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ABSTRACT: Compositing different crystal structures of layered transition metal 
oxides (LTMOs) is an emerging strategy to improve the electrochemical 
performance of LTMOs in sodium-ion batteries. Herein, a cobalt-free P2/P3-layered 
spinel composite, P2/P3-LS-Na1/2Mn2/3Ni1/6Fe1/6O2 (LS-NMNF), is synthesized, 
and the synergistic effects from the P2/P3 and spinel phases were investigated. The 
material delivers an initial discharge capacity of 143 mAh g−1 in the voltage range of 
1.5−4.0 V and displays a capacity retention of 73% at the 50th cycle. The material 
shows a discharge capacity of 72 mAh g−1 at 5C. This superior rate performance by 
the material could be by virtue of the increased electronic conductivity contribution 
of the incorporated spinel phase. The charge compensation mechanism of the 
material is investigated by in operando X-ray absorption spectroscopy (in a voltage 
range of 1.5−4.5 V vs Na+/Na), which revealed the contribution of all transition 
metals toward the generated capacity. The crystal structure evolution of each phase
during electrochemical cycling was analyzed by in operando X-ray diffraction. Unlike in the case of many reported P2/P3 composite 
cathode materials and spinel-incorporated cobalt-containing P2/P3 composites, the formation of a P′2 phase at the end of discharge 
is absent here.
KEYWORDS: sodium-ion batteries, cobalt-free, cathodes, layered-spinel composites, In operando X-ray absorption spectroscopy,
In operando X-ray diffraction, phase transformations

■ INTRODUCTION
Fossil fuel depletion, global warming, and increasing global
energy demand necessitated the development of renewable
energy sources like wind and solar.1 However, the intermittent
nature of renewable energy needs an efficient large-scale energy
storage system.2 Currently, lithium-ion battery (LIB) technol-
ogy is ruling the rechargeable battery domain, especially in the
consumable electronic as well as electric vehicle market, due to
its high energy density, lack of memory effect, low self-
discharge rate, and moderate power density.3 Nevertheless, the
limited abundance (≤0.002 wt %) and uneven distribution of
lithium in the earth’s crust make the LIB expensive and restrict
its dependency on future generations. In this context, sodium-
ion batteries (SIBs) are getting more attention due to their
comparable electrochemical mechanism with LIB, higher
natural abundance, and even distribution of Na in the earth’s
crust (2.36 wt %).4

The positive electrode (cathode) materials for SIBs, which
are the capacity-limiting electrodes, are primarily classified into
four: layered transition metal oxides (LTMOs), polyanionic
compounds, Prussian blue analogues, and organic materials.5

Among these, LTMOs obtained more recognition owing to

their higher specific capacity, relatively simple synthesis
procedures, higher ionic conductivity, and environmental
compatibility.6−8 Delmas and co-workers classified the
LTMOs into P2, P3, and O3 according to their crystal
structure. The letters P and O indicate the trigonal prismatic
and octahedral symmetry for the sodium occupying sites,
respectively, and the numbers 2 and 3 correspond to the
number of oxide stacking sequences. The P2-type materials
possess oxygen layer stacking sequence ABBA, whereas in O3-
and P3-type materials, the stacking sequence is ABCABC and
ABBCCA, respectively.9 Even though the O-type materials
contain higher sodium content, the energy barrier for Na+
diffusion is higher compared to P-type materials as a
consequence of the diffusion of sodium ions between the
two octahedral sites via edge-sharing tetrahedral sites.10−12
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Between P and O-type materials, P-type material shows
superior rate capability compared to O-type on account of the
easy Na+ diffusion through two face-sharing trigonal
prisms.13−17 Even though the sodium ions in trigonal prismatic
sites are stable; at higher voltages (≥4.20 V vs Na+/Na), over
extraction of sodium ions from the P2 structure brings a
transition metal oxide layer gliding, which leads to a P2−O2
phase transformation.18−20 Recently, the P3-type materials
received recognition due to the higher sodium content, open
prismatic diffusion channels, and low-temperature synthesis.21

P3-type materials can be synthesized by two methods;
electrochemical removal of sodium from O3-type material
and low-temperature annealing of the corresponding P2-
phase.21−23 However, severe phase transformation of P3-type
materials during cycling because of the poor symmetric crystal
structure of the material, restricts their practical application as
a high-capacity cathode material for SIBs.21,24

Designing a multiphase LTMO material with synergistic
effects from each phase is an emerging strategy to obtain
materials with superior electrochemical performance. Recently,
several groups have been working on biphasic or multiphasic
materials as cathode materials for SIBs.24,25 In P2/P3
composite materials, similar crystal structures possessed by
P3 and P2-type materials impart smoother sodium diffusion
pathways and better structural stability during cycling.10,26

Hence, designing a P2/P3 composite could be a better strategy
to improve the electrochemical performance of LTMOs as
cathodes for SIBs. Passerini et al.49 introduced a P3/P2-
composite by modulating the annealing temperature to 750
°C. The composite delivered a lower initial capacity due to the
increased particle size as a result of the higher annealing
temperature. However, the material exhibited better cycling
stability.26 Zhou et al. synthesized a P2/P3-composite material,
P2/P3−Na0.66Co0.5Mn0.5O2, which delivered a discharge
capacity of 156 mAh g−1 at 1C (1C = 170 mA g−1) in the
voltage range of 1.5−4.3 V vs Na+/Na and exhibited 91%
capacity retention at 10C after 100 cycles. These excellent
battery performances can be attributed to the synergistic effects
of the P3 and P2 phases, which provide faster sodium diffusion
through open prismatic sites and better structure stability on
cycling.27 Yan et al. synthesized a P3/P2 composite
Na0.78Cu0.27Zn0.06Mn0.67O2, in which the electrochemical
performance was improved by the P3 intergrowth, and the
protective covering of the P3 phase suppresses the moisture
sensitivity of the material.14 Guo and co-workers developed a
b i pha s i c c a t hode ma t e r i a l f o r S IB s , P2/P3−
Na0.7Li0.06Mg0.06Ni0.22Mn0.67O2, by optimizing the annealing
temperature to 800 °C. A discharge capacity of 119 mAh g−1

was obtained from the material, demonstrating a notable
energy density of 218 Wh kg−1 in a full cell with hard carbon.28

R a h m a n e t a l . r e p o r t e d a c o m p o s i t e
Na0.75Co0.125Cu0.125Fe0.125Ni0.125Mn0.5O2, which delivered an
initial capacity of 90 mAh g−1 along with 100% capacity
retention after 100 cycles at C/10. The material showed
excellent long-term cycling performances like 96% capacity
retention at 1C after 500 cycles and 85% capacity retention
after 1000 cycles at 5C. The excellent electrochemical
performance of these composite materials can be attributed
to the structural stability obtained from the ordered inter-
growth of the P2 and P3 phases.29 Wang and his group
reported a P3/P2 composite Na0.6Mn0.75Ni0.25O2 prepared by a
coprecipitation method, which possesses high tapped den-
sity.30 Recently, Jiang et al. synthesized a cobalt-substituted

P2/P3 composite P2/P3−Na0.67Mn0.64Co0.30Al0.06O2 by a
dealloying-annealing strategy. The material shows outstanding
electrochemical performances, as it delivered a reversible
capacity of 83 mAh g−1 at 10C (1700 mA g−1) and excellent
cycling stability over 1000 cycles at 1 A g−1.26

