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Abstract

The biphasic nature is known to enhance the structural stability and electrochemical
properties of layered oxide cathodes. Herein, we have synthesised Nao.7sMno.75Alo.2502
(NMA) with different P2/P3 phase fractions, tuned by modifying the calcination temperature.
Rietveld refinement of XRD data showed a continuous reduction in the P3 phase fraction
with increased calcination temperature. NMA sample calcined at 650 °C (NMA-650) with ~
52% P3 and 48% P2 phases showed good rate performance and a high specific capacity of
150 mAh g at 0.1C with 80% capacity retention after 200 cycles between 1.5-4.2 V. The
enhanced electrochemical performance is attributed to the material's morphology and
improved structural durability. Interestingly, operando Synchrotron XRD data of NMA-650
and NMA-750 (sample calcined at 750 °C) showed a continued existence of the P3 phase in
both compounds during charging-discharging in the 1.5-4.2 V range. Further, the P3 unit cell
showed only a 0.5% increase in volume compared to 1.5% in NMA-750 during cycling. The
enhanced electrochemical properties of NMA-650 are attributed to the synergistic effect of

P3/P2 phase coexistence in the material.
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1. Introduction

The economic benefits of sodium-ion batteries (NIBs) have allowed them to emerge as a
favourable candidate for replacing the ubiquitous Li-ion batteries (LIBs) in stationary storage
applications and mid-to-low-range electric vehicles [1-5]. Along with the considerably higher
abundance of sodium, NIBs have a nearly identical charge storage mechanism and
components as LIBs, allowing them to be seamlessly integrated into the current battery

manufacturing eco-systems [6-11]. Cathodes in NIBs are the primary source of Na ions and



play a significant role in determining most performance characteristics. Research activities
into cathode materials for NIBs have been centered around 3 different types of cathode
materials: Layered oxides (LOs), NASICON, and Prussian blue analogs. Even though
NASICON-based cathodes have shown a relatively high cyclic performance and cathodes
based on Prussian blue analogs have demonstrated capacities close to 150 mAh g-!, layered
oxide (LO) based cathodes (NaxTMO2) are generally considered to have the edge over the

others in terms of rate performance and ease of synthesis [9, 12-14].

LOs are mainly categorized into P2-type, P3-type, and O3-type based on their
thermodynamic stability. In the P2-type structure, Na-ions occupy 2 different prismatic sites,
which are either face-sharing (Na2) or edge-sharing (Na;) with the transition metal
octahedron (TM-Ogs) [15]. The Na ion concentration in P2-type materials is typically less than
0.75, although Na ion concentration is also reported to be as high as 0.85 in some of the P2-
type LOs [12, 16]). As per Pauling's rules, edge-sharing (Na;) sites would contain more Na
ions (edge-shared polyhedra provide better stability to the crystal than the face-shared due to
the larger distance between Na* and Mn?*'/*"). In P3-type materials, all prismatic sites are
crystallographically equivalent Na sites, while Na ions in the O3-type compounds occupy

octahedral sites [15].

The structural and electrochemical properties of P2 and O3-type compounds have been
extensively explored in the literature [4, 17-20]. P2-type materials have lower activation
energies for Na ions and hence show better rate and cyclic performance than O3-type
compounds, which usually exhibit higher specific capacities [12, 21, 22]. In comparison,
reports on P3-type materials mostly revolve around those obtained electrochemically during
the charging of O3 cathodes [17, 23-26]. Only a handful of studies deal with the structural
and electrochemical properties of thermodynamically prepared P3-type materials where high

diffusion coefficients comparable to those of P2-type materials are reported [24, 26-29].



However, P3-type materials tend to undergo extensive structural changes during cycling,
rendering these materials with inferior cyclability. This is because O3, O'3, and P'3 phases
that form at lower and higher voltages do not support fast Na-ion kinetics, severely limiting

the rate performance of P3-type materials [29-31].

