even at 4.7 V, which indicates that Na2−xMn3O7 maintains 
a rigid layered structure during cycling. This behavior is again 
in sharp contrast to that of conventional NaxMO2 cathodes, 
in which severe crystallinity loss occurs above 4.2 V owing to 
the exfoliation of the MO2 layers or M migration into the Na 
layers.[30,31] Presumably, the coulombic attraction between the 
Mn vacancies and Na+ ions stabilizes the layered structure as 
confirmed in the Na2−xRuO3 system.[12]

X-ray absorption spectroscopy (XAS) at the Mn L-edge and 
oxygen K-edge was conducted to confirm the oxygen-redox 
activity (Figure 5a–c). The XAS spectra were measured in the 
bulk sensitive partial fluorescence yield (PFY) mode with a 
probing depth deeper than 100 nm, as well as in the surface 
sensitive total electron yield (TEY) mode with a probing depth 
of ≈5 nm. Before charging, the XAS spectral shape of the Mn 
L3-edge in the PFY mode is almost identical with that reported 
for Mn4+ in Li2MnO3.[32] Maintaining its initial shape during 

Adv. Energy Mater. 2018, 8, 1800409

Figure 2. a) Calculated density of states (DOS) and b) spatial electron density at −0.4 < E − EF < 0 eV of Na2Mn3O7. c) Calculated DOS and d) spatial 
hole density at 0 < E − EF < 0.55 eV of NaMn3O7.
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electrochemical reaction of Na2Mn3O7 ↔ Na4Mn3O7 based 
on Mn4+/Mn3+, which is consistent with the result reported 
by Adamczyk and Pralong.[21] In addition, we confirm that 
Na+ can also be de-intercalated from Na2Mn3O7, as shown 
in Figure 4a,b. The galvanostatic charge/discharge curves for 
first few cycles between 3.0 and 4.7 V versus Na/Na+ at a C/20 
rate (Figure 4b) show that Na2−xMn3O7 delivers an extra revers-
ible capacity of ≈75 mAh g−1, corresponding to the (de)inter-
calation of 1.0 Na+ per formula unit (Na2Mn3O7 ↔ NaMn3O7) 
at an average potential of 4.1 V versus Na/Na+. Considering 
that Mn4+ in Na2Mn3O7 cannot undergo further oxidation 
during Na+ deintercalation, the origin for this capacity is 
the reversible oxygen-redox reaction predicted by the DFT  
calculations.

The voltage profile of Na2Mn3O7 ↔ NaMn3O7 exhibits two 
reversible distinct potential plateaus at ≈4.2 and 4.5 V versus 
Na/Na+. The cyclic voltammetry curve (inset in Figure 4b)  
shows that the peak separation between the anodic and 
cathodic waves of each plateau is rather small (≈0.2 V), in sharp 
contrast to most oxygen-redox electrodes, in which a potential 
plateau is observed only at the first charging process followed 
by a reversible operation at a much lower potential owing to 
irreversible structural rearrangement induced by oxygen-
redox reactions.[3–10,13–17] The reversibility is also confirmed at 
the subsequent cycles, in which 76% of the initial discharge 
capacity is retained after 20 cycles (Figure 4c).

To clarify the reaction mechanism of Na2−xMn3O7, the struc-
tural evolution was analyzed using ex situ XRD during charge 

and discharge at the second cycle (Figure S4, Supporting Infor-
mation). Although detailed structural analyses are hindered by 
the existence of stacking faults, the evolution of the main 001 
diffraction peak, whose position corresponds to the interlayer 
distance between the [□1/7Mn6/7]O2 layers, indicates that the 
interlayer distance is maintained at ≈5.6 Å before/after passing 
the two potential plateaus. Therefore, it is most likely that the 
major structural modification in Na2−xMn3O7 involves the rear-
rangement of Na+ ions in the Na layers without a large change 
in the interlayer distance as is the case for other NaxMO2 layered 
oxides.[28,29] Interestingly, the main diffraction peaks are always 
sharp even at 4.7 V, which indicates that Na2−xMn3O7 maintains 
a rigid layered structure during cycling. This behavior is again 
in sharp contrast to that of conventional NaxMO2 cathodes, 
in which severe crystallinity loss occurs above 4.2 V owing to 
the exfoliation of the MO2 layers or M migration into the Na 
layers.[30,31] Presumably, the coulombic attraction between the 
Mn vacancies and Na+ ions stabilizes the layered structure as 
confirmed in the Na2−xRuO3 system.[12]

X-ray absorption spectroscopy (XAS) at the Mn L-edge and 
oxygen K-edge was conducted to confirm the oxygen-redox 
activity (Figure 5a–c). The XAS spectra were measured in the 
bulk sensitive partial fluorescence yield (PFY) mode with a 
probing depth deeper than 100 nm, as well as in the surface 
sensitive total electron yield (TEY) mode with a probing depth 
of ≈5 nm. Before charging, the XAS spectral shape of the Mn 
L3-edge in the PFY mode is almost identical with that reported 
for Mn4+ in Li2MnO3.[32] Maintaining its initial shape during 
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Figure 2. a) Calculated density of states (DOS) and b) spatial electron density at −0.4 < E − EF < 0 eV of Na2Mn3O7. c) Calculated DOS and d) spatial 
hole density at 0 < E − EF < 0.55 eV of NaMn3O7.
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Potassium-Ion Intercalation Mechanism in Layered Na2Mn3O7
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ABSTRACT: Potassium-ion batteries (KIBs) are emerging as promis-
ing candidates for large scale applications due to their low cost,
elemental abundance, and smaller Stokes radius of K+ relative to Li+ and
Na+ ions. However, the large size of K+ ion remains the bottleneck for
the development of KIBs. Herein, layered sodium manganese oxide
Na2Mn3O7 is demonstrated as a promising intercalation host for K ion
for the first time. Prepared by facile one-step solid-state synthesis,
Na2Mn3O7 compound crystallized in a triclinic structure (space group
P1̅). An initial discharge capacity of 152 mA h g−1 at a current rate of
C/20 was realized with a nominal voltage of 2.1 V vs K/K+. The
mechanistic aspects of K+ ion (de)intercalation was investigated using
X-ray photoelectron spectroscopy (XPS), ex situ X-ray diffraction
(XRD), and potentiostatic intermittent titration technique (PITT).
Similar to the Na+-ion insertion, the K+-ion insertion into Na2Mn3O7
involves a two-phase redox mechanism. The layered Na2Mn3O7 forms a potential insertion material for low cost K-ion batteries.
KEYWORDS: layered oxides, potassium-ion battery, capacity, intercalation mechanism, PITT

■ INTRODUCTION
Battery materials are widely popularized based on successful
demonstration of intercalation/deintercalation chemistry since
1980s.1,2 Over the past 4 decades, numerous electrode
materials have been investigated for efficient energy storage
applications. Since 1991, myriads of portable/stationary
devices are unanimously being developed using lithium-ion
batteries (LIBs). Nevertheless, their long-term usage and large-
scale applications can be a major concern in future due to the
paucity and cost of lithium. Moreover, natural Li resources
have nonuniform geographic distribution, creating possible
geopolitical tension. It has paved the way for alternative alkali
ion battery chemistries. At this juncture, Na-ion batteries
(NIBs) have attracted unprecedented research attention with
extensive investigation on a plethora of transition metal oxides
and polyanionic electrode materials.3 However, lack of proper
anode materials has limited their commercialization. Unlike the
case of sodium, potassium intercalation is quiet feasible in
graphite (with 244 mA h g−1), which works as a robust anode
for K-ion batteries (KIBs).4 Additionally, they exhibit high
diffusivity and higher negative voltage over NIBs. In this
context, KIBs have attracted growing attention as potential
economic alternatives for grid storage applications.
Reversible K-ion intercalation in various cathode materials

including layered metal oxides,5−9 polyanionic com-
pounds,10,11 Prussian blue analogues12−15 as well as organic
materials16,17 have been investigated. A few review articles have
highlighted the importance and advantages of the KIBs over
the NIBs.18−21 However, KIBs are still in the embryonic stage
and are emerging as promising candidates for large-scale grid
applications due to the low cost, high abundance, and smaller

stokes radius of K+ compared to Li+ and Na+ ions.21 The
standard redox potential of K is lower than that of Li and Na in
EC:DEC electrolyte.4 Ordered rock salt structures of alkali
transition metal oxides have been studied as efficient cathodes
for LIBs and NIBs owing to the potential advantages associated
with their layered structure. This framework allows topotactic
insertion/extraction of alkali ion with high capacities, low
overpotentials, and high volumetric density stemming from
close-packed structure. Thus, research in KIBs started with
KxCoO2 layered transition metal oxide.22 In the exploration of
the layered structures, Mn-based systems have been studied for
electrochemical storage due to the abundance of Mn-based
minerals, low cost, thermal stability, and nontoxicity. Pioneer
studies on NaxMnO2 bronzes revealed the polymorphism
associated with the Na−Mn−O based ternary compounds.23

The amount of sodium present in the structure decides the
final framework: 2D-type structure NaxMnO2 (x = 0.6, 0.7, and
1)24,25 and 3D-type structure NaxMnO2 (x = 0.4, 0.44).26 In
addition, α- and β-NaMnO2 are also extensively studied for
electrochemical applications.27 Recently, Pralong et al.28

demonstrated the synthesis and Na-ion intercalation properties
of Na2Mn3O7. With the focus on Mn chemistry, various Mn-
based oxides such as K0.3MnO2,

5 P3-type K0.5MnO2,
6

K0.7Fe0.5Mn0.5O2,
7 and K0.67Ni0.17Mn0.66O2

8 have been ex-
plored as cathodes for the KIBs.
Recently, our group proposed an approach of exploiting Na-

based insertion materials for efficient K+-ion storage. As a
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the scan rate (n!1/2) (Fig. S3, ESI†). This confirms the highly
reversible redox reaction of Co4+/Co3+, which corresponds to
the (de)intercalation process and diffusion-controlled beha-
viour. From the slope values of the fitting lines of the cathodic
and anodic peak currents, the apparent diffusion coefficient (D)
of K+ was calculated using the Randles–Sevcik equation.9,22 The
calculated diffusion coefficients are 2.7 " 10!10 cm2 s!1 and
2.4" 10!10 cm2 s!1 for the cathodic and anodic peaks, respectively.
This high diffusion coefficient of the K-ions provides good rate
capability. The cycling performance with different currents up to
90 cycles was studied as shown in Fig. S4 (ESI†). Furthermore, the
cycling stability of these K-ion cells was tested to 50 cycles at a
constant current rate of C/10 (Fig. 2f). The inset of Fig. 2f represents
the charge–discharge curves of the K-ion cell at C/10. It delivered
good cycling stability along with coulombic efficiency retaining
over 80% of its initial capacity even after 50 cycles.