The integration of a spinel phase into a layered phase is a
familiar strategy for high-rate cathodes for lithium-ion
batteries. However, a sodium-based spinel is thermodynami-
cally unstable due to the large size of sodium ions.
Nevertheless, Manthiram et al. developed a P2-layered-spinel
composite cathode material, Na0.50Ni1/6Co1/6Mn2/3O2, for SIB
by modulating the sodium content, in which a sodium-free
transition metal oxide is the incorporated spinel phase (Space
group: Fd3m). They found that the integrated spinel phase
enhanced the rate performance by the higher electronic
conductivity of the spinel, which helps to synchronize the
sodium-ion intercalation and deintercalation with electron
transport. The layered-spinel composite delivered a discharge
capacity of 85 mAh g−1 at 10C in the voltage range of 2.0−4.5
V vs Na+/Na.31 In 2018, Hou et al. developed a triphasic
material in which the synergistic effects of phases P2, P3, and
spinel were observed. This material delivered a high reversible
capacity of 105 mAh g−1 at a C-rate of 10C. Further, a high
specific capacity of 180 mAh g−1 and capacity retention of
87.6% after 100 cycles at C/10 between 1.5 and 4.0 V was
observed for the material.32 A year later, S-L. Chou and co-
worke r s de s i gned a P2/P3 in t eg r a t ed sp ine l ,
Na0.5Ni0.1Co0.15Mn0.65Mg0.1O2, as cathode material for SIBs.
They used the strategy of element substitution to suppress
complex phase transformations during cycling. The material
exhibited a capacity of 153.8 mAh g−1 at C/10 in the voltage
range of 1.5−4.0 V and 97.5 mAh g−1 at 5C.33 Despite the
superior electrochemical performance exhibited due to the
composite structure, all of these P-type layered spinel
composites contain cobalt. This cobalt further contributes to
the total electrochemical activity. However, the high cost and
toxicity of cobalt, as well as the less abundant resources,
shadow the practical application of these materials. Never-
theless, to the best of our knowledge, cobalt-free P-type
layered-spinel composite cathodes are not yet reported. The
major challenge for the layered cathodes without cobalt is the
poor electrochemical performance and unwanted phase
transformations in these materials during sodium intercala-
tion/deintercalation.34

The present work reports a Fe-containing cobalt-free P2/P3-
spinel composite, LS-Na1/2Mn2/3Ni1/6Fe1/6O2, as a cathode
material for SIBs with better electrochemical performance and
structural stability. The replacement of cobalt with Fe is a
promising strategy for developing an environmentally compat-
ible, inexpensive cathode material for SIBs for future
generations. The material is expected to have synergistic
effects from P2, P3, and spinel phases and structural stability
from the Fe-substitution.35 The material is synthesized by the
citric acid-assisted sol−gel method, and the structure,
morphology, and electrochemical performance of the material
were analyzed. The electrochemical mechanism and structural
evolution of the material were investigated using in operando X-
ray absorption spectroscopy (XAS) and X-ray diffraction
(XRD), respectively.

■ EXPERIMENTAL SECTION
Synthesis of P2/P3-LS-Na1/2Mn2/3Ni1/6Fe1/6O2 (LS-NMNF)

Material. The layered-spinel material LS-NNMF was synthesized



by the citric-acid−based sol−gel method. Stoichiometric amounts of
metal acetates such as sodium acetate trihydrate, CH3COONa·3H2O,
manganese(II) acetate tetrahydrate, (CH3COO)2Mn·4H2O (Strem
chemicals, ≥99%), nickel(II) acetate tetrahydrate, (CH3COO)2Ni·
4H2O (Sigma-Aldrich, ≥99%), and iron(II) chloride tetrahydrate,
FeCl2·4H2O (Sigma-Aldrich, ≥99%), were added to a solution of
citric acid monohydrate (Alfa Aesar) dissolved in ethylene glycol
(Sigma-Aldrich) in a 1:4 molar ratio and dissolved thoroughly under
constant stirring. The temperature was increased to 90 °C for the
complete dissolution of the metal salts. A viscous gel was obtained at
180 °C after the evaporation of excess ethylene glycol, and this gel
was then precalcined at 350 °C for 5 h at a heating rate of 5 °C per
minute. The obtained precursors were then annealed at 500 °C for 6
h, followed by a final annealing at 900 °C for another 12 h. After
cooling to room temperature, the material was stored in an Ar-filled
glove box to protect from moisture.
Thermogravimetric Analysis. Thermogravimetric (TG) analysis

of the LS-NMNF sample was performed using a NETZSCH STA
449F3 thermal analyzer instrument. TG analysis was conducted on
the 350 °C pre-annealed sample under air from room temperature to
1000 °C with a heating rate of 10 °C per minute.
Chemical Composition Analysis. The elemental composition of

the LS-NMNF sample was analyzed by an optical emission
spectrometer (iCAP 7000 Series, Thermo Scientific) with an
inductively coupled plasma ion source (ICP-OES). Three portions
of the sample were taken to triplicate the measurements, and the
samples were digested with acid in a graphite oven. The solutions
were investigated to obtain the elemental ratios of Na, Ni, Mn, and Fe
in the sample.
Structural and Morphological Investigations. Structural

investigation of the LS-NMNF sample was carried out using a
STOE Stadi P powder diffractometer with monochromatic Mo Kα1
radiation (λ = 0.70930 Å). The XRD measurements were carried out
at angles from 3 to 51° 2θ in transmission geometry at room
temperature. The Rietveld refinement based on the observed
diffraction data of the composite material was carried out using the
WINPLOTR package, containing FullProf program.36 The estimated
standard deviations for all the refined parameters were calculated in
agreement with Berar and Lelann.37 Field emission scanning electron
microscopy (FESEM) analysis was done by using a Carl Zeiss SUPRA
55VP FESEM containing a Gemini Column with an air lock system to
analyze the morphology and particle size of the as-synthesized LS-
NMNF sample.
The coexistence of three phases P2, P3, and spinel was further

analyzed by high-resolution transmission electron microscopy
(HRTEM). The images were taken by two instruments, Talos
F200S (FEI) instrument with field emission gun, operated at an
accelerating voltage of 200 kV and JEOL JEM-2100 electron
microscope operated at 200 kV accelerating voltage with LaB6
electron source.
X-ray Photoelectron Spectroscopy Investigations. To reveal

the oxidation states of the transition metals on the surface, X-ray
photoelectron spectroscopy (XPS) analysis was performed using an
ESCALAB 250xi Base system with UPS and XPS image mapping and
XR6 Microfocused Monochromator (Al Kα XPS), XR4 Twin Anode
Mg/Al (300/400 W) X-ray Source, and EX06 Ion gun as source. The
results obtained from the measurements were further analyzed by
using the software CasaXPS.
Electrochemical Characterization. The electrodes of as-

synthesized LS-NMNF material for the electrochemical investigations
were prepared by mixing a slurry of 80% (w/w) of active material,
10% (w/w) of Super C65 carbon black (TIMCAL) as conductive
additive, and 10% (w/w) of poly(vinylidene difluoride) (Sigma-
Aldrich) as binder in an adequate amount of N-Methyl-2-pyrrolidone
(NMP) as a solvent for the slurry. The prepared slurry was coated on
aluminum foil with a wet thickness of 150 μm using a doctor blade
coater. The coated foil was then dried at 80 °C overnight. The dried
foil was then punched into discs of 13 mm diameter and pressed with
a pressure of 5 tons by using a hydraulic press. Finally, the electrodes

