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Incorporating nickel and magnesium in P2-Nagg;MnO, is
expected to suppress Jahn-Teller active Mn** ions, increase the
average potential of the electrode through Ni“/Niz" redox couples
and stabilize M-0 layers resulting in smooth cycling profile with
better capacity this communication, P2-
Nag g7Nig.25Mgp 1Mng ¢50, is reported as cathode material for

retention. In

rechargeable Na-ion batteries. It reversibly intercalates ~0.52
moles of Na per formula unit in the voltage region of 1.5-4.2 V at
C/10 rate which corresponds to a specific capacity of 140 mAh/g.
X-ray photoelectron spectroscopy has attributed the origin of the
capacity in this phase to both Ni and Mn redox species active at
different potential ranges. Substituting part of Mn with Ni and Mg
increases the average potential of Nagg;MnO, and improves the
energy density of Nag g;Nig 25Mgo.1Mng 650, to 335 Wh/kg.

Introduction

Lithium ion battery (LIB) technology is quite mature and opted for
powering portable devices and electric vehicles. Although LIB plays
a vital role in meeting the present day energy requirements in
terms of voltage, power and energy density, the limited resources
of lithium remains as a question which indirectly puts constraints on
the economical issues. Sodium possesses similar electrochemical
properties and electrode potential (0.3 V above that of Li) in
addition to its widespread abundance making Na systems strategic
in energy storage research. Thus, it could serve as an alternative to
Liion systems,2

Lack of high performance electrode materials that are easy to
synthesize, specific
capacities with superior capacity retention are the greatest

structurally stable and exhibiting higher
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technical hurdles that has to be overcome in Na ion batteries in
order to compete with the pioneering LIB technology.3 Among
various cathodes, 2D-layered transition metal oxides have widely
been investigated as cathode materials because of their structural
aspects and high capacities.4 Sodium based layered electrode
materials can be categorized into O or P type depending on the
accommodation of sodium ions at octahedral or prismatic sites,
respectively.5 It has been generalized that the P2 type systems can
deliver higher capacity close to theoretical capacity when compared
to 03 type systems because of its high structural stability during Na-
ion insertion/removal.s'8

Among the P2 based systems, Nagg;MnO, is one of the widely
studied cathode materials for sodium ion batteries with a discharge
capacity of about >175 mAh/g. However, the presence of high spin
Mn>* which is a Jahn-Teller ion, increases the electronic localization
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Fig. 1. Structure and Rietveld fit for XRD pattern of P2-
Nag.g7Nig25M8p1Mng 650,. Insets: (a) Structure of P2 phase showing
sodium in three coordinations: Na(1) in green color, Na(2) in yellow
and (b) SEM image of P2-

color and Na(3) in red color,

Nap.67Nio.2sM80.1MNg 6502
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Fig. 2. Electrochemical performance of P2-Nagg;Nig 25Mg01Mnges0, Vs. Na half cells in the voltage range 1.5 - 4.2V at C/10 rate. (a)
Voltage vs. composition profile - to show the number of moles of intercalated/deintercalated Na. (b) Derivative plot for the first (black),
second (blue) and 3™ (red) cycles, (c) Capacity retention of P2-Nag ¢;Nig25Mgo1Mng 50, Vs. Na half cells in the voltage range 1.5-4.2V at

0.1Crate

due to strong Na'/e” binding and thereby decreases the diffusion
coefficient.” The structure also exhibits multiple voltage plateaus
associated with various phase transitions during sodiation and
desodiation.”™ The substitution of low valency ions in Na,MnO, is
reported to minimize the Jahn-Teller effect by oxidizing Mn** to
Mn4+
smooth

resulting in highly stable 2D framework structures with
charge/discharge profile and fairly good capacity
retention.™ This communication reports dual substitution by lower
valent and electrochemically active, inactive elements, Ni** and
Mg2+, respectively in P2 type Nage;MnO, and studying its
performance as a potential cathode material for Na-ion batteries.