The potassium (de)intercalation into the NaxCoO2 system
was further studied using ex situ XRD, XPS and EDAX tools.
Ex situ XRD patterns of NaxCoO2 electrodes at various states of
(dis)charge are shown in Fig. 3. During the first charge involving
desodiation of the pristine material, the high intensity peak
(B16.51) corresponding to the (002) plane is shifted to a lower
2y value. It signals a higher d(interslab) value (ca. 5.58 Å) for the
charged electrode compared to the d(interslab) spacing of the
pristine electrode (ca. 5.41 Å), which can be due to the enhance-
ment of electrostatic repulsion between adjacent CoO2 layers
during sodium extraction.15,22,23 The peak at B131 arises from a
cell component (the SS foil) of the Na0.84CoO2 electrode. The
peak at B261 is attributed to the super P carbon black present in

the electrode. Upon the first discharge, the electrode shows
the existence of a new peak at 2y = 141, which confirms the
electrochemical potassium-ion intercalation and partial formation
of the K0.5CoO2 structure. After multiple charge and discharge
cycles, the ex situ XRD pattern of the discharged electrode showed
the prominent diffraction peaks of the P2-type K0.5CoO2 structure.
There is no significant diffraction peak from the parent
NaxCoO2 structure, confirming the complete phase transition
from Na0.84CoO2 to the K-ion intercalated structure i.e. K0.5CoO2.
However, the small hump observed at 2y = 161 is due to the
presence of a small amount of NaxCoO2 in the electrode.

Fig. 2 Electrochemical performance of Na0.84CoO2 in a potassium half-cell architecture. (a) Galvanostatic charge/discharge curves of Na0.84CoO2

(K-ion cell) at a C/20 current rate. (b) The K-ion cell and Na-ion cell at a C/20 current rate. (c) Rate capability. (d) Differential capacity vs. voltage (dQ/dV)
plots. (e) CV curves at scan rates of 0.1–1 mV s!1. (f) Capacity retention tested up to 50 cycles at a C/10 rate; the corresponding voltage profiles are shown
in the inset.

Fig. 3 Ex situ XRD measurements of the pristine, charged and discharged
electrodes depicting the successful desodiation and potassiation of the
pristine compound to form K0.5CoO2.
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The structure of the as-synthesized black powder was confirmed
using X-ray diffraction (PANalytical X’Pert Pro diffractometer) with a
Cu-Ka1 radiation source. This product was used to prepare a work-
ing electrode with a weight ratio of 80% active material, 10% super-P
carbon black and 10% polyvinylidene fluoride (PVDF) binder prop-
erly mixed with a sufficient amount of N-methyl-2-pyrrolidone
(NMP) to form a thick slurry, which was coated on aluminium foil
and dried under vacuum. Firstly, we studied the compatibility of
the system using the electrolyte 1 M NaPF6/ethylene carbonate
(EC) : diethyl carbonate (DEC) (1 : 1 (v/v)) and sodium metal foil as
the counter electrode. After the successful execution of the Na-ion
cell (see Fig. S1, ESI†), we assembled CR2032 coin-type potassium
half-cells employing 0.8 M KPF6 dissolved in EC : DEC (1 : 1 (v/v))
solution as the electrolyte, potassium metal foil as the anode and
layered NaxCoO2 as the cathode. The atomic ratio of the layered
oxide material was measured by inductively coupled plasma optical
emission spectrometry (ICP-OES, Perkin Elmer).

Fig. 1a presents the Rietveld refinement of the high-resolution
powder diffraction pattern of NaxCoO2 prepared by solution
combustion synthesis (SCS). The Rietveld refinement results con-
firm the formation of a P2-type hexagonal structure with P63/mmc
symmetry, similar to the report by Huang et al. (PDF 16-3250).19 It
has refined cell parameters of a = 2.84776(26) Å, c = 10.8675(22) Å
and unit cell volume = 76.325(22) Å3. A schematic illustration of
the P2-type crystal structure is shown in Fig. 1b. The sodium ions
are alternately placed in between the neighbouring CoO2-slabs
occupying the prismatic sites. The atomic ratio of Na : Co =
0.84 : 1.0 was confirmed by inductively coupled plasma optical
emission spectrometry (ICP-OES) of the final product. Fig. 1c and d
show representative SEM images of Na0.84CoO2 with different
magnifications. They depict the layered hexagonal platelet mor-
phology of Na0.84CoO2 with a micrometric particle size of 5–10 mm.
The hexagonal platelets are stacked together with the thickness of
individual platelets restricted to very few nanometers. The TEM
image and corresponding SAED pattern of Na0.84CoO2 (Fig. 1e)
further confirms the high crystallinity and near hexagonal platelet
morphology of Na0.84CoO2 (s.g. P63/mmc).

The K-ion intercalation behaviour in Na0.84CoO2 was studied
in the voltage range of 2.0–4.2 V. First, the K-ion cell was
charged up to 4.2 V and then discharged to 2 V at a constant
current rate of C/20 as shown in Fig. 2a. During the first charge,
the Na-ions started de-intercalating from the Na0.84CoO2 struc-
ture and this provided an initial charge capacity of 110 mA h g!1.
After this desodiation step, during the subsequent discharge,
K-ions started replacing the Na-ions via progressive intercalation
into the desodiated host structure. This was observed by the
variation in the voltage steps compared to the Na-ion cell as
depicted in Fig. 2b. During the first few cycles, no significant
voltage plateaus were observed below 3.0 V. After a few cycles,
well defined voltage steps were obtained in the voltage range of
2.0 to 4.2 V due to the complete K-ion (de)intercalation instead of
Na-ions and formation of Na0.34K0.5CoO2, which was confirmed
using XRD and is discussed later. A reversible discharge capacity
of 82 mA h g!1 was observed for the K-ion cell, which is higher
than the reported capacity of K0.41CoO2 (60 mA h g!1).15 This
improved capacity of Na0.84CoO2 relative to K0.41CoO2 can be due

to the high diffusivity of K-ions. With a slight capacity loss in the
initial (1–4) cycles, the voltage profiles of subsequent cycles were
completely overlapping (Fig. 2a) proving efficient reversibility.
The voltage profiles of the Na-ion cell are provided in Fig. S1
(ESI†). Although the capacity of the K-ion cell is low compared to
that of the Na-ion cell (Fig. 2a) due to a potassium deficiency in
the material, the average voltage of the K-ion cell is 0.26 V higher
than that of the Na-ion cell and it exhibits high reversibility
(Fig. S2, ESI†). The difference in average voltage is due to the
higher negative potential of K/K+ (!2.936 V vs. SHE) relative to
Na/Na+ (!2.71 V vs. SHE).1,13 Several Co4+/Co3+ redox plateaus were
observed during the galvanostatic cycling, signalling the occur-
rence of multiple phase transitions involving Co4+/Co3+ oxidation/
reduction.15,17

Fig. 2c shows charge–discharge curves of Na0.84CoO2 recorded
at various current rates from C/20 to 1C. The discharge capacity
values at the current rates of C/20, C/10, C/5, C/2 and 1C are 76,
66, 57, 53 and 51 mA h g!1, respectively. Above 67% of the
capacity at the low current rate of C/20 was retained even at the
higher current rate of 1C. Fig. 2d represents the differential
capacity vs. voltage (dQ/dV) plot of the K||Na0.84CoO2 cell. It clearly
shows multiple voltage steps with the cathodic peaks located at
2.24, 2.40, 2.56, 3.03, 3.29 and 3.76 V and the corresponding
anodic peaks located at 2.36, 2.51, 2.68, 3.23, 3.56 and 3.94 V. They
can be assigned to the reversible potassium (de)intercalation
in the P2-type structure with multiple phase transitions upon
progressive Co3+/Co4+ oxidation/reduction.15,20 The peak observed
at 3.0 V in the first charge step disappeared in the subsequent
cycles, which is evidence for the K-ion intercalation in subsequent
cycles. In addition, the Na-ion and K-ion charge/discharge plateaus
are entirely different, similar to the Li+/Na+ reports.15,16,21 The
corresponding cyclic voltammograms (CVs) of the K-ion cells at
various scan rates are depicted in Fig. 2e. The cathodic/anodic
peaks are highly reversible at all scan rates, thus affirming efficient
and reversible potassium (de)intercalation. There is a linear
dependence between the peak current (Ip) and square root of

Fig. 1 The structure and morphology of Na0.84CoO2: (a) Rietveld refinement
of the XRD pattern, (b) the P2-type crystal structure, (c and d) selected SEM
images and (e) a TEM image of Na0.84CoO2 prepared by the SCS technique.
The corresponding SAED pattern is shown in the inset.
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K insertion into Na2Mn3O7 layered oxide
proof-of-concept, reversible K-ion intercalation in P2-type
NaxCoO2 hexagonal platelets was successfully demonstrated
with a reversible capacity of 82 mA h g−1.29 The electro-
chemical performance of P2-type Na0.84CoO2 material is
superior to that of the K-based K0.44CoO2.