were dried in a glass oven (Buchi) at 110 °C for 12 h and transferred
to an Ar-filled glove box (MBRAUN).
The electrochemical investigations of prepared electrodes were

carried out in sodium-half cells. Coin cells (CR2032) were assembled
by using sodium metal (Alfa Aesar) as the reference and counter
electrodes, a solution of 1 M NaClO4 (Sigma-Aldrich) in EC/PC
(1:1) (Sigma-Aldrich) with 2% FEC (Sigma-Aldrich) as the
electrolyte, and a Whatman glass microfiber filter paper with a
diameter of 18 mm as separator.
A BCS-805 multichannel battery cycler (Biologic) with a

computer-controlled BT-Lab program was used for all the electro-
chemical investigations. All the potentials reported in this work are
given vs Na+/Na couple. The cyclic voltammetry (CV) measurements
were performed in voltage ranges, 1.5−4.0 and 1.5−4.5 V at a scan
rate of 0.1 mV s−1, and all the galvanostatic experiments were
conducted in voltage ranges of 1.5−4.0 and 1.5−4.5 V with selected
C-rates. The C-rate calculation was done considering 1C as 135 mA
g−1. CV studies, at different scan rates from 0.1 to 1.0 mV s−1, were
carried out in a voltage range of 1.5−4.0 V vs Na+/Na to determine
the diffusion coefficient.
The in operando electrochemical investigations were performed in

dedicated coin cells with Kapton windows, assembled using the LS-
NMNF electrodes 1 M NaClO4 in EC/PC (1:1) with 5% FEC
electrolyte.38,39

Elucidation of Electrochemical Mechanism: In Operando
XAS Investigations. Both ex situ and in operando X-ray absorption
spectroscopic investigations were completed at beamline P65, PETRA
III, DESY (Germany). Ex situ XAS investigations were carried out in
pristine LS-NMNF material for the elucidation of the bulk oxidation
state of the transition metal ions in the material. For the ex situ
measurement, the sample was mixed with cellulose and then pressed
into a pellet. XAS spectra of pressed pellet were recorded at the Mn K
edge, Ni K edge, and Fe K edge in fluorescence geometry.
Further, in operando XAS investigations of LS-NMNF in sodium

half-cells were conducted to elucidate the charge compensation
mechanism of layered-spinel material during electrochemical cycling
using dedicated coin cells, as described in the previous section. The in
operando XAS spectra were recorded in fluorescence geometry at the
Mn K edge, Ni K edge, and Fe K edge, and time to record each
spectrum was 4 min, 3 min 50 s, and 3 min 20 s, respectively, for Mn,
Ni, and Fe K edge spectra. The corresponding electrochemical
experiments were conducted in the voltage range 1.5−4.5 V vs Na+/
Na at C-rates: C/10 in first charge, C/7 in first discharge, and C/5 in
second charge. The obtained data were further analyzed and
processed by using Demeter software package based on IFEFFIT
and FEFF.40

Elucidation of Structural Evolution: In Operando X-ray
Diffraction (XRD) Investigations. In operando XRD investigations
were carried out to understand the structural evolution during the
sodiation and desodiation processes. The measurements were carried
out using a diffractometer with an Ag X-ray source of wavelength
0.55942 Å with a Ge 111 monochromator and a Dectris MYTHEN 2
2K double detector. The acquisition time for each pattern was 20
min.41 For this measurement, the LS-NMNF material was coated with
thin carbon paper. The in operando electrochemical measurements
were performed in the voltage range of 1.5−4.5 V at C-rates; C/15 for
first charge; and C/10 for first discharge.

■ RESULTS AND DISCUSSION
Thermogravimetric Analysis. Figure 1 shows the

thermogravimetric studies of the 350 °C preannealed LS-
NMNF sample under air, from room temperature to 1000 °C
at a heating rate of 10 °C per minute. An initial weight loss
observed up to 115 °C could be due to the removal of
adsorbed water molecules from the surface of the sample. The
weight loss observed after the removal of water and up to 450
°C could be due to the decomposition of organic molecules
and acetates. A small peak around 440 °C in the DTA curve
and a broad hump observed at 760 °C in the TGA curve could



be attributed to phase transformations at the corresponding
temperatures.
Chemical Composition Analysis. The composition of

the as-synthesized LS-NMNF sample was analyzed by using an
optical emission spectrometer with ICP-OES, and the results
are summarized in Table S1 (Supporting Information). The
composition ratios obtained from the ICP-OES analysis are
0.493:0.705:0.174:0.167 (Na/Mn/Fe/Ni), which is in good
agreement with the expected ratios 0.50:0.667:0.167:0.167.
Note that the ratios represented here are calculated by
normalizing the obtained values considering a stoichiometric
Ni content.
Structural and Morphological Characterization. The

XRD pattern obtained for the as-synthesized LS-NMNF at
room temperature is shown in Figure 2a. The first set of

reflections in the XRD pattern could be attributed to the P3-
type crystal structure with a hexagonal lattice (space group
R3m; ICSD no: 261555). The next set of reflections belongs to
the P2-type crystal structure having a hexagonal lattice with
space group P63/mmc (ICSD no: 231006), and the final set of
reflections corresponds to the cubic spinel structure with space
group Fd3m (ICSD no: 771490), which confirms the presence
of the spinel phase. Hence, the coexistence of layered and
spinel phases could be confirmed from the XRD result.32,33

Manthiram et al. reported a layered-spinel cobalt-containing
composite, wherein they propose that spinel phase formation
could be due to the limited sodium source.31 The layered
phase could be formed from the available sodium content, and
the rest of the transition metals together with oxygen may form

spinel Ni0.5Co0.5Mn2O4. Similarly, a Fe analogue of the spinel,
Ni0.5Fe0.5Mn2O4, is expected herein. The structural parameters
obtained from the Rietveld refinement analysis, based on the
obtained XRD patterns of the layered and spinel phases in the
composite material, are summarized in Tables 1 and 2. The χ2
value obtained for the Rietveld refinement results based on the
powder XRD pattern of LS-NMNF is 2.23. The phase fractions
of layered P3-type, P2-type, and spinel phases in the composite
material are 51(3), 30(2), and 18(1)%, respectively.
FESEM images of the LS-NNMF composite cathode

material are displayed in Figure 2b,c. Particles with well-
defined edges along with intergrown particles were observed in
the FESEM images. A broad distribution of particle size from
100 to 900 nm was detected. The increased particle size could
be due to the higher annealing temperature. The larger particle
size imparts higher tapped density and reduces surface parasitic
reactions compared to nanosized particles. Several particles
with a smooth surface were observed, and their edges looked
like stacked layers. The coexistence of P2, P3, and spinel
phases was further confirmed from the HRTEM images shown
in Figure S1a−d. The images show three sets of lattice fringes
with different values of d-spacing corresponding to (100)
planes of the P2 phase (d100 = 0.25 nm), (003) planes of the
P3 phase (d003 = 0.55 nm), and (111) planes of spinel (d111 =
0.48 nm).
X-ray Photoelectron Spectroscopy Analysis. The

investigation of surface oxidation states of the transition
metals present in the material was done by using X-ray
photoelectron spectroscopic analysis. The Mn 2p spectrum
shown in Figure S1e−g contains two sets of peaks
corresponding to Mn 2p3/2 and Mn 2p1/2, separated by a
spin−orbit splitting energy of ∼11.72 eV. The peaks at 642.20,
653.48, 643.13, and 654.50 eV indicate the presence of Mn in a
mixed oxidation state of +3 and +4.42 The peaks at 711.7 and
724.72 eV in the Fe 2p spectrum observed in Figure S1f along
with their satellite peaks at 718.52 and 733.63 eV confirm the
trivalent surface oxidation state of iron.43−45 The +2 oxidation
state of nickel was also confirmed from the XPS analysis by
fitting the spectrum with peaks at 854.84 and 872.59 eV along
with the satellite peaks at 860.66 and 879.04 eV.43,45,46

