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ABSTRACT

Sodium-ion batteries are pursued as pragmatic alternative to the Li-ion battery technology having operational
similarity along with natural resource abundance. P2-type manganese-rich layered oxides are widely explored
exhibiting high capacity along with fast rate kinetics. To improve their electrochemical performance and reduce
voltage decay upon cycling and to mitigate irreversible phase transitions, cation doping or hybrid composite
integrations have been proposed. Here, we report a unique Mn-rich layer-spinel composite, Nag 7(Li;/18Mny1,
18Ni3/18Fes/18)1,18)02-xNagMoOy, leading to a synergistic effect of layered P2 and spinel phases. This stable
layer/spinel biphasic composite was stabilized through Mo doping and its electrochemical activity was studied at
different voltage windows. When cycled between 1.5-4.5 V, this composite delivered a high specific capacity of
183 mAh.g™! involving both cationic and anionic (0?/05") redox. The structural evolution during (dis)charge
was studied by ex-situ X-ray diffraction and cyclic voltammetry. It is observed that mitigating P2-P2" phase
transition at higher voltage is crucial to improve the electrochemical performance, cycling stability and reduce

the voltage hysteresis.

1. Introduction

Sodium-ion batteries (NIBs) are extensively investigated as possible
alternatives for lithium-ion batteries (LIBs) particularly for large-scale
stationary storage devices independent of gravimetric/volumetric en-
ergy density. Owing to the natural abundance, uniform geographic
distribution and operational similarity, NIBs can indeed be harnessed as
economic energy storage devices as demonstrated by their commer-
cialization by M/s. CATL Inc., China (circa July 2021) [1]. In the pursuit
to improve sodium storage performance, wide attention has been
focused on the development of robust cathode materials with emphasis
on layered oxides, polyanion compounds, and other electrode materials
[2]. Here, layered sodium transition metal oxides, NayMeOy (Me = 3d
transition metals), have gained substantial attention due to their ease of
synthesis, structural diversity and reversible Na* (de)insertion with high
capacity. Due to the large ionic radius of Na*, layered Na,MeO, poly-
types vary according to oxygen cubic close packing (ccp) array forming
P2 (ABBA stacking), P3 (ABBCCA stacking), and O3 (ABCABC stacking)
structures during chemical synthesis. As per Delmas notation, the sym-
bols (O and P) denote octahedral and prismatic environment for sodium

sites and the numbers (2 or 3) indicate number of Me layers in the unit
cell [3]. To date, P2 and O3 type oxide materials are reported as po-
tential sodium-ion battery cathodes exhibiting high-rate kinetics and
large capacity, respectively [4,5].

As compared to O3- type, the P2-type structure is more appealing
because Na™ ions can migrate across two face-shared trigonal prismatic
sites in the Na layers, which facilitates higher rate capability. In this
context, the Na-Ni-Mn-O system is a promising P2 type compound due to
its high operating potential and energy density [6]. However, these
compounds suffer from structural changes on over-extraction of Na™
ions at higher voltages. These structural changes are induced by the
gliding of MeO,, slabs leading to O2-type structure with ABACAB oxygen
packing, which results in irreversible structural collapse and capacity
fading [6]. High electronegative cation substitutions like Li and Mg,
which are electrochemically inactive, are generally used to suppress the
unwanted phase transition [7]. Further, the electrochemical perfor-
mance can be improved by doping active electrochemical cations (e.g.
Co, Fe) [8,9]. Effective compositional manipulation can help to achieve
larger capacities in Na-Ni-Mn-O quaternary cathode systems.