22 Following,
Naveen et al. showed K-ion intercalation in Na-based P′3-
Na0.52CrO2.

30 The end product K0.6Na0.17CrO2 delivered 88
mA h g−1 capacity at a rate of C/20. The reversible migration
of Na+ ions induced phase transition between initial P′3
Na0.52CrO2 and discharge products (O3−NaCrO2 and
K0.6Na0.17CrO2). Inspired by these works, herein we have
investigated a new class of Na−Mn−O ternary layered oxide,
Na2Mn3O7, as cathode insertion material for KIBs for the first
time. It has open framework structure suitable for the storage
of alkali metal ions. We have demonstrated the structural
changes upon insertion/extraction of K-ions using ex situ X-ray
diffraction (XRD). This work provides new insights on the
underlying K-ion storage mechanism in layered triclinic
Na2Mn3O7.

■ EXPERIMENTAL SECTION
Preparation of Na2 Mn3 O7 . Conventional solid-state synthesis

was used to prepare Na2Mn3O7. Stoichiometric amounts of NaNO3
(1 mmol) and MnCO3 (1.5 mmol) were ground using motor and
pestle for 20 min. In addition, about 5 wt % of excess NaNO3 was
used to compensate Na weight loss during high temperature annealing
process. This precursor mixture was pressed into dense pellets, and
the pellets were annealed at 600 °C for 4 h in a muffle furnace (in air).
The structure of as-synthesized black powder was analyzed by using
high-resolution X-ray diffraction. Similarly, K2Mn3O7 and NaKMn3O7
were synthesized using stoichiometric amounts of KNO3, NaNO3,
and MnCO3 following the same annealing protocol.
Materials Characterization. The structure was characterized by

X-ray powder diffraction with PANalytical X’pert pro diffractometer
(Cu Kα source with λ1 = 1.5405 Å and λ2 = 1.5443 Å) operating at 40
kV/30 mA. Data were collected in the 2θ range of 5−90° with a
scanning step of 0.02629° in Bragg−Brentano geometry. Rietveld
refinement was carried out using the GSAS program with the
EXPGUI graphical interface.31 Morphology was studied using high
resolution scanning electron microscopy (Ultra 55 FESEM Carl Zeiss
EDS, operated at 5−20 kV) and transmission electron microscopy
(FEI Tecnai F20 S-Twin unit, operated at 200 kV). The electro-
chemical measurements were carried on both Swagelok and coin-type
cell (CR2032). XPS analysis was carried out for pristine, charged, and
discharged electrodes of Na2Mn3O7 by a Kratos Axis Ultra DLD with
an incident monochromated X-ray beam from the Al target
(accelerating voltage = 13 kV, emission current = 9 mA). Shift
corrections were done by considering carbon as reference at 284.6 eV
binding energy.
Electrochemical Measurements. The electrodes were prepared

by intimately mixing as-synthesized active material, super P-carbon
black, and polyvinylidene fluoride (PVDF) in 80:10:10 (w/w/w)
ratios in N-methyl-2-pyrrolidone (NMP). The resultant black ink was
coated uniformly on the aluminum (Al) foil and was dried in vacuum
at 80 °C overnight. The active mass loading was about 2−3 mg cm−2.
Coin cells (CR2032) were assembled in an Ar-filled glovebox
(MBraun Labstar glovebox with H2O/O2 level of <0.5 ppm). Metallic
Na/K foil was used as both counter and reference electrode for the
Na-ion and K-ion half-cell, respectively. The working and counter
electrodes were separated by a glass microfiber filter (Whatman, grade
GF/C) soaked in the electrolyte of 1 M NaPF6 or 0.8 M KPF6 in
ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 (v/v)),
respectively. Galvanostatic discharge/charge tests were performed in
the voltage range of 1.5−3 V (vs Na+/Na, K+/K) at room temperature
using a Bio-Logic BCS 805/810 automatic battery tester.

■ RESULTS AND DISCUSSION
Na−Mn−O ternary compound Na2Mn3O7 was synthesized
using a single-step solid-state synthesis. The structure of the as-
synthesized black powder was confirmed using high-resolution
powder X-ray diffraction (Figure 1a). Rietveld refinement of

phase pure product was carried out using GSAS program with
EXPGUI.31 The compound crystallizes in triclinic P1̅ space
group with a layered structure. In sync with the reported
data,32 the refined lattice parameters were calculated to be a =
6.6808(1) Å, b = 6.9298(2) Å, c = 7.4770(8) Å, α =
104.55(6)°, β = 107.53(5)°, γ = 111.45(1)° and unit volume
was 280.60(3) Å3. Further low χ2 = 6.3 and Rwp = 2.69%
confirmed the maximum extent of overlapping of the
experimental and calculated patterns. At higher angles, we
noticed some broader peaks. To improve the crystallinity, we
have synthesized Na2Mn3O7 product by calcination at different
temperatures (from 600 to 900 °C) and duration (4−12 h) as
shown in Supporting Information (Figure S1). However, we
did not notice any significant change in XRD peaks upon high
temperature and/or longer annealing. The broadness of the
XRD peaks can be due to the [Mn3O7]

2−
∞ layers, which are

not perfectly aligned and are anisotropic in nature.
The crystal structure is illustrated in Figure 1a (inset; all

different planes are shown in Supporting Information Figure
S2). The lamellar sheets with [Mn3O7]2−∞ layers are built with
edge sharing MnO6 octahedra. These [Mn3O7]2−∞ layers are
separated by Na ions, which occupy two different sites with
NaO6 and NaO5 polyhedra coordination. This triclinic
structure involves weak bonding of Na between two adjacent
lamellar sheets. Electron micrographs (FE-SEM and TEM)
revealed micrometer size particles with uneven size distribution
(Figure 1b and Figure 1c). High-resolution transmission
electron microscopy (HRTEM) image in Figure 1d showed
lattice fringes with a d-spacing of 0.379 nm corresponding to
(11−1) plane of Na2Mn3O7. These distinct lattice fringes are

Figure 1. Physical characterizations: (a) Rietveld refinement of solid-
state synthesized Na2Mn3O7 using GSAS software; (b, c) FE-SEM
and TEM micrographs of Na2Mn3O7 particles; (d) HRTEM image
with a d-spacing of 0.379 nm and oriented in the direction of (11−1);
(inset) corresponding selected area diffraction pattern.
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footprint for well-defined crystal structure, which was further
confirmed by SAED pattern showing highly crystalline nature
of product phase (Figure 1d, inset).
To date, all reported layered transition metal oxide based

cathode materials for KIBs have multistep voltage profiles.20 In
contrast, electrochemical performance of as-synthesized
Na2Mn3O7 material exhibited single discharge plateau in the
voltage range of 1.5−3 V (Figure 2a). Initially, the K-ion cell
was discharged (potassiation) to 1.5 V and then charged
(depotassiation) to 3 V at a constant current rate of C/20 as
shown in Figure 2a. Here, the weak interlayer interaction of
[Mn3O7]2−∞ slabs is an advantage to accommodate K+-ion
diffusion in the first discharge involving Mn4+/Mn3+ redox

activity. It led to the first discharge capacity of 152 mA h g−1.
During the first discharge segment, K+-ion intercalation
occurred with a single plateau appearing at 2.05 V (vs K/
K+). Upon subsequent charging, it exhibited two different
plateau regions around 2.21 and 2.42 V. These redox peaks can
be clearly observed in the derivative curves of charge/discharge
as shown in Figure 2b.
The comparison plot of the second charge/discharge curves

(at a rate of C/20) in Na and K-ion half-cells is depicted in
Figure 2c. The schematic presentation of these half-cell
assemblies is shown in the inset. The nominal voltage of K-
ion cell is reduced by ∼90 mV compared to Na. The second
cycle discharge capacities for K-ion and Na-ion cell are 140 mA

Figure 2. (a) Electrochemical charge/discharge of Na2Mn3O7 cathode at a C/20 rate (inset: first discharge cycle of K-ion battery and Na-ion
battery). (b) Derivative charge/discharge curves. (c) Comparison of Na and K half-cells second charge/discharge cycle (inset: schematic of cell
assembly). (d) Cycling stability and Coulombic efficiency at four different rates (from C/20 to 1C).

Figure 3. X-ray photoelectron spectroscopy of Na 1s, K 2p, and Mn 2p in pristine, discharged, and charged states of Na2Mn3O7.
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* Na2Mn3O7 : A layered structure triclinic compound
* In Potassium half-cell, it delivers ~2.1 Mn4+/Mn3+ redox acBvity 

* Similar to Na half-cell, it undergoes a biphasic redox acBvity.
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K insertion into Na2Mn3O7 layered oxide

footprint for well-defined crystal structure, which was further
confirmed by SAED pattern showing highly crystalline nature
of product phase (Figure 1d, inset).
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cathode materials for KIBs have multistep voltage profiles.20 In
contrast, electrochemical performance of as-synthesized
Na2Mn3O7 material exhibited single discharge plateau in the
voltage range of 1.5−3 V (Figure 2a). Initially, the K-ion cell
was discharged (potassiation) to 1.5 V and then charged
(depotassiation) to 3 V at a constant current rate of C/20 as
shown in Figure 2a. Here, the weak interlayer interaction of
[Mn3O7]2−∞ slabs is an advantage to accommodate K+-ion
diffusion in the first discharge involving Mn4+/Mn3+ redox

activity. It led to the first discharge capacity of 152 mA h g−1.
During the first discharge segment, K+-ion intercalation
occurred with a single plateau appearing at 2.05 V (vs K/
K+). Upon subsequent charging, it exhibited two different
plateau regions around 2.21 and 2.42 V. These redox peaks can
be clearly observed in the derivative curves of charge/discharge
as shown in Figure 2b.
The comparison plot of the second charge/discharge curves

(at a rate of C/20) in Na and K-ion half-cells is depicted in
Figure 2c. The schematic presentation of these half-cell
assemblies is shown in the inset. The nominal voltage of K-
ion cell is reduced by ∼90 mV compared to Na. The second
cycle discharge capacities for K-ion and Na-ion cell are 140 mA

Figure 2. (a) Electrochemical charge/discharge of Na2Mn3O7 cathode at a C/20 rate (inset: first discharge cycle of K-ion battery and Na-ion
battery). (b) Derivative charge/discharge curves. (c) Comparison of Na and K half-cells second charge/discharge cycle (inset: schematic of cell
assembly). (d) Cycling stability and Coulombic efficiency at four different rates (from C/20 to 1C).