Among different cathode materials identified for NIBs, compounds based on manganese are
widely studied. In LOs, Mn ions are usually paired with other active and inactive ions, such
as Ni, Cu, Al, Mg, etc., to improve their structural properties. In most research articles on
Mn-based layered oxides, Mn is paired with another active ion, such as Ni, to decrease the
concentration of Mn** [19, 30, 32-34]. Mn** ions are Jahn-Teller active and are known to
cause irreversible phase transformations in layered oxides during cycling. Hence, in most
cases, Mn ions are partially replaced with other ions with a 2+ oxidation state to keep the
manganese oxidation to 4+ and are also cycled in the 2-4.2 V voltage range where Mn*"3*
redox reactions do not materialise [13, 32, 35-38]. This effectively reduces Mn*" ions to a

supporting role, acting as only pillar ions, drastically reducing the materials’ specific capacity

[21, 39-41].

Herein, we report on a novel method to suppress the structural modifications brought about
by the activation of Mn*"*" redox reactions by preparing a P3/P2 biphasic
Nao.7sMno.75Al02502 (NMA) where 25% of the Mn ions were substituted with AI** ions. An
inactive AI** was chosen to act as a pillar ion during the charge/discharge process. It has a
similar ionic radius as Mn*" in an octahedral configuration that prevents transition metal
ordering. Along with introducing AI**, a biphasic P2/P3 type cathode configuration was
adopted to stabilise the cathode structure during cycling further. Compared to the widely
reported P2/0O3 biphasic cathode, the concentration of the P2 and P3 phases in the P2/P3
biphasic cathode was found to be dependent on the calcination temperature, allowing us to

prepare the cathode with the desired phase concentration [14, 19, 25, 26, 35]. Moreover, the



lower calcination temperature required for P3-type materials was instrumental in obtaining
the desired P2/P3 phase fractions at lower calcination temperatures. This was found to have
profound implications on the morphology and electrochemical properties of the cathode
material, with P3 dominant biphasic cathodes showing substantially superior rate
performance and cyclic stability compared to monophasic P2 cathodes that formed at higher
temperatures. Further, the manifestation of the synergetic effect between the two phases
mitigated the effects of severe structural distortions induced during cycling, resulting in a

better cyclability of the biphasic cathodes.

2. Experimental

2.1 Synthesis

A conventional sol-gel method was adopted in preparing the series of cathode materials.
Stoichiometric amounts of Manganese (II) acetate tetrahydrate, aluminium nitrate
nonahydrate, and sodium carbonate were dissolved in DI water and stirred for 6 h. Then,
ethylene glycol and citric acid were added. The homogeneous solution was allowed to stir for
another 12 h and was heated to produce a gel. The gel was then dried and subsequently
ground to obtain a powder. The powder was heat treated at 550 °C in air for 12 h and

calcination at different temperatures (600 — 800 °C) to obtain the final product.

2.2 Structural Characterization

The powder x-ray diffraction (XRD) patterns were obtained at room temperature using
Malvern Pan Analytica's, Empyrean, diffractometer (Cu-Ka radiation source) between 10°-
80° 20 range and the crystallographic data was obtained after Rietveld refinement of the
XRD data using TOPAS Academic (version 6) software package [42]. The bond-valence site

energy (BVSE) calculation was performed using softBV software developed by Chen and



Adams [43]. The SEM images were obtained using a Joel field emission scanning electron
microscope (model JEOL-7610) with energy-dispersive x-ray spectroscopy (EDS) for
elemental mapping. X-ray photoelectron spectra (XPS) were obtained using a Thermofisher
Scientific - Naxsa base with an Al Ka X-ray source (1486.6 e¢V). Operando Synchrotron
XRD studies were carried out in transmission mode at the Extreme Conditions Angle
Dispersive/Energy Dispersive Synchrotron X-ray diffraction (BL11) at Indus-2 beamline
(RRCAT) with a beam wavelength of 0.7302 A and beam energy of 2.5 GeV. Operando
studies were performed on a CR2032 coin cell with 3 mm holes sealed using Kapton films in

the cathode and anode casings.
2.3 Electrochemical Characterisation.