Another strategy to improve the electrochemical performance is by
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Fig. 1. Structural analysis of SMCO material. (a) Rietveld analysis
of high-resolution synchrotron X-ray diffraction (SXRD) pattern
shows two phases: hexagonal layered P2 phase (94%) and spinel
phase (6%). The observed data points (yellow), calculated pattern
(black), their difference (blue) and two sets of Bragg peaks (blue
and red vertical ticks) are shown. (inset) Representative SEM
image of micrometric SMCO material. (b) Schematic illustration of
crystal structures of layered (P2) and spinel phases.
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employing composite cathodes. In biphasic composites, synergistic bene-
fits of constituent phases can be exploited to optimize structural and
electrochemical properties. For example, while the primary phase acts as
active cathode, the secondary phase may impart structural stability during
Na' (de)insertion and/or can suppress volume change during battery
cycling [10]. Recently, bi- or multiphasic hybrid composites were
employed to yield high electrochemical performance and cycling stability
[11,12]. The Li substituted O3 type layer-spinel intergrowth cathode
material was shown to deliver capacity of 96 mAhg™ after 100 cycles.
Similar studies on integration of layer and spinel composites to boost
electrochemical performance have been reported in LIBs [13]. Lately,
spinel-integrated P2/P3-type layered composites have been examined as
cathode material with fast rate kinetics. This synergistic led to cathodes
with long life and high rates for SIBs [14,15]. In case of LIBs, Mo doped
biphasic composites have been reported to deliver high-capacity retention
vis-a-vis undoped cathode material [16]. Motivated by these studies, we
adopted a strategy to synthesize P2 and spinel composite by doping redox

inactive Mo species. It is found that P2 and spinel target composite ma-
terial Nao.7(Li1/13Mn11/18Ni3/18F62/13X1/13)02 - XN32M004 delivered a
high specific capacity of 183 mAhg™ stemming from both cationic
Mn3/4F Ni2+/3+/4+  Fe3+/4+) and anionic (0% /05") redox activity. The
material was investigated at different voltage windows to study the
structural and electrochemical stability. With due optimization, this
composite can act as a stable economic cathode for stationary sodium-ion
batteries.

2. Experimental section

The target cathode composite material, Nag7(Li;/18Mn1,/18Nis,
18Fes,18)1/18)02—xNasMoOy4 (referred as SMCO), was synthesized by co-
precipitation method using a stoichiometric mixture of acetates of so-
dium, lithium, manganese, nickel along with iron nitrate and ammo-
nium molybdate as precursors. These precursors were dissolved in a
solution of water: ethanol (3:4) mixture. An aqueous solution mixed



(C) )
;

Fig. 2. Morphology and structure of composite SMCO. (a) Representative TEM image of SMCO reveals micrometric particle of size range 2-5 pm. (b) HR-TEM image
of composite particle showing domains of layered P2 and spinel phases with d-spacing values of 0.558 nm [(002) plane of layered phase] and 0.525 nm [(111) plane
of spinel phase] respectively. (c) EDS elemental maps of SMCO composite showing uniform distribution of all elements. (d) Pictorial presentation of composite

cathode showing spinel phase embedded in P2 layered oxide phase.

with an excess amount of oxalic acid was added to the previous solution
to form precipitates. The resulting co-precipitated solution was contin-
uously stirred at 70 °C for 10 h before evaporating solvents at 110 °C.
The obtained powder was later calcined in a muffle furnace (heating
rate = 5 °C/min) at 900 °C for 5 h (in air) before cooling down to room
temperature. The sample was immediately transferred inside an Ar-
filled glove box to minimize any exposure to air/ moisture.

Powder X-ray diffraction (XRD) measurement was conducted on as-
synthesized and ex situ sample using a PANalytical Empyrean X-ray
diffractometer (PANalytical, Malvern, UK) equipped with a Cu Ka
source in the 20 range of 10-70° (step width = 0.026°). Following,
synchrotron powder X-ray diffraction (SXRD) was performed using X-
ray radiation with wavelength 1.1516 A on Indian Beamline (BL-18B) at
High Energy Accelerator Research Organization (KEK) Photon Factory
(Tsukuba, Japan). The beamline energy was E = 10.75 keV, which was
calibrated using LaBg standard sample. Rietveld analysis was performed
using Fullprof software [17], and the structure was visualized using
VESTA program [18]. Morphological analysis along with
energy-dispersive X-ray spectroscopy (EDS) was conducted with a Carl
Zeiss Ultra55 field-emission scanning electron microscope (FE-SEM,
operating at 5 kV). Complementary transmission electron micrographs
along with EDX maps were obtained using Titan Themis TEM unit
(Thermo-FEIl, operating at 300 kV). The specimen for HR-TEM mea-
surement was prepared via dispersing powder in ethanol and
drop-casting onto a copper grid, coated with a thin layer of amorphous
carbon followed by drying under an infrared lamp. X-ray photoelectron
spectra (XPS) of pristine and cycled electrodes were acquired with a
Thermo scientific K-Alpha X-ray Photoelectron spectrometer using a
monochromated Al target X-ray beam with Ko radiation (Aiv = 1486.6
eV) (acceleration voltage = 12 kV, emission current = 6 mA). After
Shirley background subtraction, the shift adjustments were conducted
using a carbon signal as reference with a binding energy of 284.8 eV.