Figure 3. X-ray photoelectron spectroscopy of Na 1s, K 2p, and Mn 2p in pristine, discharged, and charged states of Na2Mn3O7.
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h g−1 and 134 mA h g−1, respectively. The overpotential for the
Na-ion cell is ∼80 mV, and for K-ion cell it is ∼165 mV. In our
previous work, it was shown that K-ion intercalation in
NaxCoO2 led to a voltage increment by 260 mV.29 But Mn-
based potassium layered oxide materials exhibited slightly
lower nominal voltage than that of Na-ion half-cell. This
observation is supported by the reported theoretical calcu-
lations on different K-based transition metal oxides.20 Among
the reported oxide based cathode materials for KIBs,
Na2Mn3O7 delivered very high reversible capacity over 134
mA h g−1. Following this promising value, the rate capability in
K half-cell architecture was tested over at different currents
until 80 cycles. It delivered discharge capacity values of 134,
104, 80, and 32 mA h g−1 at galvanostatic cycling rates of C/
20, C/10, C/5, and 1C respectively. The capacity fading at low
current rates is higher compared to high current rates, which is
strong evidence of possible Jahn−Teller distortion involving
Mn3+ ion creating structural instability in the system. In
addition, Jahn−Teller distortion affects the long-range order-
ing of tetragonally distorted Mn3+O6 octahedra. It can lead to
Mn3+ dissolution from the cathode into the electrolyte.
Thereby, the effective redox activity of the electrode decreases
leading to capacity fading. Further, the interfacial parasitic
reactions between the electrode and electrolyte can also trigger
capacity fading.33 However, the cycling stability can be
improved by (i) cathode optimization by transition metal
doping (e.g., Mg, Ni, Al doping into Mn sites), (ii) choosing
suitable electrolytes with stabilizing additives (e.g., FEC), and
(iii) forming protective Al2O3 layer on cathode by atomic layer
deposition (ALD).
Though having similar capacity, the potential−capacity

voltage profiles were found to be very different during Na+

and K+ (de)insertion (Figure 2c). It inspired us to study the
underlying Mn4+/Mn3+ redox mechanism. At the outset, X-ray
photoelectron spectroscopy (XPS) data were acquired to know
the oxidation states of redox species as well as for the
quantitative analysis of elements present in the electrodes at
pristine, discharge, and charge states (Figure 3). The Na 1s
core level peak has almost the same intensity in all the states of
the electrode, indicating the absence of any involvement of
structural sodium during K+ intercalation. But the binding
energy of the Na 1s peak was shifted to lower binding energy
1070.4 eV in the discharged state, and again it attained the
original position 1071.5 eV in the charged state. After
discharge (potassiation), new peaks appeared in the binding
energy region of K 2p corresponding to K 2p1/2 and K 2p3/2
with binding energy values of 295 and 292.3 eV, respectively.
K+-ion insertion affected the environment of Na 1s which is
reflected as shift in the binding energy.34 Upon charging
(depotassiation), these K 2p peaks mostly disappeared. This
XPS analyses clearly prove the intercalation of K+ ion into
Na2Mn3O7 structure. During these potassiation steps,
oxidation state of Mn redox couple changed from +4 to +3.
The Mn 2p peaks have significantly split due to strong spin−
orbital coupling. The difference between the Mn 2p1/2 and
2p3/2 implies the oxidation state of redox species. In discharge
electrode, the peak separation δ ∼ 11.66 denotes the Mn+3.3

oxidation state, whereas in the pristine and charged electrode δ
∼ 11.24 confirms the mixed oxidation states of Mn4+/Mn3+.35

To have a better understanding of mechanistic insight and
structural changes during the electrochemical process, ex situ
X-ray diffraction measurements were performed at different
voltages in the course of insertion/extraction of K ions from

the host Na2Mn3O7 structure (Figure 4). We considered two
lower 2θ peaks to understand the structural changes during the

first discharge and charge segments. The pristine electrode
comprises a high-intensity peak at 16°. During first discharge,
the ex situ XRD patterns were recorded at two different
voltages. A new peak appeared at 12.5° at the plateau region of
2.04 V. This peak became more intense at the end of discharge
plateau (∼1.96 V). Surprisingly, after the first discharge (1.5
V), the 16° peak of pristine material disappeared completely
and the 12.5° peak reached its maximum intensity (Figure 4a).
As larger potassium ions intercalate into the structure, the d-
spacing between [Mn3O7]2−∞ slabs increases, thereby
weakening the Na−O bonds. The externally applied potential
may cause Na-diffusion and large atomic rearrangement in the
parent phase.30 During the subsequent charge, the 16° peak
reappeared with less intensity compared to peak at 12.5°
(∼2.23 V). Unlike the discharge process, the charge step
contains one extra plateau region at 2.42 V. Till this point, the
12.5° peak intensity gradually decreased along with gradual
increase in 16° peak intensity. With this preliminary data, we
expect the occurrence of a biphasic redox process.
During the charging, Mn oxidation state changes from Mn3+

to Mn4+. The eg energy level of Mn3+ d-orbital is unsymmetri-
cally filled and leads to tetragonal distortion. It causes strong
Jahn−Teller distortion in the structure that may increase
structural disordering. When larger K ions deintercalate from
the structure, intermediate phases and large volume changes
are expected.33,36 The peak at 2.41 V corresponds to the large
volume changes in the structure. This sudden volume change
leads to gliding of the MnO6 slabs one over the other. The high
Coulombic repulsions upon the deintercalation of the K ion

Figure 4. (a) Ex situ XRD patterns at different (dis)charge states of
the pristine Na2Mn3O7 host. (b) XRD patterns of chemically
synthesized Na2Mn3O7, NaKMn3O7, and K2Mn3O7 compared with
the XRD pattern of the first charged product.
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h g−1 and 134 mA h g−1, respectively. The overpotential for the
Na-ion cell is ∼80 mV, and for K-ion cell it is ∼165 mV. In our
previous work, it was shown that K-ion intercalation in
NaxCoO2 led to a voltage increment by 260 mV.29 But Mn-
based potassium layered oxide materials exhibited slightly
lower nominal voltage than that of Na-ion half-cell. This
observation is supported by the reported theoretical calcu-
lations on different K-based transition metal oxides.20 Among
the reported oxide based cathode materials for KIBs,
Na2Mn3O7 delivered very high reversible capacity over 134
mA h g−1. Following this promising value, the rate capability in
K half-cell architecture was tested over at different currents
until 80 cycles. It delivered discharge capacity values of 134,
104, 80, and 32 mA h g−1 at galvanostatic cycling rates of C/
20, C/10, C/5, and 1C respectively. The capacity fading at low
current rates is higher compared to high current rates, which is
strong evidence of possible Jahn−Teller distortion involving
Mn3+ ion creating structural instability in the system. In
addition, Jahn−Teller distortion affects the long-range order-
ing of tetragonally distorted Mn3+O6 octahedra. It can lead to
Mn3+ dissolution from the cathode into the electrolyte.
Thereby, the effective redox activity of the electrode decreases
leading to capacity fading. Further, the interfacial parasitic
reactions between the electrode and electrolyte can also trigger
capacity fading.33 However, the cycling stability can be
improved by (i) cathode optimization by transition metal
doping (e.g., Mg, Ni, Al doping into Mn sites), (ii) choosing
suitable electrolytes with stabilizing additives (e.g., FEC), and
(iii) forming protective Al2O3 layer on cathode by atomic layer
deposition (ALD).
Though having similar capacity, the potential−capacity

voltage profiles were found to be very different during Na+

and K+ (de)insertion (Figure 2c). It inspired us to study the
underlying Mn4+/Mn3+ redox mechanism. At the outset, X-ray
photoelectron spectroscopy (XPS) data were acquired to know
the oxidation states of redox species as well as for the
quantitative analysis of elements present in the electrodes at
pristine, discharge, and charge states (Figure 3). The Na 1s
core level peak has almost the same intensity in all the states of
the electrode, indicating the absence of any involvement of
structural sodium during K+ intercalation. But the binding
energy of the Na 1s peak was shifted to lower binding energy
1070.4 eV in the discharged state, and again it attained the
original position 1071.5 eV in the charged state. After
discharge (potassiation), new peaks appeared in the binding
energy region of K 2p corresponding to K 2p1/2 and K 2p3/2
with binding energy values of 295 and 292.3 eV, respectively.
K+-ion insertion affected the environment of Na 1s which is
reflected as shift in the binding energy.34 Upon charging
(depotassiation), these K 2p peaks mostly disappeared. This
XPS analyses clearly prove the intercalation of K+ ion into
Na2Mn3O7 structure. During these potassiation steps,
oxidation state of Mn redox couple changed from +4 to +3.
The Mn 2p peaks have significantly split due to strong spin−
orbital coupling. The difference between the Mn 2p1/2 and
2p3/2 implies the oxidation state of redox species. In discharge
electrode, the peak separation δ ∼ 11.66 denotes the Mn+3.3

oxidation state, whereas in the pristine and charged electrode δ
∼ 11.24 confirms the mixed oxidation states of Mn4+/Mn3+.35