The cathode slurry was prepared by mixing the active material, Ketjen black, and PVDF
binder in NMP in a wt. ratio of 75:10:15, which was coated on an Al foil current collector and
dried. CR2032 coin cells were fabricated for electrochemical tests using a Na metal counter
electrode, a Whatman GF/D filter paper separator, and 1M NaClOs in Ethylene Carbonate -
Propylene Carbonate (vol. ratio of 1:1) electrolyte. The cyclic voltammetry (CV) tests were
performed at a scan rate of 0.1 mV/s using a Keithley Model 2450-EC Source Meter Unit.
Galvanometric charge-discharge (GCD) tests and the galvanometric intermittent titration
technique (GITT) were performed on a Neware battery tester (CT-4008T). The rate
performance of the samples was evaluated between 0.1C — 4C rates, and the cyclic
performance was monitored for 200 cycles at 1C between 1.5 V and 4.2 V. The mass loading
for the samples was varied between 2-3 mg/cm?, and C-rates were calculated assuming a
nominal capacity of 150 mAh/g. Impedance measurements were performed using a
computer-controlled LCR meter (model: ZM 2376, NF Corp.) equipped with an internal DC

biasup to 5V overa 1 Hz— 1 MHz frequency range at room temperature



2. Results and Discussion

3.1 Structural Characteristics

Various Nao.7sMno.7sAlo2502 samples were prepared by varying the calcination temperature
between 600 °C and 800 °C. Figure 1(a) shows the room temperature XRD patterns of
Nao.7sMno.75Alo2502 (NMA-x: x denotes the calcination temperature in °C) samples
calcinated at different temperatures along with the Bragg positions of P3 (JCPDS No. 04-
020-1860) and P2 (JCPDS No.27-0751) type phases. The figure shows an unreacted phase at
600 °C and a P2/P3 mixed phase forming at around 650 °C with diffraction peaks
corresponding to the P2 phase gradually increasing in intensity with increased calcination
temperature. At a calcination temperature of 800 °C, a monophasic P2-type structure is
obtained with no peaks corresponding to the P3 phase discernible in the XRD pattern. This is
confirmed by the Rietveld refinement of the XRD data (Fig. 1(b)), which shows the P2:P3
phase ratio around ~ 52:48 for the sample calcined at 650 °C. The fraction of the P2 phase
increased to ~ 72.5% in the sample calcined at 750 °C, and a pure P2-type material was
obtained at 800 °C. The conversion of the P3 to P2 phase upon an increase in calcination
temperature observed in this study is in line with other reports in the literature where the
appearance of a P3 phase is often reported at lower calcination during the synthesis of P2-
type materials [17, 26]. This study demonstrates the control of the P3/P2 phase fraction in

Nao.7sMno.75A10.2502 with calcination conditions.

The crystallographic parameters of the NMA-x series of materials obtained after refinement
are presented in Table 1. The refinement results show that the crystallographic volume for P2
and P3 type phases remained largely invariant, ~78.4 A3 and ~117.4 A3 respectively, in all
samples. The unit cell volume of P3 is about 1.5 times the P2 phase, which is expected as the
number of formula unit cells in one crystallographic unit cell (Z) for P2 is 2, while for P3, Z

is 3. The area of rectangular faces of the triangular prisms in P2 and P3 type structures, which



forms a major bottleneck to Na ion conduction, was around 11.11 A2. This points to similar
inter-layer spacings (in both the TM-O and Na-O layers) in the P2 and P3 phases. Although
P3 is often regarded as an ordered P2 phase where Na ions reside in a single
crystallographically equivalent lattice site as opposed to the 2 different sites in the latter, the
structural information obtained through Rietveld refinement for NMA-x series materials
suggests similar Na" conduction dynamics in both the phases. The detailed structural
parameters of the P2 and P3 type NMA obtained from the Rietveld refinement of XRD

patterns are given in Tables S1 and S2, respectively.
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Fig. 1 (a) Phase evolution of Nao.7sMno.75sAl0.2502 samples at various calcination temperatures

along with brag positions of P3 (JCPDS: 04-020-1860) and P2 (JCPDS: 27-0751) type

structures. (b) Rietveld refinement of room temperature XRD data belonging to NMA-650,

750, and 850 samples, along with the deconvoluted P2 and P3 phases in the 26 range of 30-

40°.