Results and discussion

The structure of P2-NayMO, is presented in Fig. 1a as inset. It
consists of MO, slabs made of edge sharing MOg octahedra. The
sodium ions are sandwiched between these MO, slabs so as to
occupy trigonal prismatic sites (P) and when the unit cell consists of
two distinguishable MO, layers it is denoted as P2. In these systems,
sodium ions occupy two distinct prismatic sites. Sodium has three
different coordinations which are marked as Na(1), Na(2) and Na(3).

Nag.g7Nig25M8p1Mng 650, is presented in Fig. 1. All the peaks are
indexed to a hexagonal system with space group P6s/mcm (Space
group No. 193). The refined lattice parameters are a=b=5.002/i,
c=11.1410 A. The refined crystallographic data of the P2 phase are
given in ESI-1. The scanning electron micrograph of P2 phase is
presented in Fig. 1b as inset. Polyhedral shaped crystals with the
particle sizes ranging from 1 to 2 um are observed. EDX analysis
supported the chemical composition of the compound
(Nag geNig.2sME0.0sMnges0,).  This is  further supported with
elemental analysis by AAS.

Galvanostatic charge-discharge experiments were carried out with
sodium half cells. The voltage - composition profile for P2-
Nag 67Nig 2sMgo1Mng 650, at C/10 (Insertion/deinsertion of 1Na per
formula unit in 10 h) rate in the voltage range of 1.5-4.2 V is shown
in Fig.2a. During 1* cycle nearly 0.52 moles of Na was reversibly
intercalated with an average voltage of 3.55 V while retaining the
crystal structure in the present voltage region (discussed in later
section under ex-situ XRD studies).w’16 The 1% discharge capacity is
about 140 mAh/g.

As observed in dQ/dV plot (Fig. 2b), all peaks are inherently

The powder X-ray diffraction pattern of the P2 coupled i.e. each oxidation peak has exact reduction peak with
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Fig. 3. (a) Cycling profile and (b) Capacity retention plot of Nag g;Niy 25Mg01Mng 650, in the voltage range 2.0 — 4.2V at 0.1C rate, (c) rate
performance of P2-Nag ¢;Nig 25Mgo.1Mng 650, was tested at different current densities in the voltage range 2.0-4.2 V.
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nearly same peak current and similar peak separation between

each couple. In other words, each
corresponding to a peak is expected to be electrochemically
reversible. Two prominent peaks associated with redox couples
(Eow/Ereq) at 1.89V/1.68V (a/a’) and 2.02V/ 1.9V (b/b’) are
observed below 3V. There are three strong peaks associated with
redox couples (E,,/E.eq) at 3.22V/3.14V (c/c’), 3.39V/ 3.32 V(d/d’)
and 3.65 V/3.57 V (e,e’) and a weak broader peak is observed at
3.92 V/3.87 V (f/f') above 3 V. In subsequent cycles, the oxidation
and reduction peaks show slender shift of ~0.02 V towards positive
and negative potentials, respectively. As reported by Dahn et. al,

the peaks below 3.8 V were due to single phase intercalation or

redox/phase transition

continuous phase transitions. Above 4.2 V two phases (02+P2)
coexisted and at 4.4 V only 02 phase with stacking faults was
observed.” The charging cut-off potential was restricted to 4.2 V to
eliminate the irreversible loss due to phase transformation from P2
to 02 occurring at potentials above 4.2 V. Lee et al. indicated the
transformation of P2 to 02 at 4.22 V in Nagg;Nip33Mng 6,0, using
first principle calculation of formation energy and confirmed by ex-
situ synchrotron XRD." Nag 67Nig25M8o.1Mng 650, retained 89% of its
initial capacity after 30 cycles at C/10 rate in the voltage range 1.5-
4.2V (Fig. 2(c)).