To have a better understanding of mechanistic insight and
structural changes during the electrochemical process, ex situ
X-ray diffraction measurements were performed at different
voltages in the course of insertion/extraction of K ions from

the host Na2Mn3O7 structure (Figure 4). We considered two
lower 2θ peaks to understand the structural changes during the

first discharge and charge segments. The pristine electrode
comprises a high-intensity peak at 16°. During first discharge,
the ex situ XRD patterns were recorded at two different
voltages. A new peak appeared at 12.5° at the plateau region of
2.04 V. This peak became more intense at the end of discharge
plateau (∼1.96 V). Surprisingly, after the first discharge (1.5
V), the 16° peak of pristine material disappeared completely
and the 12.5° peak reached its maximum intensity (Figure 4a).
As larger potassium ions intercalate into the structure, the d-
spacing between [Mn3O7]2−∞ slabs increases, thereby
weakening the Na−O bonds. The externally applied potential
may cause Na-diffusion and large atomic rearrangement in the
parent phase.30 During the subsequent charge, the 16° peak
reappeared with less intensity compared to peak at 12.5°
(∼2.23 V). Unlike the discharge process, the charge step
contains one extra plateau region at 2.42 V. Till this point, the
12.5° peak intensity gradually decreased along with gradual
increase in 16° peak intensity. With this preliminary data, we
expect the occurrence of a biphasic redox process.
During the charging, Mn oxidation state changes from Mn3+

to Mn4+. The eg energy level of Mn3+ d-orbital is unsymmetri-
cally filled and leads to tetragonal distortion. It causes strong
Jahn−Teller distortion in the structure that may increase
structural disordering. When larger K ions deintercalate from
the structure, intermediate phases and large volume changes
are expected.33,36 The peak at 2.41 V corresponds to the large
volume changes in the structure. This sudden volume change
leads to gliding of the MnO6 slabs one over the other. The high
Coulombic repulsions upon the deintercalation of the K ion

Figure 4. (a) Ex situ XRD patterns at different (dis)charge states of
the pristine Na2Mn3O7 host. (b) XRD patterns of chemically
synthesized Na2Mn3O7, NaKMn3O7, and K2Mn3O7 compared with
the XRD pattern of the first charged product.
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Figure S9: Comparative TEM images and SAED patterns of (top) pristine Na2Mn3O7 electrode 
and (bottom) Na2Mn3O7 after multiple (dis)charge cycles. 

 

 

 

Figure S10: Cycling stability and coulombic efficiency of Na2Mn3O7 electrode at a low current 
rate of C/5 shown for the first 40 cycles.  

 

 

Figure S9: Comparative TEM images and SAED patterns of (top) pristine Na2Mn3O7 electrode 
and (bottom) Na2Mn3O7 after multiple (dis)charge cycles. 

 

 

 

Figure S10: Cycling stability and coulombic efficiency of Na2Mn3O7 electrode at a low current 
rate of C/5 shown for the first 40 cycles.  

possibly result in some structural transformations and capacity
fading.5 For further structural insights, we tried to chemically
synthesize K2Mn3O7 compound following the same procedure
by using stoichiometric amounts of MnCO3 and KNO3
precursors. The XRD pattern of chemically synthesized
K2Mn3O7 was entirely different from that of Na2Mn3O7
(Figure 4b). There are no prior reports on K2Mn3O7 structure.
Even though the structure is unknown, it has a distinct peak at
2θ of 12.5° similar to the ex situ XRD pattern. Moreover, the
chemically synthesized intermediate NaKMn3O7 contains both
12.5° and 16° peaks (Figure 4b). The comparison of
chemically synthesized XRD patterns with first charge product
hints at the involvement of more than one phase (i.e., two-
phase reaction) when K-ions are inserted into the host
Na2Mn3O7 structure. The energy dispersive X-ray spectrosco-
py (EDS) and elemental mapping analysis were carried out for
the pristine, first discharged, and first charged electrode
(Figure S3−S6). The EDS analysis of pristine, discharged,
and charged samples confirmed the K-ion concentration in the
discharged product is higher than that of the charged product.
The reversible variation in K peaks in EDS confirmed the
reversible intercalation and deintercalation of K ions into
Na2Mn3O7. Negligible amount of Na deintercalation was also
observed. However, the presence of structural sodium was
confirmed by EDS study after multiple charge/discharge
cycles. Furthermore, we have performed ex situ XRD studies
after several cycles as shown in Figure S7−S9. The resulting
XRD profiles are very similar to those of the first discharged
and charged electrodes. It implies that the biphasic reaction is
stable and reversible after multiple cycles.
The redox mechanism was further probed with potentio-

static intermittent titration technique (PITT). The PITT curve
acquired with 10 mV/1 h rest time is shown in Figure 5. The I

vs t plot in PITT measurement, “bell-shaped” curve with local
maxima, confirmed the phase transformations/two phase
reaction during the charge/discharge cycling.28,37 The behavior
of current relaxation was markedly different for the single and
multiphase reactions. At low (up to x = 0.3 K+-ion
intercalation) and higher (x = 1.4 to 1.6) state-of-charge
(SOC) characteristic of relaxation time is very small compared
to the middle (x = 0.3 to 1.4 K+) SOC. The smaller current

response is characteristic of single phase region. In the initial
discharge, around 2 K+ ions were intercalated into the structure
and over 1.6 K+ ions were deintercalated from the structure
upon charging up to 3 V. With progressive K+-ion
intercalation, decay in the current response during reduction
and similarly upon deintercalation growth in the current
response (oxidation) with two different humps suggested
multiphase transformations in the structure in agreement with
the ex situ XRD study. These phase transformations are
restricted due to the evolution of the area at the interfaces.
The structural analysis of asymmetric triclinic crystal systems

like Na2Mn3O7 can be tricky with simple powder XRD data.
An accurate structural analysis warrants sophisticated techni-
ques like synchrotron and neutron diffraction. The structural
rearrangements and redox mechanism in zigzag layered
Na2Ti3O7,

38 Na4Ti3O7,
39 triclinic phase of Na16Ti10O28,

40

and sodium intercalation into Na2Mn3O7
28 are well explored.

At this early stage, we expect analogous phase transformation
mechanism in Na2Mn3O7||K system. Further, the structure of
unknown K2Mn3O7 is very crucial to have a better under-
standing of phase evolution in electrochemically obtained
Na2KxMn3O7 phases. We are currently investigating these key
issues.

■ CONCLUSIONS
In summary, triclinic layered framework of Na2Mn3O7 was
successfully demonstrated as an efficient storage host for the
reversible (de)intercalation of K+ ions. It delivered an
initial capacity of 152 mA h g−1 at a rate of C/20 with an
Mn4+/Mn3+ redox potential centered at 2.1 V vs K/K+. Among
the oxide-based cathodes reported for KIBs, it exhibits
excellent capacity leading to energy density close to 320 W h
kg−1. It involves a two-phase redox mechanism with low
polarization (165 mV) capable of reversible insertion of
approximately two K+ ions. The electrochemical performance
can be further improved by cathode optimization and proper
selection of electrolytes. With its low cost, nontoxicity, and
easy synthesis, Na2Mn3O7 is proposed as a potential cathode
for low cost KIBs. On a larger perspective, it further boosts the
idea of employing already known sodium insertion materials as
potential hosts to realize efficient potassium-ion batteries.
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Figure 5. Potentiostatic intermittent titration technique (PITT)
during the first charge and second discharge of Na2Mn3O7 vs K

+ ion
in the voltage range of 3.0−1.5 V.
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* Na2Mn3O7 undergoes two-phase redox activity
* Na2Mn3O7 | K cell has poor cycling stability

similar to Na2Mn3O7 | Na cell
* Structural stability is retained. 
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IV. Na2Mn3O7 : A 3.1 V Lithium Insertion Material

* K. Sada, B. Senthilkumar, P. Barpanda, ACS Appl. Energy Mater., 1, 6719-6724 (2018). 
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Figure S3: Potentiodynamic titration curve (PITT) of 2nd charge/discharge cycle 

showing the Cottrel-type curve indicating solid-solution redox mechanism.
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1. Layered metal oxide: Na2Mn3O7
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V. Na2Mn3O7 : An 1.4 V Zinc Insertion Material

* K. Sada, B. Senthilkumar, P. Barpanda, Manuscript Submiled. 
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It seems that these water molecules effectively function like a
“lubricant” to facilitate fast Zn2+ transportation. Moreover, the
charge shield effect of the crystal H2O molecules could reduce
the effective charges of inserted Zn2+ ions and thus enhance
the capacity and rate performance.
Except for structural water, electrolyte optimization may also

be a promising method to improve the electrochemical perfor-
mance for vanadium-based cathodes. Chen et al. found that
aqueous ZnSO4 electrolyte could lead to the fast dissolution of
NaV3O8·1.5H2O as well as the formation of vertical and harsh
Zn dendrites, thus resulting in a rapid degradation in capacity
(Figure 10A).52 The addition of Na+ into the electrolyte
can change the dissolution equilibrium of Na+ from

NaV3O8·1.5H2O electrodes and thus impede the continuous
dissolution of NaV3O8·1.5H2O, as supported by the observa-
tion that the electrolyte (1 M ZnSO4 and 1 M Na2SO4) is trans-
parent and colorless even when the NaV3O8·1.5H2O electrode is
dipped into the electrolyte for 24 h (inset in Figure 10A),
indicating that the dissolution of NaV3O8·1.5H2O was sup-
pressed. As a result, the capacity of a Zn//NaV3O8·1.5H2O
battery with 1 M Na2SO4 additive can stabilize at 221 mA h g−1

after 100 cycles with a retention rate of 90% at a current density
of 1 A g−1 (Figure 10B).
In addition, a series of metal vanadates with or without

structural water, e.g., Zn3V2O7(OH)2·2H2O,
40 Ca0.25V2O5·

nH2O,59 LiV3O8,
100 NaV3O8·1.5H2O,52 Na2V6O16·

Figure 6. Schematic diagram of various crystal structures of MnO2: (A) α-MnO2, (B) β-MnO2, (C) γ-MnO2, and (D) δ-MnO2. Reprinted
with permission from ref 85. Copyright 2018 Wiley-VCH. (E) Cycling performance at C/5 (1C = 308 mA h g−1) and elemental analysis of
dissolved Mn2+ ions in the 2 M ZnSO4 electrolyte during cycling. (F) Cycling performance of α-MnO2 electrodes with and without 0.1 M
MnSO4 additive in a 2 M ZnSO4 aqueous electrolyte. Reprinted with permission from ref 50. Copyright 2016 Macmillan Publishers.
(G) Comparison of the cycling performance of β-MnO2 with electrolytes of 3 M Zn(CF3SO3)2, and 3 M Zn(CF3SO3)2 with 0.1 M
Mn(CF3SO3)2 additive. Reprinted with permission from ref 56. Copyright 2017 Macmillan Publishers.
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cells with the cryptomelane working electrode and Zn metal
working as both counter and reference electrodes.