Table 1. Lattice parameters of NMA-x samples obtained after the Rietveld refinement of

room temperature XRD data.

Phase 3 Reliability
Sample (Fraction) a (A) c(A) V(A% Factors
2.8500 16.678 117.47 Rexp: 1.73
P3 (47.7%)
+0.0003 +0.003 +0.03 Rup: 2.30
NMA-650 R 179
P2 (52.3%) 2.8580 11.126 78.81 pi 1.
=70 +0.0003 +0.001 +0.02 GOF: 1.33
2.8453 16.716 117.41 Rexp: 2.12
P3 (27.5%)
+0.0003 +0.003 +0.03 Rup: 2.51
NMA-750 _
P2 (12.5%) 2.8491 11.137 78.81 Rp: 1.98
=0 +0.0002 +0.001 +0.01 GOF: 1.18
Rexp: 1.97
11.1474 78.839 Rup: 2.34
NMA-800 P2 (100%) 2.8577
+ 0.0009 + 0.0008 +0.008 Ry 1.84
' GOF: 1.18

Further, the crystallographic parameters obtained from Rietveld refinement were used to
simulate the Na ion migration pathways and calculate the migration energy barrier in the P3
and P2 type structures of NMA using the bond-valence site energy (BVSE) calculation. The
calculated migration energy for Na* in P2 and P3 type NMA was 0.181 eV and 0.237 eV,
respectively (Fig. S1(a & b). The reaction pathway diagram of P2 and P3 type structures
generated using VESTA [44] is shown in Fig. S1(c & d). Besides the higher activation energy,
another drawback of using P3-type cathodes in Na-ion batteries is related to the multiple
structural transformations P3 undergoes during cycling. These transformations lead to a lower
Na* conductivity and degrade the cathode’s electrochemical performance. In addition to
enhancing the overall conduction in the material, the P2 phase in the biphasic cathodes is
expected to stabilise the P3 phase and prevent unwanted phase transitions during the

charge/discharge process [25, 26].



The SEM micrographs on NMA-650, 750, and 800 displayed in Fig. 2 depicts hexagonally
shaped grains consistent with layered oxides. The elemental map of NMA-750 is portrayed in
Fig. 2(b1-b4). In NMA-650, the particles portray particles with well-defined contours and
facets with a relatively lower degree of agglomeration. In contrast, the microstructure in
NMA-750 and 800 display a higher degree of agglomeration, with particles fusing to form
lumps in NMA-800. Particle morphology is an important parameter that affects
electrochemical properties such as the rate performance of cathodes. Ideally, nano-size
particles with a low degree of agglomeration are preferred in cathodes as it increases the total
surface area of each particle (in contact with the liquid electrolyte) compared to its volume.
As liquid electrolytes have higher ionic conductivities than cathode materials, nano-sized
particles could effectively reduce the Na“ conduction path through the crystalline material,
enhancing Na" extraction/insertion during cycling, especially at high charge/discharge rates
[45, 46]. Hence, NMA-650 is expected to show a better rate performance than the other

samples during electrochemical testing.

Fig. 2 SEM micrographs of (a) NMA-650, (b) 750, and (g) 800, along with (b1-4) elemental

maps depicting the distribution of the Na, Mn, Al, and O in NMA-750.

The Mn 2p and Al 2s XPS spectra (Fig. 3) for NMA-650 and 800 samples were obtained to

confirm the valence states of the Mn and Al ions in each compound. The peak at 85 eV in the



Al 2p spectra suggests the presence of A1’ ions in all the samples [47-49]. In contrast, the Mn
2p XPS spectra can be deconvoluted into 4 peaks; the 2 coupled peaks at 641.8 & 653.2 eV
belong to Mn**, while those at 643.2 & 654.7 eV correspond to Mn*" [22, 47, 48]. The
similarity of Mn 2p XPS spectra of both samples indicates their similar Na* contents. Lower
Na' content in either sample would alter the sample’s peak intensity ratio of Mn*" and Mn*"
ions. Hence, the P3 to P2 phase transformation observed in the NMA-x samples can only be
driven by the better stability of P2 over the P3 at higher temperatures rather than due to the

change in Na-ions concentration in the sample.
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Fig. 3 XPS spectra of NMA-650 and NMA-800.
3.2 Electrochemical Characteristics