The electrochemical activity of Na(),7(Li1/18MI'111/18Ni3/13F82/18X1/
18)02—xNayMoO4 sample was evaluated using coin-type cells (CR2032-
type). Positive electrodes were made up of 80 wt% active materials, 10
wt% acetylene black, and 10 wt% poly(vinylidene fluoride) binder,
mixed with N-Methyl-2-pyrrolidone (NMP) to adjust the viscosity of the
slurry. This slurry was cast on Al foil using a doctor blade and was
vacuum dried at 90 °C overnight. The composite cathode electrodes had
a typical mass loading of 2.0 to 3.5 mg.cm 2. For sodium half-cells,
metallic Na foil was used as counter/reference electrode, and 1.0 M
NaPFg dissolved in EC/DEC (1:1 by volume) (Kishida Chem. Co., Ltd.)
was used as electrolyte soaked in porous Whatman glass fiber separator.
Galvanostatic charge/discharge studies were performed using BTS-4000
(Neware, China) battery tester. Cyclic voltammetry and potentiostatic

intermittent titration technique (PITT) measurements were conducted
using BCS 805/810 (Bio-Logic SAS, France) automatic battery cycler.

3. Results and discussion
3.1. Structural characterization of layer-spinel composite

Employing simple co-precipitation route, an intergrown layer (P2)-
spinel composite, Nag 7(Li1,18Mn11/18Ni3/18Fe2/18)1,/18)02—xNaMoOy4 ()
indicates vacancy) (SMCO), was prepared. The crystal structure of as-
synthesized SMCO compound was analysed with synchrotron powder X-
ray diffraction (SXRD) as shown in Fig. 1(a). A mixture of layered P2
(space group P63/mmc) and spinel (space group Fd3m) phases could be
indexed. The strongest diffraction peak at 11.85° indicates (002) reflection
of the P2 phase. The additional reflections (denoted by blue box) corre-
spond to Li/Mn ordering in the TM layer [19]. The remaining diffraction
peaks correspond to spinel NaMoO,4 byproduct compound, indicating the
formation of layer + spinel (P2+ Fd3m) composite material [20]. Rietveld
analysis was conducted to further validate the phase fraction and lattice
parameters in the SMCO composite, which was found to be composed of
94% of a dominant P63/mmc (P2-hexagonal) phase with the lattice pa-
rameters of a = b = 2.884(65) Aandc= 11.189(70) A and 6% of sec-
ondary spinel (NapMoO,4) phase with lattice parameter a = 9.113(4) A.
Details of the Rietveld analysis are summarized in Table S1. The schematic
illustration of layer and spinel crystal structures is shown in Fig. 1(b). The
formation of NapMoOy spinel phase reveals that Mo does not participate in
forming P2 phase; rather it leads to a secondary spinel phase thus forming
a layer-spinel composite. To validate the point, molybdenum-free
Nag7(Li;/18Mny1,18Ni3/18Fea/18)1,18)02 compound (SLMN) was synthe-
sized, which showed no sign of spinel formation (ESI, Fig. Sla, Fig. S2)
proving that even a small concentration of Mo (2.7 wt%) can trigger spinel
formation. Considering the ionic radius and valence state of Mot (0.59
A), molybdenum ions were expected to substitute in the Me slabs of so-
dium layered structures as observed in layered lithium oxides [21]. The
absence of molybdenum in the structure could be due to the lower free
energy formation of spinel NasMoOy4 phase. The interplanar spacing of
(002) plane in both SMCO and SLMN materials was found to be 5.57 A
(Fig. S1b). Hence, Mo doping has no effect on the d-spacing of the P2 layer
structure i.e., all Mo species are consumed in spinel formation. During the
calcination, the sodium concentration in the precursor was used in form-
ing both phases (P2 + spinel). Considering the amount of Mo used in the
synthesis, the back of the envelop calculations showed that 1/18 mol of
sodium were used during spinel (NazMoO,4) formation, and the remaining
~0.64 mol were used in forming a layered P2 structure.