3. Results and discussion
Ultrasonic sonochemical synthesis causes intimate mixing of
precursors, thereby leading to the nal product formation with
a shorter calcination duration. The sonochemically prepared
K1.33Mn8O16 sample was used as the cathode for a Zn-ion
battery (ZIB). The cationic concentration in the tunnel can be
tunable by varying the concentration of the K-based precursor.33

The crystal structure of the product phase was conrmed by
using high resolution X-ray diffraction (XRD). Rietveld rene-
ment of the recorded pattern was performed using the GSAS
program (with the EXPGUI front end). The maximum over-
lapping of the observed and calculated patterns in the rene-
ment (with a low c2 value of 1.56) conrmed the formation of
the desired cryptomelane phase (Fig. 1a).

It assumes a tetragonal structure with I4/m symmetry, as rst
reported in 1985 (PDF# 77-1796).34 It has the rened cell
parameters of a ¼ 9.8633(11) Å and c ¼ 2.86514(28) Å and unit
cell volume ¼ 278.73(8) Å3. Complete structural details are
provided in ESI Table S1.† The corresponding tetragonal crystal
framework has been illustrated in Fig. 1b and c. In this open
framework, the vacancies in the channels allow relaxation of the
K+ ions to minimize the K–K electrostatic repulsions by
displacement of the K+ ion from the (0 0 0.5) to the (0 0 0.419)
position.34,35 This structure contains two 1D tunnels with
a calculated size of 6.6250(8) Å and 3.4002(4) Å (like 2 " 2 and 1
" 1 tunnels respectively). These tunnels are formed by the edge
and vertex shared MnO6-octahedral units. While one is partially

occupied by K+ cations, the other is empty (Fig. 1c). Mn occupies
the octahedral sites with edge and vertex sharing with neigh-
boring MnO6. Sonochemical synthesis involves the application
of ultrasonic sonochemical (acoustic) waves, which helps in
reducing the particle size, thereby breaking any rod-like elon-
gated structure. Thus, unlike hydrothermal synthesis yielding
an acicular morphology, the sonochemical route led to the
formation of non-homogeneous nanoscale spherical particles
(Fig. 1d). This type of morphology can facilitate better electro-
chemical activity by reducing the diffusion pathways, accom-
modating local strain at grain boundaries and reducing Mn
dissolution from the electrode during battery cycling. High-
resolution transmission electron microscopy (HRTEM), capable
of resolving the lattice, of 1D K1.33Mn8O16 nanoscale particles
showed a calculated d-spacing of 0.483 nm corresponding to the
(200) crystal plane direction. It indicates the pronounced crys-
tallinity of sonochemically prepared K1.33Mn8O16. The energy-
dispersive X-ray spectroscopy (EDS) analysis and compositional
details are presented in the ESI (Fig. S1†) along with the
elemental mapping. It shows uniform distribution of all
constituent elements in the particles.

The electrochemical properties of the as-synthesized mate-
rial were studied in the potential window of 1.0–1.8 V using an
aqueous 2 M ZnSO4 electrolyte with a 0.1 M MnSO4 additive.
The addition of 0.1 M MnSO4 solution as an additive alters the
equilibrium of Mn2+ dissolution from the cathode into the
electrolyte.21 Pre-addition of Mn2+ ions improves the cycling
performance and stability of the electrode without altering the
redox characteristics of the Zn/K1.33Mn8O16 battery. The rst
discharge having a single plateau was noticed to be different
from the subsequent constant current discharge/charge curves.
The initial discharge capacity was #150 mA h g$1, and it
gradually increased up to een cycles to reach a stable capacity
of 312 mA h g$1 at a rate of C/10 (Fig. 2a). It registers the highest
ever reported capacity for Zn-ion batteries using the a-MnO2

family of cathodes. The increasing capacity over the initial few
cycles can be ascribed to the activation of the material towards
the phase transition from 1D tunnels to a 2D layered structure.19

K+ ions in the 2 " 2 tunnels stabilize the structure and suppress
the phase transformation. When only 2 M ZnSO4 was used as
the electrolyte, capacity diminution was observed (Fig. 2b).
Within ve cycles, #25% capacity reduction was observed,
which indicates the importance of the 0.1 M MnSO4 additive in
the ZnSO4 electrolyte. When Zn(CF3SO3)2 was employed as the
electrolyte, an initial discharge capacity of 250 mA h g$1 was
noticed and it gradually decreased unlike the case of the ZnSO4

electrolyte with the additive (Fig. 2c). The electrolyte plays a key
role in the electrochemical redox activity of the Zn/K1.33Mn8O16

battery, as depicted by comparative (second cycle) charge/
discharge voltage proles corresponding to four different types
of aqueous electrolytes (Fig. 2d). Different electrolytes were
employed to test the activity and role of the carbon paper and
K+, H+ and Zn2+-ion insertion chemistry. It is well known that
alkaline electrolytes form irreversible precipitates on both the
cathode [Mn(OH)2] and the anode (ZnO). Acidic electrolytes lead
to corrosion of the current collector and Zn anode. Further-
more, ZnCl2 and Zn(NO3)2 show high overpotentials. So, we

Fig. 1 Physical characterization (structure and morphology) of
K1.33Mn8O16; (a) Rietveld refinement of the high resolution XRD
pattern, (b and c) tetragonal structural framework of the cryptomelane
product, (d) representative FESEM image showing agglomerated
uneven particles with the inset image revealing nanometric (sub 200
nm) particles, (e) TEM image showing nanometric (#100–150 nm)
particles, and (f) HRTEM image with a calculated d-spacing of 0.483
nm related to the (200) plane with the inset image showing the
selected area electron diffraction (SAED) pattern.
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Cryptomelane K1.33Mn8O16 as a cathode for
rechargeable aqueous zinc-ion batteries

Krishnakanth Sada, Baskar Senthilkumar
and Prabeer Barpanda*

Reversible intercalation of Zn ions in tetragonal K1.33Mn8O16
delivers 312 mA h g" 1 capacity at a galvanostatic cycling rate
of 0.1C with an average voltage of 1.5 V.

ART ! C9TA05836B_GRABS

two fold with a shi towards lower 2q (12.5!) matching accu-
rately with that of Zn-birnessite.19 The newly appeared Zn–bir-
nessite peaks were marked in Fig. 4 at 2q ¼ 12.5!, 25.19! and
35.78!. Moreover, the initial few cycled mixed phases of cryp-
tomelane and Zn–birnessite were observed and the high angle
peaks vanished gradually from the 1st discharge to the 15th

discharge in agreement with the capacity increment during the
rst een cycles. Furthermore, the structural changes during
the discharge/charge process were probed by recording ex situ
XRD patterns at selected states of charge (SOC) (ESI, Fig. S7,†).
Typically, during the (de)insertion process, peak shis towards
lower or higher 2q angles were observed based on the oxidation/
reduction process. In addition, new diffraction peaks were
noticed owing to phase transformation of cryptomelane into
Zn–birnessite aer 1.26 V during discharge. During the subse-
quent charge, the framework came back to the original tunnel
structure aer 1.58 V. This is due to the miscibility gap between
the Zn-rich phase and Zn-decient phase. PITT results showed
the presence of the both single phase and bi-phasic domains.
The (de)insertion of Zn2+ ions was corroborated by varying
intensities in EDS spectra in the 1st (dis)charge (ESI, Fig. S8†).
Furthermore, phase transformation usually impacts morpho-
logical changes. Interestingly, electron micrographs (SEM/TEM)
of cycled electrodes showed no such signicant morphological
change (ESI, Fig. S9–S12†). This can be due to the nanometric
size of the particles coated with conductive carbon. The struc-
tural reversibility and the presence of all constituent elements
were observed even aer multiple cycles (ESI, Fig. S10 to S12†).
The d-spacing of pristine, 1st charged and 15th charged elec-
trodes was found to be almost constant (# 6.806 Å), while the d-
spacing value increased to 7.023 Å in the case of the 1st and 15th

discharged states as calculated from the ex situ XRD patterns.
The reversible (de)intercalation of Zn2+ species into the

cryptomelane K1.33Mn8O16 framework was further veried by X-
ray photoelectron spectroscopy (XPS). Comparative XPS spectra

(Zn 2p andMn 2p) of the K1.33Mn8O16 electrode at various states
of charge/discharge (pristine, 1st discharge, 1st charge and 15th

discharge) are summarised in Fig. 5. While the pristine

Fig. 4 Comparative ex situ XRD patterns of the K1.33Mn8O16 sample during different stages of charging and discharging.

Fig. 5 XPS spectra showing the Zn 2p and Mn 2p doublets of the
pristine cathode and at different states of charge (1st–15th (dis)charge).
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electrode does not have any perceptible peaks corresponding to
Zn 2p, the (1st and 15th cycle) discharged (Zn2+ intercalated)
electrodes have a doublet with binding energies of 1022.9 eV
and 1045.9 eV corresponding to Zn 2P3/2 and Zn 2P1/2 respec-
tively. Their separation energy DE ¼ 23 eV conrms the +2
oxidation state of Zn in the cathode material. In the 1st charged
(Zn2+ deintercalated) electrode, weaker intensities of Zn 2p
doublets (at 1021.5 eV and 1045.5 eV) were noticed corre-
sponding to 2P3/2 and 2P1/2 respectively.