Electrochemical Studies. The electrochemical activity of
transition metals in LS-NMNF was analyzed by CV studies at a
scan rate of 0.1 mV s−1. The results obtained for CV,
conducted in the voltage range 1.5−4.0 V, are shown in Figure
3a. In the first cycle, an oxidation peak appears at 3.79 V and
the corresponding reduction peak is observed at 3.48 V. These
peaks appearing in the voltage range 3.0−4.0 V could be due to
the redox reaction; Ni2+ ⇌ Ni3+ ⇌ Ni4+31−33 (denoted by 2
and 2* in the charge and discharge processes, respectively).
From the second cycle onward, the oxidation peak shifted to a
lower value of 3.70 V and the reduction peak shifted to a
higher value of 3.59 V. The shift of the anodic peak to a lower
voltage and cathodic peak to a higher voltage is attributed to
decreased polarization due to better kinetics.47 The peak
current corresponding to the redox reaction of Ni after the first
cycle appeared to be constant, indicating its higher
reversibility. From the CV curves obtained in the voltage
range 1.5−4.0 V, the redox activity corresponding to Mn4+/
Mn3+ reaction was observed below 3.0 V32,33 (denoted by 1
and 1* for the charge and discharge processes, respectively).
The higher peak current observed in the Mn4+/Mn3+ redox
activity region in comparison with that obtained in the Ni4+/
Ni2+ redox activity region implies that the redox activity of Mn

Figure 1. Thermal analysis result of the as-synthesized LS-NMNF
sample, preannealed at 350 °C for 5 h.

Figure 2. (a) Rietveld refinement results based on the obtained XRD
pattern of the as-synthesized LS-NMNF sample and (b,c) FESEM
images of the as-synthesized LS-NMNF sample.
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species predominates in the system. As the cycle number
increases, the redox peaks of Mn move to higher voltages, and
this could be due to structural rearrangements of layers
occurring during cycling.
The results obtained for CV investigations carried out in the

voltage range of 1.5−4.5 V are displayed in Figure 3b. In
addition to the peak corresponding to Ni2+ → Ni4+ reaction
(denoted by 2), observed for the CV studies carried out in
voltage range 1.5−4.0 V, the CV curves obtained in the voltage
range 1.5−4.5 V displayed the appearance of a peak around 4.2
V (denoted by 3), the intensity of which continuously
decreased in the subsequent cycles. A corresponding reduction
peak “3*” was observed in the following discharge around 3.66
V, which continuously shifted to lower voltages in the
following cycles, seen as shoulders of peak “2*”. The origin
of this set of peaks could be the Fe4+/Fe3+ electrochemical

activity of Fe in the sample. Similar to the CV conducted with
the upper cut-off voltage of 4.0 V, the CV carried out with the
upper cut-off voltage of 4.5 V displayed the redox peaks 1 and
1*, corresponding to the Mn4+/Mn3+ electrochemical reaction.
Hence, to understand the electrochemical reactions in detail, a
wider voltage window of 1.5−4.5 V was chosen for the in
operando investigations.
To investigate the sodium storage performance of LS-

NMNF, galvanostatic charge−discharge studies were con-
ducted at C/10 (1C = 135 mA g−1, calculated taking the initial
amount of Na in the nominal composition into account). The
results obtained from the studies conducted in the voltage
range 1.5−4.0 and 1.5−4.5 V are given in Figure 4a, and the
corresponding voltage profiles are shown in Figure 4b,c. The
initial charge capacity and discharge capacity of LS-NMNF are
observed to be 48 and 143 mAh g−1, respectively, in the
voltage range of 1.5−4.0 V. Note that the charge capacity is
very low in the first cycle due to the absence of redox activity
of Mn in the first charge since the majority of manganese ions
exist in the +4 oxidation state. From the second cycle onward,
the Coulombic efficiency was stabilized to ∼100%, which
indicates greater reversibility of the system. At the 50th cycle,
the LS-NMNF material showed a discharge capacity of 105
mAh g−1 with a capacity retention of 73.4%.

Table 1. Rietveld Refinement Results based on Obtained XRD Data of LS-NMNF Material; Structural Parameters of Layered
(P2 and P3) and Spinel Phases are Summarized

phase Wyckoff site X Y Z

unit cell parameters (Å)

unit cell volume (Å3)a b c

P3 [Mn]3a 0 0 0 2.8794(4) 2.8794(4) 16.932(6) 121.58(5)
[Fe]3a 0 0 0
[Ni]3a 0 0 0
[Na]6c 0 0 0.154(5)
[O]6c 0 0 0.394(1)

P2 [Mn]2a 0 0 0 2.8798(4) 2.8798(4) 11.273(3) 80.97(3)
[Fe]2a 0 0 0
[Ni]2a 0 0 0
[Na]2b 0 0 1/4
[Na]2d 1/3 2/3 3/4
[O]4f 1/3 2/3 0.079(4)

spinel [Mn]16d 1/2 1/2 1/2 8.364(1) 8.364(1) 8.364(1) 585.2(1)
[Fe]8a 1/8 1/8 1/8
[Ni]16d 1/2 1/2 1/2
[O]32e 0.252(7) 0.252(7) 0.252(7)

Table 2. Rietveld Refinement Results based on Obtained
XRD Data of LS-NMNF Material; Phase Fractions of
Various Phases in the As-synthesized LS-NMNF Material

phase space group phase fraction (%)

P3 R3m 51(3)
P2 P63/mmc 30(2)
spinel Fd3m 18(1)

Figure 3. Cyclic voltammogram of LS-NMNF, carried out at a scan rate of 0.1 mV s−1 in the voltage range (a) 1.5−4.0 and (b) 1.5−4.5 V.
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The voltage profiles of LS-NMNF are shown in Figure 4b. In
the first charging, a plateau is observed around 3.70 V, which
corresponds to the oxidation of Ni2+. The voltage profile of
first charging does not show the electrochemical activity of Mn
because most of the Mn in the material is in +4 oxidation state.
On first discharging, the plateau near 2.0 V indicates the
reduction of Mn4+ to Mn3+. From the second cycle onward,
two plateaus appear around 2.10 and 1.95 V in the charge and
discharge, respectively, corresponding to the redox activities of
Mn4+/Mn3+. Further, two plateaus observed around 3.70 V on
charging and discharging correspond to the electrochemical
activity of Ni4+/Ni2+, which is in good accordance with the CV
results. From the voltage profile, the voltage corresponding to
manganese oxidation increases with the increasing cycle
number, which is in agreement with the CV results. The
smooth curves at higher voltages suggest that the presence of
Fe in LS-NMNF minimizes the Na/vacancy ordering and
thereby imparts facile phase transformation.48 The material
delivered an initial charge capacity of 98.6 mAh g−1 in the
potential window of 1.5−4.5 V and a corresponding discharge
capacity of 163.4 mAh g−1. The majority of the manganese
ions in the material are in the +4 oxidation state, which imparts
the lower initial charge capacity. The maximum Coulombic
efficiency (after first cycle) of the material was limited to 97.8%
in the voltage range of 1.5−4.5 V, and the capacity retained by
the material after 50 cycles was 57.6% of the initial discharge
capacity, which is lower in comparison with the galvanostatic
cycling results obtained in the potential window 1.5 to 4.0 V.
The charge−discharge curves for the galvanostatic measure-
ments with higher upper cutoff voltage of 4.5 V show multiple
plateaus, which is in concurrence with the peaks observed in
the CV curves. This could be attributed to the Fe4+/Fe3+
electrochemical reaction and associated phase transformations.
A severe voltage fade is observed when going to 50 cycles, as
revealed from the voltage profile shown in Figure 4c, which