The final composition of the P2 layered oxide structure in the
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Fig. 3. Electrochemical performance of the SMCO composite electrodes in different voltage windows. The charge/discharge profiles of 1-50 cycles are shown at a
current rate 0.1C for voltage windows of (a) 2.0-4.0 V, (b) 2.0-4.2'V, (c¢) 2.0-4.5 V, and (d) 1.5-4.2 V (vs. Na/Na™).

composite was deduced to be Nag.4(Li; 18Mny1,18Nis/18Fe2/18)1,18)O02.
Previous studies have shown Ni stays in +2/+3 oxidation state in Nay,
3NiyMnyO> compound by internal redox reaction [22,23]. Further, in
NayFeyMnj 4O (1.0 > x > 0.5), Fe is always found in +3 state [24].
Therefore, it is reasonable to assume that all Mn in the material exists in
+4 oxidation state. To probe the oxidation states of constituent ele-
ments, XPS spectroscopy was conducted to capture the core peaks of
SMCO powder (as shown in Fig. 4). Because of the spin-orbit coupling,
2p orbitals split into 2p3,2 and 2p; /2 components. The Ni 2p core peak
showed two main components at 854.5 eV (Ni 2p3,2) and 872.1 eV (Ni
2p1,2), with satellite peaks at 860.7 and 878.8 eV respectively. The
deconvolution of Ni 2ps/» showed a mixture of Ni%?"and Ni®* valence
states to charge balance the compound. For element Fe, the 2ps/» peaks
at 711.5 eV and 716.7 eV can be assigned to Fe>*and Fe** respectively
[25]. While the Mn 2p core peak showed dominant peaks at 642.2 eV
(Mn 2p3,2) and 653.8 eV (Mn 2p; /5) corresponding to a valence state of
+4. This characterization could be beneficial for understanding the
electrochemical properties of P2 layered-spinel composite as discussed
in the later sections.

This layered-spinel composite was found to have hexagonal-shaped
particles with micrometric morphology (3-5 pm) (Fig. la, inset).
With or without Mo doping, similar morphology was observed (ESI,
Fig. $3). Distinct P2 and spinel phases in the composite samples with the
intergrowing interfaces were observed via high-resolution transmission
electron microscopy (HRTEM) (Fig. 2a,b). The lattice fringes with the
interplanar spacing of 5.58 A and 5.25 A can be ascribed to (002) plane
of P2 phase and (111) plane of spinel phase, respectively. Energy-
dispersive X-ray spectroscopy (EDS) elemental mapping confirmed

uniform distribution of all constituent elements (Na, Mn, Ni, Fe, Mo) in
the composite sample (Fig. 2¢). A pictorial representation of the com-
posite material is rendered in Fig. 2d showing uniformly distributed
spinel blocks in the P2 layered oxide matrix. These microscopic obser-
vations are in agreement with the SXRD results, confirming the forma-
tion of a layered P2/spinel composite structure.

3.2. Electrochemical study

The electrochemical performance of the single phase (SLMN) and
composite structure (SMCO) was evaluated in sodium half cells (Fig. 3).
The voltage ranges were selected considering the Mo redox nature in
spinel NapMoOQj4, which is inactive at higher voltages. The corresponding
galvanostatic (dis)charge profiles (at a rate of 0.1 C) of SLMN and SMCO,
cycled in the range of 2.0-4.0 V, are shown in Fig. S4 (ESI). Although,
pristine SLMN delivered superior initial charge/discharge capacity (76/
95 mAhg’l) in comparison to SMCO compound (60/82 mAhg’l, Fig. 3a),
the composite cathode SMCO was found to exhibit superior capacity
retention after 30 cycles [SMCO (85%) vis-a-vis SLMN (78%)]. Hence,
our investigation was focused on the SMCO composite material. In both
compounds, no voltage plateau corresponding to Na/vacancy ordering
was observed, which indicates the constituent Na* in interlayers are
disorderedly arranged [26].

By further raising the upper cutoff voltage to 4.2 and 4.5 V while
restricting the lower cutoff voltage to 2.0 V, we studied the effect of
cation/anion redox on the capacity (Fig. 3b, c). In case of 2.0 - 4.2 V
range, there is no change in the voltage profile, but there is a slight
(~2%) increase in the capacity. However, when the cell was cycled up to
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Fig. 4. Comparative XPS spectra of pristine and charged SMCO cathode showing the oxidation states of constituent species (Mn, Ni, Fe, O and Mo). (Bottom: pristine

cathode, Top: charged cathode).
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to probe the contribution of different redox centers.