The electrochemical properties of the NMA-x cathodes were analysed between 1.5 V and 4.2
V using a coin cell with Na metal acting as the reference & counter electrode. The cyclic
voltammograms in Fig. 4 show peaks indicating the redox activity of Mn ions below 3V in all
the cathode materials [37, 50]. While the CV curves of NMA-650 show only a single redox
peak, multiple peaks attributing the Mn>"#* redox reaction can be observed for NMA-750 and
800 samples. Multiple peaks attributed to the same redox reaction in the latter samples could

indicate structural changes in the cathode materials caused by either Na-ion vacancy ordering



or Jahn-Teller active Mn**. Structural variations induced by the activity of Mn** are usually
reported as the primary reason behind capacity fading in P2-type layered oxides where Mn is
active [3, 21, 22, 50, 51]. In the P2 dominant NMA-750 and 800 samples, a higher amount of
the P2 phase seems to be initiating a similar reduction in specific capacity with cycling as the
peak intensities of the oxidation and reduction peak appear to be fading with each cycle along
with the area under the curve. In contrast, the cyclic voltammogram of NMA-650 with ~ 52%
P3 phase shows almost no reductions in peak intensities or area under the curves, suggesting

better structural durability. As a result, a biphasic cathode could show better cyclic

performance.
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Fig. 4 Cyclic voltammograms of NMA-600, 750, and 800 samples.

The galvanostatic charge-discharge curves of NMA-650, 750, and 800, presented in Fig. 5,
concur with the CV curves. The GCD curves show rapid voltage drops between 4.2 V and 3
V, with plateaus emerging only below 3V. This is also reflected in the dQ/dV vs. voltage

curves (Fig. S2, Supplementary Information), as peaks (indicating the changes in slopes of



the GCD curve) between 1.5 V and 3 V. Overall, the NMA-650 exhibited the highest specific
capacity, 150 mAh g at a discharge rate of 0.1C. With an increase in the P2 phase fraction,
the specific capacity dropped to 139 mAh g'! in NMA-750 and 113 mAh g'! in NMA-800,
which marks about a 32% decline in capacity from NMA-650. P3-type cathodes are generally
reported to have higher specific capacities than P2-type materials, as these can accommodate
more Na ions by undergoing a reversible transformation to O3-type structures) [19, 25, 26,
31]. Hence, a lower specific capacity in the cathodes with a dominant P2 phase is expected.
In terms of the amount of Na* extracted, 150 mAh g'! (in NMA-650) corresponds to about
0.55. while a specific capacity of 113 mAh g'! in NMA-800 corresponds to only about 0.40.
Even with a higher Na* extraction, the NMA-650 still exhibits a higher energy efficiency
(Fig. S3) ~ 83%, compared to 76% for the monophasic NMA-800 cathode. This is an
interesting observation, as in the NMA layered oxide cathodes, a higher specific capacity also
means a higher concentration of Mn3" at the end of the discharge cycle, which would induce
higher stresses in the material that could trigger structural transformations that hinder energy
efficiency. The higher capacity while maintaining an impressive energy efficiency points to
the resilience of the NMA-650 biphasic cathode and could be attributed to the widely

reported synergetic often found in multiphasic cathodes [25, 26, 30, 31].
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Fig. 5 GCD curves of NMA-x cathode materials at different C rates.