could be due to irreversible parasitic reactions occurring at
higher voltages such as electrolyte decomposition, structural
transformation, and so forth, leading to Na loss.
Due to the better electrochemical behavior observed in the

voltage range of 1.5−4.0 V, the rate capability studies of this
material were carried out in this range, by increasing the
discharge rates from C/10 to 5C. The obtained results are
displayed in Figure 5a,b. Note that for the rate capability
investigation, the charge rate was kept constant at C/10. The
material exhibits reversible capacities of 126, 110, 99, 89, and
73.8 mAh g−1 at C-rates of C/5, C/2, 1C, 2C, and 5C,
respectively. Note that the capacity obtained at a 5C discharge
rate is 50.6% of the capacity obtained at C/10, which is a
promising value compared to the results of Co-free materials
reported in literature.49 This superior rate performance of LS-
NMNF could be contributed by the spinel component due to
its high electronic conductivity (in the order of 10−3−10−4 S
cm−1 at room temperature) than the LTMOs.50,51 Hence, this
incorporated spinel phase would grease the wheels for timely
electron transfer, which translates to a faster Na+ diffusion in
the composite material.31−33 The 2 V plateau is found to
disappear at high C-rates in the voltage profiles corresponding
to the rate capability studies due to increased polarization,
probably originating from a kinetically limited reaction
mechanism involving multiple phase transformations.52

The LS-NMNF sample was subjected to a high-rate cycling
study, and the results are displayed in Figure 5c. In this study,
the charge and discharge rates were fixed as C/10 and 1C,
respectively. The material delivered a discharge capacity of
∼120 mAh g−1 in the initial cycle. At the 100th cycle, the
material shows a discharge capacity of 83 mAh g−1 with a
capacity retention of 69%. Moreover, after the second cycle,
the Coulombic efficiency remains >99% throughout the
cycling. A close look at the voltage profile (Figure 5d) reveals
a voltage decay around 2.0 V, which could further point out

Figure 4. Charge−discharge behavior of LS-NMNF in a sodium half-cell at C/10 with 1 M NaClO4 in EC/PC (1:1 v/v) electrolyte with an FEC
electrolyte additive (2% v/v). (a) Cycling performance for 50 cycles in the voltage range 1.5−4.0 and 1.5−4.5 V. Voltage profiles correspond to the
cycling stability studies, conducted in the voltage window (b) 1.5−4.0 and (c) 1.5−4.5 V.
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the kinetic limitation of the Mn4+/Mn3+ electrochemical
reaction. This could also indicate a possibility of the Mn3+
disproportionation reaction (to Mn4+ and Mn2+), which would
eventually lead to Mn dissolution in the electrolyte. Never-
theless, the better high-rate performance, which is observed in
this layered-spinel composite could be assigned to the
incorporated spinel component, which improves the overall
reaction kinetics by increasing the electronic conductivity and
the enhanced structural stability due to the merging of P3 and
P2 components. Further, the high-rate cycling studies at a
discharge rate of 5C are displayed in Figure 5c,e. The material
exhibits an initial discharge capacity of 94 mAh g−1 and a
capacity retention of 61% at the 100th cycle. These results
again confirm the enhancement of electrochemical perform-
ance via the triphasic strategy. The superior electrochemical
performance exhibited by the material could be attributed to
the approach of compositing three phases P2, P3, and spinel.
While the P3 phase contributes to the higher reversible
capacity, the open diffusion channels present in the P2 phase
provide faster diffusion of Na+ ions. Further, the intrinsically

high electronic conductivity of the spinel phase improves the
overall Na-ion diffusion kinetics. The diffusion coefficient DNa+
is calculated by conducting CV at different scan rates in a
voltage window of 1.5−4.0 V vs Na+/Na (Figure S2). The
peak current of the redox peaks was found to increase with the
increase in the scan rate, and the linear relationship between
the peak current and square root of scan rate implies a
diffusion-controlled behavior during sodium extraction and
intercalation. From the CV experiment, the diffusion
coefficient value is obtained as 1.48 × 10−10 cm s−1, which is
similar to that reported for cobalt-based layered-spinel
composite cathode materials.26,29,31

In Operando X-ray Absorption Studies. To get the
information regarding bulk oxidation states of transition metals
in the pristine LS-NMNF sample, X-ray absorption near edge
structure (XANES) measured at K edges of Mn, Fe, and Ni
and those of different reference materials were compared
(Figure S3). The XANES Mn K edge spectrum of the pristine
sample is compared with those of references Mn2O3 and
MnO2. The position of the Mn K edge spectrum of the pristine

Figure 5. (a) Specific capacity vs cycle number plots of LS-NMNF in a sodium half-cell (voltage range 1.5−4.0 V at RT) at C/10 charge rate and
varied discharge rates. (b) Corresponding charge−discharge curves. (c) Specific capacity vs cycle number plots obtained from the high-rate cycling
stability studies of the LS-NMNF sample at 1C and 5C (1.5−4.0 V vs Na+/Na). (d) Charge−discharge curves of LS-NMNF in a sodium half-cell at
1C. (e) At 5C.
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sample lies at higher energies than that of Mn2O3 and slightly
less than that of MnO2, indicating that the major bulk
oxidation state of Mn is +4 in the sample, with slight
contribution from Mn3+. A minor amount of Mn3+ is usually
present in LTMOs due to the oxygen loss during the high
temperature synthesis process.53,54 This result agrees with the
XPS fitting results, as it indicates the presence of a minor
amount of Mn3+ in the material, even though XPS gives
information on the surface oxidation states and not bulk. The
position of the Fe K edge in the XANES region overlaps with
that of the reference sample Fe2O3, indicating a bulk oxidation
state of +3 for Fe in the LS-NMNF pristine sample. The
position of Ni K edge in the XANES of LS-NMNF material
overlaps with that of the NiO reference sample, implying a
bulk oxidation state of +2 for Ni in the material.
In order to study the charge compensation mechanism and

to elucidate the electrochemical mechanism of the LS-NMNF
material, in operando X-ray absorption spectroscopic studies
were carried out. Mn, Fe, and Ni K edge spectra were recorded
on a Na/LS-NMNF half-cell during the first cycle and second
charge in the voltage range of 1.5−4.5 V. The voltage profiles
of the electrochemical cycling during the in operando
measurement are displayed in Figure S4, and the correspond-
ing differential capacity versus voltage curve is shown in Figure
S5. The dQ/dV plots in the voltage range of 1.5−4.5 V show a
similar behavior to CV in the voltage range of 1.5−4.5 V and
the obtained specific capacity values for the first cycle and
subsequent discharge are comparable with that of the
galvanostatic experiments conducted at the voltage range
1.5−4.5 V. The XANES corresponding to the Mn K edge of
LS-NMNF material during first charging is shown in Figure 6a.
A minor shift in the edge position is observed during the
charging process, which could be due to the oxidation of
residual Mn3+ present in the material. The intensity of the