Considering the practical aspects of employing
Nag e7Nig25Mgo1Mng 650, as cathode for sodium ion batteries, long
cycling and rate performance was carried in the voltage range of
2.0-4.2 V. As seen from Fig. 3(a), the cycling profile is smooth unlike
the parent P2-Najy ;MnO, which depicts multiple potential plateaus
with phase during
sodiation/desodiation.’ During charging 0.39 moles of sodium was
removed and subsequent discharging 0.38 moles of sodium was

associated various transformations

inserted back into the structure. The corresponding discharge
capacity was about 100 mAh/g at C/10 rate with retention of 87%
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Fig. 4. Cycling profiles of Nag 67Nig 25M8g.1Mng 6505,

Nag g7Nig3sMng g50, and Nag g;MnO, in the voltage range 2- 4.2V
at 0.1C rate. For Nagg;Mn0,, 1 charge is not shown.

This journal is © The Royal Society of Chemistry 20xx

after 100 cycles (Fig. 3(b)). The rate performances of
Nag 67Nig 2sMgo1Mng 50, are shown in Fig. 3(c). At C/25 rate it
exhibits a capacity of about 106 mAh/g which accounts to reversible
intercalation of ~0.40 moles of sodium per formula unit. The
capacity decreases to 100 mAh/g at C/10 rate. The capacities
obtained at C/5, C/2 and 1C rates are 88, 82 and 70 mAh/g,
respectively. Significant decrease in capacity beyond C/10 is
attributed to limited diffusion of Na-ion at higher rates.

Fig. 4 compares the cycling profiles of Nagg7Nip25M801Mng 50,
with Nage;Mn0O, and Nagg;Nig33Mng 6,0, in the voltage range 2 —
4.2 V. Itis evident from the figure that substitution of Ni*" and Mg**
in Nagg7;MnO, increases the average potential from 2.59 to 3.35 V.
As a result the energy density of NagesNig25Mg01Mng 50, versus
metallic Na anode is calculated to be 335 Wh/kg which is superior
to the energy density values of Nag ¢;Nig 33Mng 6,0, (290 Wh/kg) and
Nag 6;Mn0, (300 Wh/kg) for a cell performing between 2 to 4.2 V.
Further Napg;MnO, is reported to undergo severe capacity
degradation (~50% loss over 100 cycles, details provided in ESI-2].
Partial substitution of Mn with Ni** and Mg2+ in Nagg;Mn0O,
significantly improves the capacity retention [ESI-2 & 3].
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Fig. 5. XPS spectra of as-prepared, charged and discharged
samples of P2-Nagg;Nig2sMgo1Mnges0,: (a) Ni2p spectra

and (b) Nals spectra.
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Fig. 6. XPS spectra of as-prepared, charged and dicharged
samples of P2-Nag g7Nip 25Mgp.1Mng 650,: Mn2p spectra.

XPS measurements were performed to investigate the oxidation
states of Ni, Mn and Na in the pristine and charged samples. In
Fig.5, XPS of Ni2p and Nals core levels in as-prepared P2-
Nag g7Nig 25Mgp 1Mng 650, and the sample after charging to 4.2 V are
shown. Ni2p spectral envelopes of as-prepared sample and after
charging are observed to be different. In as-prepared sample,
Ni2ps/, 1/, peaks at 854.4 and 872.3 eV with spin-orbit separation of
17.9 eV correspond to Ni**.*® Broad envelope of Ni2p core level
spectrum of the sample after charging to 4.2V indicates that Ni is in
multiple oxidation states and it can be curve-fitted into sets of spin-
orbit doublets along with associated satellite peaks. Accordingly,
sets of Ni2pss, 1/, peaks at 855.6, 872.7 and 858.3, 876.1 eV are
assigned  to Ni®* and Ni** species, respectively.lg‘20 Relative
intensities of Ni** and Ni*" are 70% and 30%, respectively. Observed
higher binding energy peaks with respect to main peaks are related
to corresponding characteristic satellite peaks of 2ps/;,; and 2py,.
The oxidation state of Niis +2 in pristine sample and combination of
+3 and +4 is observed in the charged sample. Nals peak at 1071.4
eV is attributed to Na* speciesn. It is important to note that amount
of Na decreases after charging, whereas it increases after
discharging as seen in Fig. 5b. XPS of Mn2p3/,,,, core levels in as-
prepared P2-Nag ¢;Nig 25Mg0.1Mng ¢5s0, and the sample after charging
to 4.2 V and discharging to 1.5 V are shown in Fig. 6. Mn2ps/, 1/,