4.5V, during charge, a pseudo plateau at ~4.25 V was observed deliv-
ering an additional charge capacity of 47 mAhg™'. However, during
discharge, its corresponding plateau around 4.0 V has a considerable
hysteresis. Nevertheless, upon charging till 4.5V, a discharge capacity of
129 mAhg™! was obtained Fig. 3b. On a practical note, this charge ca-
pacity is much higher than the estimated Ni?>*/4* and Fe3*/4* redox
activity (74 mAhg™), hinting at the involvement of other redox centers
at higher potential. As the redox potential of Mn**/>* is expected to
emerge at considerably very high potential and Li is a non-redox cation,
this extra capacity at high voltage can be attributed to oxidation of
lattice oxygen (i.e. anionic redox) [27,28].

It was noticed that after 50 cycles, approximately 81%, 71%, and
55% of capacity were retained for upper cut-off voltage of 4.0 V, 4.2 V,
and 4.5 V, respectively. When all cationic redox centers were activated
in the voltage range of 1.5 — 4.2 V, it led to severe capacity fading
retaining ~50% at the end of 50 cycles (Fig. 3d). This capacity fading
can be attributed to Mn reduction (Mn*"to Mn>") during discharge
involving Jahn-Teller distortion of MnOg octahedra that can cause
constraints and defects in the cathode. After 50 cycles (in the voltage
window 2-4.5 V), the plateau ~4.2 V corresponding to anionic redox
completely disappeared, which hints at irreversible O redox leading to
O, release from the lattice. As anionic redox suffers from sluggish kinetic
behavior in contrast to fast cation redox, we conducted the cycling at a
low current rate of 0.05 C. The capacity fading and change in voltage
profiles were found to be similar for both 0.05 C and 0.1C, which can be
due to sluggish short-range atomic movements caused by repeated
(02)"™ formation during (de)sodiation (ESI, Fig. S5).

Here, the pristine composite material contains redox active Ni, Fe,
and Mn with oxidation states +2/+3, +3/+4, and +4, respectively.
Upon charging till 4.2 V, the Ni and Fe act as active redox centers in
delivering the capacity by oxidizing to +4 state. After 4.2 V, excess

capacity can solely be assigned to 0> /O™ redox corresponding to des-
odiation at higher voltages. The O redox may be triggered by Li-O-Na or
¥-O-Na, or y-O-y configurations creating nonbonding oxygen 2p orbitals
along the c axis. To investigate the oxidation states of elements, ex situ
XPS spectra were collected at a fully charged state of 4.5 V (Fig. 4). As
charging progresses, Ni>* peaks shifted to higher binding energy as
indicated by a peak at 858.8 eV that can be assigned to Ni** [29]. When
charged to 4.5 V, the peak corresponding to Fe*" increases indicating
oxidation of Fe>* to Fe**. For the pristine cathode, the O peak at 529.3
eV refers to lattice 0>~ anions. Upon charging, the peak of O3~ merges
suggesting the oxygen activity. This shows that 0%-/0} couple partic-
ipate in delivering capacity at higher voltages. Throughout the charging
process, Mn and Mo peaks showed no change in the binding energy
indicating them as redox inactive. The O, release induces transition
metal reduction during discharge, which may activate a cationic redox
pair that was not exposed in the first charge [30]. In the following
discharge (sodiation) upto 3 V, all the Ni and Fe species reduce back to
+3 state. At voltage below 3 V, the capacity stems primarily due to
Mn3t/4* redox activity [31]. To validate this point, voltage window of
1.5-4.2 V was selected such that only cation redox centers can be acti-
vated in delivering capacity. The corresponding voltage profiles
(Fig. 3d) widely differ from other profiles because of Mn>*/** redox
activity at the lower voltage delivering an initial discharge capacity of
122 mAhg ™. This net capacity is a combination of all cationic redox
activity (Ni2+/3+/4+ Fe3+/4+ Mn3+/4+).