XANES pre-edge feature of Mn K edge was also found to
increase with increase in charging potential. However, the
white line intensity remains the same. Therefore, the increase
in pre-edge intensity on charging could be due to the oxidation
of minute amount of Mn3+ to Mn4+.52 In contrast, the edge
position corresponding to Mn K edge XANES shifted
continuously toward the lower energy during discharging.
Concurrently, the pre-edge intensity was also found to
decrease, with no significant changes in the white line
intensity. This reveals the intercalation of an additional
number of moles of Na+ ions than initial stoichiometry,
accompanied by reduction of Mn4+ to Mn3+. Nevertheless, the
position of Mn K edge XANES corresponding to the fully
discharged state (1.50 V vs Na+/Na) did not overlap with that
of the Mn K edge position corresponding to reference material
Mn2O3. This indicates an incomplete reduction of Mn4+ to
Mn3+ with the insertion of Na+.55−57

In the extended X-ray absorption fine structure (EXAFS)
Fourier transform (FT), displayed in Figure S6, peaks around
1.5 Å correspond to the first scattering shell of the transition
metal−oxygen (TM−O) bond, and peaks around 2.5 Å
correspond to the transition metal−metal (TM−M; M can be
TM and Na) bond within the layer. The EXAFS-FT of Mn K
edge on charging shows a decrease in the intensity of the peak
corresponding to the Mn−M coordination shell (Figure S6a),
and this could be due to the decrease in the sodium content in
the alkali metal layer during sodium extraction; another reason
could be the formation of vacancies in the transition metal
layer. On discharging, the intensities of both peaks, Mn−O and
Mn−M decrease, and this could be due to the Jahn−Teller
distortion arising from Mn3+ species formed on discharging.
During the second charging, the Mn K edge position shifts

toward higher energy, indicating the oxidation of Mn3+ to
Mn4+ (Figure 6c). The XANES spectrum of Mn K edge of LS-

Figure 6. Na/LS-NMNF cell; XANES Mn K edge spectra (a) during the first charging. (b) During first discharging. (c) Na/LS-NMNF cell;
XANES Mn K edge spectra during second charging. (d) Comparison of the XANES Mn K edge spectrum at the OCV, end of first charge, and end
of second charge.
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NMNF at the end of the first charge and the second charge
shows similar features, which indicates the reversibility of the
system during electrochemical cycling (Figure 6d). The
difference in the edge position of the Mn K edge at the end
of discharge (EOD) and the OCV shows that the initial bulk
oxidation was close to Mn4+, whereas at the EOD, the bulk
oxidation state was reduced and shifted close to Mn3+.
The XANES Fe K edge spectra of LS-NMNF during initial

charging and discharging are shown in Figure 7a,b. No major
shift is observed in the position of the Fe K edge XANES
during the entire cycle. However, a shift to higher energy was
observed for the edge near the white line region of XANES on
charging and the intensity of the pre-edge feature correspond-
ing to Fe K edge XANES was found to increase with a decrease
in white line intensity. The increase in pre-edge intensity and
the decrease in white line intensity point to a structural
distortion, which could be attributed to the Jahn−Teller
distortion arising from the presence of Fe4+, resulting from the
oxidation of Fe3+, further confirming the Fe4+/Fe3+ redox
activity around 4.22 V.58−60 Another reason could be the
migration of Fe from the octahedral site of the transition metal
layer to the tetrahedral site of the alkali metal layer.61 To
obtain more details about the local coordination changes, the
EXAFS region of the LS-NMNF material during electro-
chemical cycling is further analyzed. The changes in the
average radial distribution around Fe are shown in Figure 7c,d.
Considering that the spectra are not phase-corrected, the R
values in the EXAFS region shown here will be slightly shorter
than the original bond length. Figure 7c shows that the FT
amplitude corresponding to Fe−O and Fe−M around 1.5 and
2.5 Å, respectively, in the EXAFS FT of Fe K edge is
decreasing on charging, and this could be due to distortion
around iron on Na+ extraction and/or Jahn−Teller distortion
of Fe4+. The decrease in the FT amplitude of the peak of the
Fe−TM coordination shell indicates the formation of vacancies
in the transition metal layer. These changes start to appear

from the spectra recorded from 4.22 V, indicating that the
electrochemical activity of Fe takes place above 4.00 V. This is
in concurrence with the peak observed in the CV (carried out
in the voltage range 1.5−4.5 V), around 4.20 V. In addition to
that, the peak corresponding to Fe−M coordination shell at
the end of charge (EOC) shifts to a radial distribution value
higher than that of OCV, which further indicates a change in
the local structure around iron metal. The increase in Fe−M
average radial distance could be attributed to the trans-
formation of a part of Fe−Fe edge sharing octahedral
environment to corner sharing due to the migration of iron
from transition metal layer to alkali metal layer.62,63

Further, the EXAFS FT spectra at OCV, EOC, and EOD
were compared, as shown in Figure S7. The peak
corresponding to the Fe−O coordination shell was observed
at 1.50 Å, when the cell was at the OCV, and at the EOC, it
was shifted to a lower R value, indicating the oxidation of Fe3+
to Fe4+.58,59 At the EOD, the peak corresponding to the Fe−O
coordination shell was again shifted to a higher R value, which
implies the reduction of Fe4+ to Fe3+. The difference in the R-
value corresponds to the Fe−O coordination shell at OCV,
EOC, and EOD, which further confirms the oxidation of Fe3+
to Fe4+ during charging and reduction of Fe4+ to Fe3+ during
discharge.
On discharging, the changes happening at the XANES Fe K

edge revert with an increase in the white line intensity and
decrease in pre-edge intensity (Figure 7b). In EXAFS FT, the
intensities of the Fe−O peak and Fe−TM peak were increased
until 2.12 V, denoting the reduction of Fe4+. Further, the
shifted peaks corresponding to the Fe−M coordination shell
revert to a lower radial distribution value when the discharging
voltage decreases (Figure 7d). This indicates a reversible
change in the local coordination of Fe back to edge sharing
octahedra. However, a decrease in the FT amplitude of the
Fe−M peak is observed below 2.0 V and that could be due to
any phase changes occurred during intercalation of sodium

Figure 7. Na/LS-NMNF cell; XANES Fe K edge spectra (a) during the first charging. (b) During first discharging. (c) EXAFS FT during charging.
(d) EXAFS FT during discharging.