As the discharge rate increases from 0.1C to 4C, the specific capacities of all the cathodes
deteriorate drastically (Fig. 5 and Fig. 6). NMA-650 shows a specific capacity of 80 mAh g'!
and 73 mAh g at 1C and 4C, respectively. Even though 80 mAh g! denotes a 42% reduction
in capacity compared to the material’s original capacity at 0.1C, it is still 30% higher than the
P2-type cathode. While the presence of the P2 phase might have been beneficial in opening
better Na" conducting pathways within the material, the drastic reduction in specific capacity
in NMA-650 suggests a decrease in diffusion coefficient with an increase in the C-rate. On
the other hand, the unexpected drop in rate performance of the P2 dominant NMA-750 and
800 cathodes might be due to their agglomerated & fused particle morphologies that lowered
the extraction of Na™ at high C rates by increasing the overall diffusion path for Na-ions in the

cathode layer.
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Fig. 6 Rate performance of NMA-x cathodes with C.E representing columbic efficiency.

Fig. 7 illustrates the cyclic performance of the cathodes at 1C when cycled between 1.5 V and
4.2 V. The data indicate that the specific capacity of the NMA-650 cathode dropped from 86
mAh g! to 67 mAh g! exhibiting an ~ 80% capacity retention after 200 cycles. In contrast,
the other cathodes, NMA-750 and 800, showed a substantial reduction in specific capacity by

being able to retain only about 67% and 56% of their original capacity at 1C.

Figure S4 shows the Nyquist plots of NMA-650 and 800 cells before and after 200
charge/discharge cycles. The figure shows a drastic increase in the total resistance of the
NMA-800 cell (from 480 Q to 970 Q2), while NMA-650 cell exhibits only a 50% increase in
resistance after 200 charge/discharge cycles. Further, analysis of the Nyquist plot using
equivalent circuit modeling revealed a 130% increase in charge transfer resistance in the cell
with NMA-800 cathode. In comparison, the increase in resistance was ~ 60% in the cell with
NMA-650 cathode (R1, R2, and R3 in the equivalent circuit in Fig. S4 inset denote the
electrolyte resistance, SEI layer resistance, and charge transfer resistance, respectively [52-
54]). The higher charge transfer resistance in NMA-800 could be due to structural
degradation of the active material, side reactions, etc., causing the material to exhibit lower

capacity retention than NMA-650 at the end of 200 charge-discharge cycles.



The excellent structural resilience of the NMA-650 cathode material predicted from the CV
curves enabled it to harness the capacity obtained by activating Mn3"*" redox couple, which
is usually avoided in Mn-based layered oxides due to its detrimental effects on cyclic
performance. The improved cyclic stability of the NMA-650 over the other cathodes suggests
that the adoption of a biphasic composition of the same material with nearly equal shares of
P2 and P3 phases could be ideal for enhancing capacity retention in other layered oxide-based
cathodes in literature where severe structural deformations have been identified as the

primary cause of capacity degradation.
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Fig. 7 Cyclic stability of NMA-x cathodes at a discharge rate of 1C.

Figure 8 shows the variation of Na* diffusion coefficients in the NMA-x samples obtained
from the galvanostatic intermittent titration technique (GITT). The technique, performed
between a voltage range of 1.5 V — 4.2V, involves the application of a constant current pulse
for 10 minutes, followed by a dwell time of 30 minutes, during which the cell is allowed to
reach a quasi-equilibrium state. This process is repeated till the cut-off voltages are reached.
The diffusion kinematics of Naion through the materials are assumed to obey Fick’s first law,

and the Na" diffusion coefficient (D,,+) can be calculated using the following Eq. 1.

Dygr = = (2t (4s)° 1)



Here, Mg and V}, represent the molar mass and molar volume of the cathode material, mp is
the mass of active material, t is the time of a single constant current pulse, and S denotes the
active surface area of the electrode. AEs and AE, represent the steady-state voltage change
and voltage change during the constant current pulse, respectively. As expected, the diffusion
coefficient of NMA-650 showed the highest diffusion coefficient of 2.5 x107'° while the
diffusion coefficients of NMA-750 & 800 were ~ 50% lower. The lower diffusion coefficients
at the onset of the charge/discharge process are due to a larger/smaller concentration of Na-

ions within the structure, causing starvation of vacancies/ Na-ions.
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Fig. 8 Variation of diffusion coefficients of NMA-x cathodes during charging and

discharging.