4| J. Name., 2012, 00, 1-3

core level peaks at 642.2, 653.9 eV in as-prepared sample and after
charging are assigned for Mn*" species.22 However, the sample after
discharging to 1.5 V contains both Mn>* and Mn*" peaks at 641.1
and 642.2 eV Thus, it has been confirmed that the capacity above
2V originates from the contributions of Ni“/Ni“ redox couple and
Mn remains in +4 oxidation state. On the other hand, the capacity
below 2V is attributed to Mn**/Mn>* redox.

Structural rearrangement in P2-NaggsNip,5sMgp1Mng g0, after
charging and discharging was studied by ex situ powder X-ray
Rietveld fit of the XRD patterns and obtained
crystallographic parameters are presented in ESI-4 and ESI-5. The

diffraction.

powder XRD patterns were refined using both the hexagonal model
system, P6y/mcm and orthorhombic system, Cmcm space group.
The refinement is best converged with the orthorhombic system for
the sample charged up to 4.2 V. Further (102) diffraction peak at
40° for the pristine sample indexed in hexagonal system splits into
two peaks at 38.4° (022) and 39.7° (112) reflections of
orthorhombic symmetry. Hence, an orthorhombic model system,
Cmcm (No.63) was used to fit the charged sample and an improved
fit was obtained (ESI-4).23'25 During charging, ‘c’ parameter is found
to increase from a value of 11.1395 A to 11.3889 A. The refined
structure model indicates that four of the M—O bonds contract and
two M—0 bonds are found to elongate. XRD pattern of the sample
discharged from open circuit voltage to 1.5 V is presented in ESI-5.
The discharge pattern is best fitted with P6;/mcm hexagonal model
system. The ‘c’ parameter for discharge sample did not appreciably
change compare to the pristine sample and the M-O bond length
change is symmetrical along all the axes.

The b/a ratio for the charged samples indexed in Cmcm model
system deviates from the value of 1.732 of an ideal undistorted
hexagonal phase in the orthorhombic cell? Further, the ratio
between b/(\/3a) is slightly higher than unity indicates the distortion
within the ab plane.25 Hence, these observations indicate that P2-
Nag 7Nig25Mg01Mng 650, hexagonal phase undergoes orthorhombic
distortion during charging and transform to the original hexagonal
structure during discharging.

Conclusions

Layered P2-Nagg;Nig25sMgo1Mnges0, is reported as cathode
material for rechargeable Na-ion batteries. It exhibited a specific
capacity of 140 mAh/g in the voltage window of 1.5-4.2V. Origin of
capacity is attributed to NiZJ'/Ni3+/Ni4+ and Mn‘%/Mn4+ redox which
2V.

orthorhombic

are active respectively above and below

P2-Nag 67Nig 2sMg01MngesO,  phase
distortion during charging and retains the hexagonal phase during

undergoes

discharging. Replacing part of Mn with NiZJ'/Mg2+ in Nige;Mn0O,
enhances the average potential by 760 mV and the resultant energy
density is calculated to be 335 Wh/kg which is superior to
Nip67Mn0O, and NaggyNig 33Mng 6,0, In summary, we conclude that
substituting Ni** and Mgz+ ions in Nagg;MnO, facilitates; smoother
cycling profile, improved capacity with better retention, increased
average potential, thereby enhanced energy density. We believe
the approach and the material proposed pave way forward to
realize low cost rechargeable Na-ion batteries.

This journal is © The Royal Society of Chemistry 20xx
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