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c01140/suppl_file/am4c01140_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c01140?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c01140?fig=fig7&ref=pdf


ions below 2.0 V. In addition to that, the FT amplitude of the
peak obtained at the EOD is less than that of OCV, indicating
an incomplete electrochemical reaction at the EOD (Figure
S7).61

The normalized pre-edge intensities of the XANES Fe K
edge of LS-NMNF at the open circuit voltage (OCV), EOC,
and EOD are displayed in Figure S8. On carefully analyzing the
Fe K edge spectra, it is observed that on charging, the pre-edge
intensity increases, and on discharging, the pre-edge intensity
decreases. Interestingly, the pre-edge intensity at the EOD is
higher than the pre-edge intensity at OCV, which further
implies the incompletion of the electrochemical reactions. The
reason behind this could be irreversible Fe4+ migration from
the octahedral site to the vacant sodium site with increased
state of charge at higher upper cutoff voltages. Such Fe
migration is already reported in the literature for layered Na-
ion cathodes.58,61,62 Note that these changes in pre-edge
intensity start at a voltage of around 4.20 V, and hence, limiting
the upper cutoff voltage to 4.00 V will relatively reduce the
irreversible reactions. In a voltage window of 1.50 to 4.00 V, Fe
can act as a pillar ion, contributing only to the structural
stability during cycling.64,65 The Fe K edge spectra of LS-
NMNF on second charging and the corresponding EXAFS FT
spectra are shown in Figure S9. The spectra show behavior
similar to that of the first charging, which suggests a similar
electrochemical charge compensation mechanism for the Fe4+/
Fe3+ reaction.
The Ni K edge XANES spectra of the first cycle, second

charge, and EXAFS spectra of the first cycle are displayed in
Figure 8a−c. The change in the position of the Ni K edge to
higher energies indicates the change in the oxidation state of
Ni from +2 to +4 on charging. During the discharge process,
the edge position is returned to lower energies, implying the
reduction of Ni4+ to Ni2+. It is to be noted that the white line
intensity decreases when the charge voltage increases, and the
white line intensity increases on discharging. These changes in

the white line intensity could be due to the reversible
distortions around the NiO6 octahedra during the charging
process. The peak corresponding to the Ni−O bond in EXAFS
FT also confirms the redox reaction Ni2+ ⇌ Ni4+ on
electrochemical cycling. At the EOC, the R value for Ni−O
bond reduces, indicating the oxidation of Ni2+, and at the EOD
the peak shifts back to the initial value indicating the reduction
of Ni4+. On analyzing the Ni K edge XANES spectra of the
second charge process (Figure 8d), the oxidation of Ni from
Ni2+ to Ni4+ is again observed. The comparison of Ni K edge
XANES at the end of the first charge and second charge is
shown in Figure S10. Note that the position of Ni K edge
XANES at the end of second charge is at lower energies than
that of first charge. This indicates that the extent of Ni2+
oxidation is lower at the end of the second charge, further
indicating an incomplete electrochemical reaction.

In Operando XRD Studies. In operando XRD studies were
carried out to understand the structural evolution of LS-
NMNF during electrochemical cycling in Na half-cells in the
voltage range 1.5−4.5 V (Figure S11). The in operando XRD
results are shown in Figure S12, and the selected 2θ ranges are
given in Figure 9. The in operando XRD patterns show that the
reflections corresponding to the spinel phase do not change
during the entire cycle, confirming the electrochemical
inactivity of the spinel phase during the electrochemical
cycling. The role of the spinel phase could then be assigned to
enhance the electronic conductivity and structural stability
during cycling. In the case of P2/P3 phases, the change of
reflection positions corresponding to 00l planes during
sodiation and desodiation is attributed to variations in the
interlayer spacing. On charging, the reflections corresponding
to (002) planes of P2 initially move toward lower 2θ values,
whereas the reflections corresponding to P2(102), P2(110),
and P2(112) planes move to higher angles. This indicates the
expansion of the unit cell in the “c” direction and contraction
of the unit cell in the “a” direction during the initial

Figure 8. Na/LS-NMNF cell; XANES Ni K edge spectra (a) during the first charging. (b) During first discharging. (c) EXAFS FT at OCV, EOC,
and EOD. (d) XANES Ni K edge spectra during the second charging.
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desodiation. The reflections corresponding to (105) and (102)
planes of the P3 phase start to disappear at 3.86 V and a new
reflection related to the (104) plane of the O3 (space group
R3m) starts to evolve. This confirms the phase transformation
of P3 to O3. Around 4.20 V, the P2 002 reflection starts to
fade, and a new 003 reflection of the new phase starts to
emerge, which indicates a partial P2−O2 phase transformation,
where the new phase is termed “Z-phase (space group R3m)”.
However, above 4.30 V, the reflection associated with the O3
phase transforms (together with the P2 phase) to the broad
reflections of Z phase, a phase with some level of
amorphization and disorder where Na+ ions occupy both
prismatic and octahedral sites, on further sodium extraction.66

On discharging, at the initial stages of sodium intercalation, the
Z phase transforms back to the O3 phase at 3.94 V and to the
P2 phase at a discharging voltage of 3.85 V. Subsequently,
when the discharging voltage reaches 3.03 V, the O3 phase
transforms to the P3 phase and reaches the initial triphasic
composition of P2/P3/Spinel. Further sodiation around 2.09 V
induces the transformation from P3 to the O′3 phase (space
group R3̅m). However, transformations such as P2 to P′2,
generally occurring during the electrochemical cycling of P2-
type electrode materials, are not observed in the in operando

XRD analysis during discharging, which implies that these
transformations were suppressed by the intergrowth of P2, P3,
and spinel. The Rietveld refinement results of Na/LS-NMNF
at the OCV, 3.8 V, 4.5 V, and 1.5 V are shown in Figure S13,
and the corresponding unit cell parameters are displayed in
Table S2.

■ CONCLUSIONS
A cobalt-free spinel-integrated P2/P3 layered material is
synthesized by the sol−gel method. The formation of three
phases was confirmed by XRD. The material delivered a
promising initial discharge capacity of 143 mAh g−1 and
displayed capacity retention of 73% at the 50th cycle, in the
voltage range of 1.5−4.0 V, when cycled at C/10. Further, the
material delivered a discharge capacity of 163.4 mAh g−1 in a
potential window of 1.5−4.50 V and exhibited a capacity
retention of 57.6% of the initial discharge capacity at 50th cycle.
The galvanostatic charge−discharge studies in the voltage
range 1.5−4.5 V reveal that the material delivers poor
electrochemical performance in sodium half-cells above 4.00
V due to the irreversible parasitic reactions and multiple phase
transformations in that voltage range. Moreover, the material
delivered a discharge capacity of 72 mAh g−1 at 5C (voltage
range; 1.5−4.0 V), which is 50.6% of the capacity obtained at
C/10. In the long term high-rate cycling studies at 1C, the
layered spinel material showed a discharge capacity of ∼120
mAh g−1 in the initial cycle and 83 mAh g−1 in the 100th cycle
with a capacity retention of 69% (voltage range; 1.5−4.0 V).
This excellent behavior of the material shows that the three
phases present in the material enhance the electrochemical
performance synergistically. The P2/P3 layered phase imparts
a smoother faster diffusion pathway for sodium ions, and the
incorporated spinel phase increases the electronic conductivity
of the material, thereby coordinating the sodium diffusion and
electron transfer. To understand the charge compensation
mechanism during electrochemical cycling, in operando X-ray
absorption spectroscopic investigations were carried out in the
voltage range 1.5−4.5 V. It was observed that on charging,
Mn3+ oxidizes to Mn4+ and Ni2+ oxidizes to Ni4+ and on
discharging the reverse reactions take place. Fe3+ remains
inactive up to 4.00 V and oxidizes to Fe4+ at 4.22 V with
simultaneous changes in the local structure. The change in the
pre-edge feature and EXAFS of Fe K edge during cycling could
be attributed to Fe4+ migration from octahedral sites to the
alkali metal layer. The structural evolution during the
electrochemical cycling was investigated by in operando XRD.
It is observed that the spinel phase remains electrochemically
inactive during the entire cycling process. The P3 phase

Figure 9. Selected 2θ regions of the in operando powder diffraction
patterns of the Na/LS-NMNF cell during the first cycle in the voltage
range of 1.5−4.5 V. In the XRD pattern, the red lines correspond to
charge process, and the blue lines correspond to discharge processe,
respectively.