The changes in the Mn oxidation states were analyzed by
tting the Mn 2p peaks split as doublets due to spin orbital
coupling. The energy separation (DE) between Mn 2p3/2 and Mn
2p1/2 indicates the oxidation state of the constituent Mn species
of the (de)intercalated electrodes. In the pristine electrode, DE
was found to be 11.4 eV. Upon electrochemical cycling, in the 1st

(dis)charge and 15th discharge, an increase in DE was observed
with deconvoluted Mn 2p3/2 peaks hinting at Mn2+ (641.3 eV),
Mn3+ (642.6 eV), and Mn4+ (644 eV) mixed states.36,37 Upon
insertion of Zn2+ ions in the cryptomelane structure, Mn3+ is
formed and converts into both Mn4+ and Mn2+. Overall, XPS
data revealed the presence of mixed Mn oxidation states due to
the instability of the Mn3+ state in the discharged product.19

The (de)intercalation mechanism was further investigated
with the potentiostatic intermittent titration technique (PITT)
carried out at 5 mV/1 h rest time with current limitation to
a galvanic current Ilimit ¼ IC/50. The PITT is a robust approach to
know the reaction pathway such as a single-phase reaction
(solid-solution upon the (de)intercalation of metal ions) or
a two-phase reaction (formation of a new phase at the inter-
phase during the (de)intercalation). Fig. 6 depicts the PITT
curves (x vs. I and x vs. E) showing the presence of two different
domains during the charge/discharge. The initial discharge
curve was a single bell-shaped parabola curve (ESI,
Fig. S13†).38,39 It is in sync with the rst discharge plateau at 1.26
V. In the subsequent cycles, two different regions were observed
(Fig. 6). Until x < 0.8 during Zn-ion intercalation, there is no
change in the current response indicating a single phase reac-
tion (Zn-decient phase). Furthermore, the current change

upon Zn-ion insertion implies that there is a growth of
a secondary Zn-rich phase (x > 0.8). These titrations were carried
out at a very slow rate with 5 mV steps to realize the miscibility
gap between the Zn rich phase and Zn decient phase. More-
over, individual current can be resolved at a slow rate of abso-
lute current. The amount of Zn (x in Fig. 6) in the cathode
exceeded "2 due to conversion from the layered to a tunnel
structure upon (de)intercalation of Zn2+ ions into the parent
structure. From ex situ XRD and PITT analyses of the
K1.33Mn8O16 cathode, the Zn (de)intercalation mechanism was
found to be biphasic involving tunnel cryptomelane to layer Zn–
birnessite structural transition.

Overall, we found that cryptomelane K1.33Mn8O16 exhibits
the highest capacity among all a-MnO2 based cathodes for Zn-
ion batteries as listed in Table S3.† The capacity contribution
from carbon paper and K+ (de)insertion was found to be negli-
gible. Upon Zn (de)insertion, it forms Zn–birnessite as the nal
product, which warrants further study for detailed analysis of
the underlying intercalation mechanism. It signies the suit-
ability of the cryptomelane K1.33Mn8O16 material as a potential
cathode material for aqueous Zn-ion batteries.

4. Conclusions
In summary, we have successfully demonstrated sonochemi-
cally prepared cryptomelane K1.33Mn8O16 as an efficient
cathode for aqueous Zn-ion batteries. It delivers high capacity
while being economic and environmentally benign. During the
rst discharge (reduction of Mn4+ to Mn3+), a biphasic reaction
occurs involving activation of the material involving conversion
from the tunnel to a layered structure. In subsequent (dis)
charge cycles, it undergoes reversible phase transformation
between cryptomelane (tunnel) and birnessite (layer) structures.
The dissolution of Mn2+ from the parent K1.33Mn8O16

compound can trigger phase transformation as well as capacity
fading. It can be suppressed by using 0.1 M MnSO4 as an
additive to the ZnSO4 electrolyte. Among MnO2 based insertion
materials, it shows the highest capacity of 312 mA h g#1 at a rate
of C/10. In addition to a new promising cathode member of the
a-MnO2 family, the current work presents the concept of using
alkali (Na/K) containing manganese oxides to design novel
cathodes for aqueous Zn-ion batteries.
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Fig. 6 Potentiometric intermittent titration curve (PITT) during the first
cycle of Zn/K1.33Mn8O16 in the range of 1.0–1.8 V vs. Zn/Zn2+ using 5
mV potential steps for a duration of 1 h and current limitation to
a galvanic current Ilimit ¼ IC/50.
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(tunnel)             (layer)

* 1.5 V (vs. Zn) 2M ZnSO4+1M MnSO4

Cryptomelane K1.33Mn8O16 (KzMnO2)
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600 C̊

4 h

Hydrothermal Synthesis of Na2Mn3O7 Cubes for ZIBs

29
35



0 20 40 60 80 100 120
0

10

20

30

40

50

60

70

80

Cycle number

C
ap

ac
ity

 (m
A

 h
 g

-1
)

0

20

40

60

80

100

C
ou

lo
m

bi
c 

ef
fic

ie
nc

y 
(%

)

5C

Zn insertion into Na2Mn3O7 layered oxide

1.0 1.2 1.4 1.6 1.8
-1000

-500

0

500

1000

C
ur

re
nt

 d
en

si
ty

 (m
A

 g
-1

)

Potential (V vs Zn/Zn2+)

0.1	mV/s

1	mV/s

0 50 100 150 200 250 300 350

1.0

1.2

1.4

1.6

1.8

Po
te

nt
ia

l (
V

 v
s 

Z
n/

Z
n2+

)

Capacity (mA h g-1)

C/10

0 20 40 60 80 100 120
0

10

20

30

40

50

60

70

80

Cycle number

C
ap

ac
ity

 (m
A

 h
 g

-1
)

0

20

40

60

80

100

C
ou

lo
m

bi
c 

ef
fi

ci
en

cy
 (%

)

5C2	M	ZnSO4	+	0.1	M	MnSO4

17
21

Zn	insertion	into	Na2Mn3O7 layered	oxide

1.0 1.2 1.4 1.6 1.8
-1000

-500

0

500

1000

C
ur

re
nt

 d
en

si
ty

 (m
A

 g
-1

)

Potential (V vs Zn/Zn2+)

0.1	mV/s

1	mV/s

0 50 100 150 200 250 300 350

1.0

1.2

1.4

1.6

1.8

Po
te

nt
ia

l (
V

 v
s 

Z
n/

Z
n2+

)

Capacity (mA h g-1)

C/10

0 20 40 60 80 100 120
0

10

20

30

40

50

60

70

80

Cycle number

C
ap

ac
ity

 (m
A

 h
 g

-1
)

0

20

40

60

80

100

C
ou

lo
m

bi
c 

ef
fic

ie
nc

y 
(%

)

5C2	M	ZnSO4	+	0.1	M	MnSO4

17
21

Zn	insertion	into	Na2Mn3O7 layered	oxide

2 M ZnSO4 + 0.1 M MnSO4

Na2Mn3O7 work as a ~1.4 V zinc-inser^on host material 
30
35



VI. Na2Mn3O7 : An Aqueous Li Insertion Material
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Layered Triclinic (P-1) Na2Mn3O7

I. Sodium-ion Baneries
The required precursors were mixed together for 15 min and
further heated at 600 °C for 4 h in an alumina crucible under
oxygen flow. The as-prepared material is brown in color and
poorly crystallized as observed on the powder X-ray diffraction
pattern in Figure 1c. Nevertheless, the structure can be refined
from these data using the crystallographic parameters
previously reported. Thus, this phase crystallizes in the triclinic
space group P1 ̅ with the following cell parameters: a = 6.488(1)
Å, b = 6.792(1) Å, c = 7.497(1) Å, α = 105.27(1)°, β =
108.13(1)°, γ = 110.66(1)° and a volume of V = 266.67(1) Å3.
The values are in a good agreement with the previous reports.
The thermogravimetric study (not shown) revealed that this
phase is stable up to 650 °C under air. The cationic
composition was checked by Inductively Coupled Plasma
(ICP) analysis and the manganese oxidation state by
iodometric titration (Table 1). See ‘Note’ at end of the paper.

The charge−discharge profiles of this compound have been
performed by a galvanostatic cycling at C/20 (1 Na+ in 10 h) in
the potential window 1.5−3.0 V versus Na+/Na (Figure 2).
Starting from Na2Mn3O7, a reversible capacity of 2 Na/f.u. (160
mAh/g) is obtained through a plateau at 2.1 V. Similar capacity
was obtained for NaMnO2 in the range of potential 2.0−3.0
V.20,21 As shown on the derivative curve (Figure 2b) for the
first cycle, the sharp redox peaks occur at 2.20 V on charge and
at 2.10 V on discharge with a half width length of 22 and 15
mV, respectively. Such redox potentials are consistent with the
Mn4+/Mn3+ couple. In β-NaMnO2, a plateau at 2.7 V with a
polarization of 150 mV is associated with a phase transition
between two similar structures whose one (β-NaMn+3O2)
corresponds to a Jahn−Teller distorted structure and the
second one is an undistorted structure.19

The plot of discharge capacity versus cycle number (Figure
2c) indicates a slight decrease of the reversible capacity
reaching 130 mAh/g after 10 cycles for a C/20 rate. A decrease
in capacity is also observed at higher rate, 110 mAh/g at C/10,
80 mAh/g at C/4 and 40 mAh/g at C/2. Nevertheless, it would
be necessary to optimize the particle size in order to increase
the Coulombic efficiency at elevated rate.
The intermittent galvanostatic titration (GITT) reported in

Figure 3a enhances the biphasic process and allows us to access
to the equilibrium potential in the course of the reduction with
a thermodynamic potential of 2.15 V vs Na+/Na. A low
polarization of 100 mV is observed.
The potentiodynamic titration curve (PITT, Figure 3b)

reveals a bell-shape-type response on the reversible phenom-
enon, and confirms together with the sharpness of the peaks in
the derivative curve (Figure 2b) that the reversible process is
biphasic. Indeed, recording the chronoamperometric responses
of the system during every potential level gives access to the
evolution of the kinetics with the redox level. The current
evolution upon the charge and discharge (bell-shape-type
curve) is directly proportional to the area of the interface

between the two phases (nucleation−growth process of one
phase over another one).
Here, we observe the reaction paths between charge and

discharge as usually reported in a pure biphasic reaction at 2.10
V. Thus, Na2Mn3O7 could reversibly intercalate/deintercalate
two sodium per f.u. and this electrochemical process allows a
reduced phase Na4Mn3O7 to be obtained. Note that this new
compound with the nominal composition of Na4.2(2)Mn3O7
(Table 1) corresponds to a manganese mixed valence, Mn3.3+,
suggesting that the number of cations and their positions in the
structure are the key parameters to stabilize the structure.