To further probe the origin of capacity fading during charge/
discharge (C/D), cyclic voltammetry (CV) was performed alongside C/D
in the voltage window range of 1.5-4.5 V. Wide voltage window was
chosen in order to cognize the nature of all redox peaks. The corre-
sponding electrochemical C/D curves (Fig. 5a) reveals a combination of
both cationic and anionic redox activity. CV plots showed four peaks in
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Fig. 6. (a) Ex situ XRD patterns at different voltages during the 1st charge and discharge processes. (b) Schematic illustration of the underlying P2 and P2"

structural evolution.

the first anodic sweep related to Ni2™3* (3.44 V), Ni®™** (3.61 V),
Fe3*/4* (4.02 V), and O? /O3 (4.41 V) redox steps [32-34]. On the
following cathodic sweep, corresponding peaks for anionic and cationic
redox steps were noticed (3.99V, 3.76 V, 3.42 V, 3.23 V, and 1.70 V)
along with an extra peak at a lower voltage (1.70 V) corresponding to
Mn**/3+ redox appending additional storage capacity (Fig. 5b). In the
subsequent cycles, the intense cathodic peak observed at 4.41 V
broadened and the corresponding anodic peak shifted to lower voltages
and merged into a broad peak at 3.88 V. The irreversible evolution of the
redox peaks in the CV profiles suggests crystal structure relaxa-
tion/rearrangement, which could be related to various trend of cation
migration at high voltage driving forces or linked to surface effects
generated by different cation migration rates [35]. The differential
voltage profiles (dQ/dV vs. V) show a comparable depiction (Fig. 5a,
inset). The initial discharge capacity (183 mAhg™) results from the
combination of redox activity of cations (Ni, Fe, Mn) and anion (O). This
capacity gradually reduced with longer cycling. The intense peak at 4.2
V vanished after 15 cycles, referring to irreversible O, loss. The peaks
corresponding to Ni and Fe also disappeared, and the Mn peaks shifted
leading to inactive redox centers, which could be due to the transition
metal migration associated with structural change [36]. To further
investigate the structural changes and to couple the anionic and cationic
peaks, a series of CVs were obtained by first applying a positive polar-
ization with a scan rate of 0.1 mV.s! from OCV until 2.8 V followed by a
negative polarization till 2 V. Afterwards, the polarization was gradually
increased to 3.0, 3.3, 3.5, 3.8, 4.0, 4.2, and 4.5 V, with each step being

followed by negative polarization to 2 V (Fig. 5¢). The lower voltage was
restricted to 2 V as there are no distinguishable changes observed in the
structural aspect as discussed later. The first anodic peak at 4.3 V was
not significantly compensated upon negative polarization proving the
irreversibility of anionic redox process. To understand the Kkinetic
behavior and redox mechanism in the voltage range, potentiodynamic
titration (PITT) study was conducted. The resulting profile revealed no
change in the Cottrellian current behavior owing to single-phase top-
otactic reaction (ESI, Fig. S6). However, decay in the current response
was observed for every potential step, suggesting the electrochemical
process is limited by the diffusion of Na' ions [37]. Even the
pseudo-plateau regime at 4.2 V did not reveal any bell-shaped curve
suggesting it to be limited by Na™ diffusion and not by the area of
interface between the two phases [38].

To unveil the cause of capacity fading and the structural evolution
during (de)sodiation, ex situ XRD pattens were acquired at different (dis)
charged states of the first cycle as shown in Fig. 6a. As the sodium is
deintercalated from the structure, the voltage curves display a linear
increase in the potential upto 4.2 V. This smooth voltage profile suggests
solid solution type redox mechanism in sync with CV and PITT studies.
Similar behavior is observed in Li/Fe substituted transition metal layer
of sodium layered oxide materials [24,39,40]. Upon desodition till 4.2
V, no shift in the (hkl) reflections demonstrates no expansion or
contraction due to repulsive interactions between oxygen along c axis
and Na' ions in ab planes. At the end of charge (4.5 V) with near
complete desodiation, a distinct new P2 phase was observed. This P2



(a) * 20-40V
e 20-42V
A 20-45V
sl AAAL v 15-42V
y N
= Adaa
2 v ALA
Vv AAA)
£ oo vy
> eeo0e A
T 'Q”” AAAA
&} * * 00904
§ *x “****u::""ooooc‘A
* *
50 4 rvvxxv”“‘
* Kk ok Kk
VYVVYY
0.05C 0.1C 0.2C 0.5C 1C
0 T T
0 5 10 15 20 25