Figure 10. Summary of the electrochemical mechanism elucidated from (a) in operando XAS and (b) in operando XRD.
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transforms to the O3 phase during the charging process. With
the increasing potential, the P2 phase, together with the O3
phase changes to the Z phase, where Na+ ions occupy both
prismatic and octahedral sites. On discharging, the Z phase
transforms back to a mixture of P2 and O3 and subsequently to
P2/P3. No P2−P′2 phase transition is observed when going
down to lower voltages; however, P3−O′3 phase transition
takes place at potential below 2 V. At the EOD, a mixture of
P2, O′3 and spinel phases was observed. The overall
electrochemical mechanism can be summarized as follows
and the same is displayed in Figure 10.
On Charging (up to 4.5 V). Structural evolution: spinel/

P2/P3 → spinel/P2/O3 → spinel/Z
Oxidation state evolution: Mn3+ → Mn4+, Ni2+ → Ni4+,

above 4.20 V: Fe3+ → Fe4+
On Discharging (up to 1.5 V). Structural evolution:

spinel/Z → spinel/P2/O3 → spinel/P2/P3 → spinel/P2/O′3
Oxidation state evolution: Mn4+ → Mn3+, Ni4+ → Ni2+, Fe4+

→ Fe3+■ ASSOCIATED CONTENT Supporting Information
The Supporting Information is available free of charge at 
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Rechargeable NaÂ Batteries. Nat. Mater. 2012, 11 (6), 512−517.
(60) Somerville, J. W.; House, R. A. N.; Tapia-Ruiz, N.; Sobkowiak,
A.; Ramos, S.; Chadwick, A. V.; Roberts, M. R.; Maitra, U.; Bruce, P.
G. Identification and characterisation of high energy density P2-type
Na2/3[Ni1/3‑y/2Mn2/3‑y/2Fey]O2 compounds for Na-ion batteries. J.
Mater. Chem. A 2018, 6 (13), 5271−5275.
(61) Yabuuchi, N.; Komaba, S. Recent Research Progress on Iron-
and Manganese-Based Positive Electrode Materials for Rechargeable
Sodium Batteries. Sci. Technol. Adv. Mater. 2014, 15 (4), 043501.
(62) Boivin, E.; House, R. A.; Marie, J. J.; Bruce, P. G. Controlling
Iron Versus Oxygen Redox in the Layered Cathode
Na0.67Fe0.5Mn0.5O2: Mitigating Voltage and Capacity Fade by Mg
Substitution. Adv. Energy Mater. 2022, 12 (30), 2200702.
(63) Wang, X.; Zhu, M.; Koopal, L. K.; Li, W.; Xu, W.; Liu, F.;
Zhang, J.; Liu, Q.; Feng, X.; Sparks, D. L. Effects of Crystallite Size on
the Structure and Magnetism of Ferrihydrite. Environ. Sci. Nano 2016,
3 (1), 190−202.
(64) Chu, S.; Zhang, C.; Xu, H.; Guo, S.; Wang, P.; Zhou, H.
Pinning Effect Enhanced Structural Stability toward a Zero-Strain
Layered Cathode for Sodium-Ion Batteries. Angew. Chem. Int. Ed.
2021, 60 (24), 13366−13371.
(65) Gao, X.; Liu, H.; Deng, W.; Tian, Y.; Zou, G.; Hou, H.; Ji, X.
Iron-Based Layered Cathodes for Sodium-Ion Batteries. Batter.
Supercaps 2021, 4 (11), 1657−1679.
(66) Xiao, Y.; Zhu, Y. F.; Li, L.; Wang, P. F.; Zhang, W.; Li, C.; Dou,
S. X.; Chou, S. L. Structural Insights into the Dynamic and Controlled
Multiphase Evolution of Layered-Spinel Heterostructured Sodium
Oxide Cathode. Cell Reports Phys. Sci. 2021, 2 (9), 100547.

https://doi.org/10.1002/celc.201500197
https://doi.org/10.1002/celc.201500197
https://doi.org/10.1002/celc.201500197
https://doi.org/10.1107/S1600576716012632
https://doi.org/10.1107/S1600576716012632
https://doi.org/10.1107/S1600576716012632
https://doi.org/10.1021/ja2010362?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2010362?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c02174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c02174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.0c02174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/celc.201800883
https://doi.org/10.1002/celc.201800883
https://doi.org/10.1002/celc.201800883
https://doi.org/10.1016/j.electacta.2013.10.211
https://doi.org/10.1016/j.electacta.2013.10.211
https://doi.org/10.1007/s10853-018-03277-8
https://doi.org/10.1007/s10853-018-03277-8
https://doi.org/10.1007/s10853-018-03277-8
https://doi.org/10.1021/cm502481b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm502481b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.electacta.2016.12.019
https://doi.org/10.1016/j.electacta.2016.12.019
https://doi.org/10.1016/j.electacta.2016.12.019
https://doi.org/10.1016/j.mtener.2020.100519
https://doi.org/10.1016/j.mtener.2020.100519
https://doi.org/10.1016/j.mtener.2020.100519
https://doi.org/10.1021/acsami.5b00594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b00594?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/aenm.201400083
https://doi.org/10.1002/aenm.201400083
https://doi.org/10.1016/0040-6090(80)90213-8
https://doi.org/10.1016/0040-6090(80)90213-8
https://doi.org/10.1016/0955-2219(92)90004-W
https://doi.org/10.1016/0955-2219(92)90004-W
https://doi.org/10.1039/C8TA07933A
https://doi.org/10.1039/C8TA07933A
https://doi.org/10.1002/adfm.202207285
https://doi.org/10.1002/adfm.202207285
https://doi.org/10.1002/adfm.202207285
https://doi.org/10.3390/ma16083116
https://doi.org/10.3390/ma16083116
https://doi.org/10.1007/s10800-020-01522-0
https://doi.org/10.1007/s10800-020-01522-0
https://doi.org/10.1007/s10800-020-01522-0
https://doi.org/10.1016/j.ensm.2020.05.013
https://doi.org/10.1016/j.ensm.2020.05.013
https://doi.org/10.1149/2.0611916jes
https://doi.org/10.1149/2.0611916jes
https://doi.org/10.1002/adfm.202003364
https://doi.org/10.1002/adfm.202003364
https://doi.org/10.1038/nmat3309
https://doi.org/10.1038/nmat3309
https://doi.org/10.1038/nmat3309
https://doi.org/10.1039/C7TA09607K
https://doi.org/10.1039/C7TA09607K
https://doi.org/10.1088/1468-6996/15/4/043501
https://doi.org/10.1088/1468-6996/15/4/043501
https://doi.org/10.1088/1468-6996/15/4/043501
https://doi.org/10.1002/aenm.202200702
https://doi.org/10.1002/aenm.202200702
https://doi.org/10.1002/aenm.202200702
https://doi.org/10.1002/aenm.202200702
https://doi.org/10.1039/C5EN00191A
https://doi.org/10.1039/C5EN00191A
https://doi.org/10.1002/anie.202100917
https://doi.org/10.1002/anie.202100917
https://doi.org/10.1002/batt.202100108
https://doi.org/10.1016/j.xcrp.2021.100547
https://doi.org/10.1016/j.xcrp.2021.100547
https://doi.org/10.1016/j.xcrp.2021.100547