Table 1. Na/Mn Atomic Ratio, Manganese Oxidation State
and Chemical Formula of the As-Prepared Na2Mn3O7 and
the Fully Reduced Phase Obtained at 1.5 V vs Na+/Na

sample
atomic ratio Na/

Mn (ICP)
Mn valence (chemical

titration) formula

as-prepared 0.66808 +3.98(0.05) Na2.00(2)Mn3O7

reduced at
1.5 V

1.38951 +3.30(0.05) Na4.2(2)Mn3O7

Figure 2. Voltage vs composition curves for Na2Mn3O7 at C/20 rate in
the potential window 3.0−1.5 V (a), corresponding derivative curves |
dQ/dE| vs voltage for the first 5 cycles (b) and rate capability for the
discharge capacity versus cycle number (c).
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the entire charge/discharge processes (Figure 5a) indicates that 
Mn in bulk does not contribute to the redox reaction. However, 
the XAS spectra of the Mn L3-edge in the surface sensitive TEY 
mode indicate the formation of Mn3+ at the surface when dis-
charging below 4.0 V versus Na/Na+ (Figure S5, Supporting 
Information). Therefore, at the sloping charge/discharge profile 
region below 4.0 V versus Na/Na+, the surface redox reaction of 
Mn4+/Mn3+ is responsible for the capacity.

The XAS oxygen K-edge spectrum (PFY) before charging 
(Figure 5b,c) shows two pre-edge peaks that correspond to the 
excitation from 1s to unoccupied oxygen 2p orbitals hybrid-
ized with Mn eg

↑, t2g
↓, and eg

↓, as suggested by the DFT 
calculations (Figure 2a). If Mn4+ ions were oxidized during 
Na+ deintercalation, a new absorption peak corresponding 
to the excitation from 1s to the unoccupied O 2p−Mn t2g

↑ 
state should appear at the lowest energy region (≈528 eV).[33] 
However, as shown in Figure 5c, the absorption increases at 
the high energy region of 532 eV after charging. The emer-
gence of this new absorption at the high energy region 
upon charge is a typical behavior of oxygen-redox electrodes 
such as Li1.2Ti0.4Mn0.4O2, Li1.2Ni0.13Co0.13Mn0.54O2, and 
Na2RuO3.[8,10,12,13,34] Oxygen oxidation increases the effective 
nuclear charge and lowers the 1s energy to raise the 1s−2p 
excitation energy (Figure 5d,e),[26] leading to the emergence of 
the new absorption at the high energy region after oxygen oxi-
dation. In this manner, the XAS experiments coupled with the 
DFT assignments of the redox species/orbitals prove that the 

reversible capacity of Na2Mn3O7 ↔ Na1Mn3O7 arises from an 
oxygen-redox reaction.

It is important to note that the oxygen K-edge XAS spec-
tral change is reversible upon charge/discharge, confirming 
the reversibility of the oxygen-redox reactions. As predicted 
by DFT calculations, the oxidized oxygen is stabilized by a  
π-type interaction between the oxygen 2p and Mn t2g orbitals  

Adv. Energy Mater. 2018, 8, 1800409

Figure 4. a) Potential profile (second cycle) of Na2Mn3O7 upon (de)
sodiation between 1.5 and 4.7 V versus Na/Na+. The dashed grey box 
highlights the high voltage region where O is the active redox process. 
b) Galvanostatic charge/discharge curves between 3.0 and 4.7 V versus 
Na/Na+, and c) cycle stability of the oxygen-redox region of Na2Mn3O7 
between 3.0 and 4.7 V at a rate of C/20. The inset shows a cyclic  
voltammetry curve at the second cycle at a scan rate of 0.1 mV s−1.

Figure 3. a) Synchrotron X-ray diffraction pattern of Na2Mn3O7. Black 
bars are simulated diffraction peaks. b) SAED pattern along an ≈c* 
direction, which indicates the ordered cation arrangement in Mn3O7 
layers. The orange cell is a typical trigonal sublattice of MnO2 whereas 
the blue cell is a 7  × 7superlattice from □−Mn ordering.

III. Potassium-ion Batteries

Potassium-Ion Intercalation Mechanism in Layered Na2Mn3O7
Krishnakanth Sada, Baskar Senthilkumar, and Prabeer Barpanda*
Faraday Materials Laboratory, Materials Research Centre, Indian Institute of Science, Bangalore 560012, India
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ABSTRACT: Potassium-ion batteries (KIBs) are emerging as promis-
ing candidates for large scale applications due to their low cost,
elemental abundance, and smaller Stokes radius of K+ relative to Li+ and
Na+ ions. However, the large size of K+ ion remains the bottleneck for
the development of KIBs. Herein, layered sodium manganese oxide
Na2Mn3O7 is demonstrated as a promising intercalation host for K ion
for the first time. Prepared by facile one-step solid-state synthesis,
Na2Mn3O7 compound crystallized in a triclinic structure (space group
P1̅). An initial discharge capacity of 152 mA h g−1 at a current rate of
C/20 was realized with a nominal voltage of 2.1 V vs K/K+. The
mechanistic aspects of K+ ion (de)intercalation was investigated using
X-ray photoelectron spectroscopy (XPS), ex situ X-ray diffraction
(XRD), and potentiostatic intermittent titration technique (PITT).
Similar to the Na+-ion insertion, the K+-ion insertion into Na2Mn3O7
involves a two-phase redox mechanism. The layered Na2Mn3O7 forms a potential insertion material for low cost K-ion batteries.
KEYWORDS: layered oxides, potassium-ion battery, capacity, intercalation mechanism, PITT

■ INTRODUCTION
Battery materials are widely popularized based on successful
demonstration of intercalation/deintercalation chemistry since
1980s.1,2 Over the past 4 decades, numerous electrode
materials have been investigated for efficient energy storage
applications. Since 1991, myriads of portable/stationary
devices are unanimously being developed using lithium-ion
batteries (LIBs). Nevertheless, their long-term usage and large-
scale applications can be a major concern in future due to the
paucity and cost of lithium. Moreover, natural Li resources
have nonuniform geographic distribution, creating possible
geopolitical tension. It has paved the way for alternative alkali
ion battery chemistries. At this juncture, Na-ion batteries
(NIBs) have attracted unprecedented research attention with
extensive investigation on a plethora of transition metal oxides
and polyanionic electrode materials.3 However, lack of proper
anode materials has limited their commercialization. Unlike the
case of sodium, potassium intercalation is quiet feasible in
graphite (with 244 mA h g−1), which works as a robust anode
for K-ion batteries (KIBs).4 Additionally, they exhibit high
diffusivity and higher negative voltage over NIBs. In this
context, KIBs have attracted growing attention as potential
economic alternatives for grid storage applications.
Reversible K-ion intercalation in various cathode materials

including layered metal oxides,5−9 polyanionic com-
pounds,10,11 Prussian blue analogues12−15 as well as organic
materials16,17 have been investigated. A few review articles have
highlighted the importance and advantages of the KIBs over
the NIBs.18−21 However, KIBs are still in the embryonic stage
and are emerging as promising candidates for large-scale grid
applications due to the low cost, high abundance, and smaller

stokes radius of K+ compared to Li+ and Na+ ions.21 The
standard redox potential of K is lower than that of Li and Na in
EC:DEC electrolyte.4 Ordered rock salt structures of alkali
transition metal oxides have been studied as efficient cathodes
for LIBs and NIBs owing to the potential advantages associated
with their layered structure. This framework allows topotactic
insertion/extraction of alkali ion with high capacities, low
overpotentials, and high volumetric density stemming from
close-packed structure. Thus, research in KIBs started with
KxCoO2 layered transition metal oxide.22 In the exploration of
the layered structures, Mn-based systems have been studied for
electrochemical storage due to the abundance of Mn-based
minerals, low cost, thermal stability, and nontoxicity. Pioneer
studies on NaxMnO2 bronzes revealed the polymorphism
associated with the Na−Mn−O based ternary compounds.23

The amount of sodium present in the structure decides the
final framework: 2D-type structure NaxMnO2 (x = 0.6, 0.7, and
1)24,25 and 3D-type structure NaxMnO2 (x = 0.4, 0.44).26 In
addition, α- and β-NaMnO2 are also extensively studied for
electrochemical applications.27 Recently, Pralong et al.28

demonstrated the synthesis and Na-ion intercalation properties
of Na2Mn3O7. With the focus on Mn chemistry, various Mn-
based oxides such as K0.3MnO2,

5 P3-type K0.5MnO2,
6

K0.7Fe0.5Mn0.5O2,
7 and K0.67Ni0.17Mn0.66O2

8 have been ex-
plored as cathodes for the KIBs.
Recently, our group proposed an approach of exploiting Na-

based insertion materials for efficient K+-ion storage. As a
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2.1 Cathode

V. Zinc-ion Batteries
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VI. Aqueous Batteries
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IV. Lithium-ion Batteries
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