Cycle number

(b) 120
100
80
60

40

Capcaity [mAh/g]

204

T T
0 40 80 120 160 200
Cycle number

Fig. 7. (a) Discharge capacity of SMCO composite cathode when cycled at different rates (0.05C to 1C) and different voltage windows. (b) Cycling performance (at

1C) conducted at different voltage windows.

phase is denoted as P2, where the peak asymmetric broadening sug-
gested at the faulted layer structure. The P2" phase has a larger inter-
layer distance (ca. 7.12 A) in comparison to P2 phase (ca. 5.57 A)
(Figs. 6b, S7). Because of the anomalously large interplanar distance
reported in sodium layered oxides, it is speculated that electrolyte sol-
vent molecules and/or salts can be inserted between the slabs leading to
a hydrated phase [41]. To prove the exact phase transitions, more pre-
cise in-situ synchrotron XRD study is warranted, which is beyond the
scope of this work. On discharging (sodiation) till 2 V, the P2 phase was
retained similar to the pristine cathode. On further discharging to lower
voltage (1.5 V), (002) and (004) peaks shifted to higher angles indi-
cating contractions along c¢ axis because of reduced repulsive in-
teractions between oxygen atoms in the interlayers, while (100) and
(102) peaks shift to lower angles signifies expansion in ab plane due to
enhanced Na™' ion repulsion.

The spinel NazMoO4 phase remains inactive throughout the cycling.
The complete structural transition is summarised in Fig. 6b illustrating
sections of P2 and P2" layered structure along (110) plane. The exact
structure of ideal desodiated P2 phase is not reported till date. At
higher voltages, the formation of P2 phase could result in a combina-
tion of oxygen loss and transition metal migration resulting in the ca-
pacity fading [36]. The increased polarization during discharge and
gradual capacity fading validate this hypothesis. Overall, the
P2-layer/spinel composite yield different electrochemical behavior
when cycled at different voltage windows.

The cycling stability and rate capabilities at various voltage windows
are shown in Fig. 7. The voltage range of 2.0 — 4.0 and 2.0 — 4.2 V offer
stable capacity. As the voltage cutoff is lowered to 1.5 V, Jahn-Teller
distortion of Mn>* is observed, inducing structural instability (strain
and distortions) in the layered material [42]. When cycled to higher
voltage 4.5V, the anionic redox accompanied by voltage hysteresis leads
to capacity fading. The electrochemical performance of this
P2-layer/spinel composite can be further improved by surface coating to
stabilize the electrode/electrolyte interfaces and choice of suitable
electrolyte composition to enable long-term operation of composite as
sodium-ion cathode material.

4. Conclusions

In summary, a novel P2 layer-spinel composite, Nag 7(Li; ,18Mny1,
18Ni3/18Fes/18)1/18)02-xNaaMoOy, was successfully synthesized by Mo
doping via facile co-precipitation method. Mo does not occupy transi-
tion metal position in P2 layer oxide, but instead form spinel Na;MoOg4

secondary phase. This new P2 layered oxide-spinel composite, when
employed as a cathode material in sodium half-cell, delivered a large
discharge capacity of 183 mAg™ involving both cationic (Ni, Fe, Mn)
activity at 2.5-4.0 V and anionic (O2) redox activity at 4.2 V. We
demonstrate the existence of 0>/0% /0, development as well as the
oxygen release issue in SMCO, which occurs at higher voltages and re-
sults in significant capacity fading. Activating the Mn and O redox re-
action at lower (2.5 V) and higher (4.2 V) voltage regions led to gradual
capacity fading due to active Jahn-Teller distortion and O, evolution,
respectively. Charging to very high voltage (ca. 4.5 V) triggered P2-P2"
phase transition, where the P2" phase is quite similar to P2 phase (s.g.
P63/mmc) with higher interplanar spacing involving transition metal
migration and oxygen evolution leading to voltage hysteresis and ca-
pacity fading. By cycling in restricted voltage window, this P2-P2" phase
transition can be mitigated to yield stable electrochemical performance
with reduced overpotential. A drastic improvement in the stability was
seen in the voltage window of 2-4.0 and 2- 4.2 V compared to others.
This P2 layer-spinel composite can work as an economic cathode for
secondary sodium-ion batteries.
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