3.3 Operando Synchrotron XRD studies

The structural evolution of the material during the charge/discharge cycle could confirm
many of the speculations regarding the electrochemical properties of NMA-x cathodes.
Figure 9 and Fig. S6 illustrate the operando synchrotron XRD (SXRD) patterns NMA-650
and NNM-750 during the second cycle. The SXRD pattern of the NNM-650 sample obtained

during the formation cycle (cycle 1) is displayed in Fig. S5. The data analysis for both the



cathode materials reveals an interesting detail, where a continued existence of the P3 phase is
observed throughout the entire charge-discharge process. The P3 phase is usually reported to
appear at higher voltages when the concentration of Na in the compound is below ~ 0.75 [19,
26, 29, 31]. At lower voltages, a P3—0O3 phase transformation is expected. However, in both
NMA-650 and 750, the P3—0O3 phase conversion is not observed. The continued existence
of the P3 phase also explains the improved cyclability and rate performance of the biphasic
compounds, as the P3 phase is known to have a higher diffusion coefficient as compared to
the O3 phase. The continued existence of P3 phase transformations in layered oxides is rarely
reported and could result from a relatively high Al content in the compound. Even at a low
voltage of 1.5 V, where Na concentration in the unit cell exceeds ~ 0.8 in NMA-650, the P3
structure appears stable across the voltage window. During the first discharge cycle, the P3
phase contracts along the ¢ axis, where ¢ reaches a value of ~16.59 A at the end of discharge.
In the subsequent charge-discharge cycle, the ¢ axis expands to only about 16.66 A at the
fully charged state as opposed to its initial value of 16.69 A at the pristine state, as evidenced
by the presence of 2 peaks between 7-8° in Fig. 9 as opposed to a single broad & asymmetric

peak at the start of the first charging cycle (Fig. S5).

Regarding volume expansion, the NMA-650 only shows an increase of only about 0.5%,
which is marginal compared to the 1.5 % in NMA-750, where ¢ increased from 16.74 A to
17.01 A. The P2 phase shows almost no volume changes and behaves like a pillar within the
material. During charging/discharging, the P2 layers remain almost invariant; hence, stress
develops at the phase boundary in a direction opposite to the gliding direction of TMO:2
layers in the adjacent P3 phase (normally, the gliding motion of the TM-O: layers is initiated
when the change in ¢ parameter of the unit cell reaches a critical value and is responsible for

the P3-O3 phase transitions), which restrains the transition metal layers from gliding. This



synergetic interaction between the two phases interlocks the TM-O: layers of adjacent P2 and

P3 layers, which ensures better stability to the P3 structure [25, 26, 30, 31].

In both the compounds, most of the change in the ¢ parameters occurs below 2 V during the
discharge cycle (indicated by a more significant degree of shift in (003) peak towards higher
angles in Fig. 9, which is consistent with the results from the electrochemical tests where the

Mn*"3* reduction peaks were obtained below 2 V.
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Fig. 9 Operando Synchrotron x-ray diffraction patterns of NMA-650 obtained during the

(=

second galvanostatic charge/discharge cycle at 0.1C.

4. Conclusions

P2/P3-Nao.7sMno.75Al0.2502 (NMA) compounds with varying P2 and P3 phase fractions were
prepared via a sol-gel route. The phase fraction of the compounds was tuned by varying the
calcination temperature. Rietveld refinement of XRD patterns confirmed the emergence of a
P2/P3 phase material with ~ 52% P3 at 650 °C, with the amount of P3 reducing with
increased calcination temperature. During electrochemical testing, the GCD curves of NMA -
x samples showed a plateau below 2.5 V, which was reflected as a peak in their corresponding

dQ/dV vs. voltage plots. The CV curves of NMA-650 showed overlapping oxidation and



reduction peaks after each cycle compared to diminishing peaks in other samples, allowing it
to utilise the Mn*"#* redox process better. A high specific capacity of 150 mAh g (at 0.1 C
between 1.5-4.2 V) with 80% capacity retained after 200 cycles at 1C (compared to 67% and
57% in NMA-750 and 800) is achieved by the NMA-650 sample. This sample also exhibited
a better rate performance and a higher diffusion coefficient, attributed to its smaller particle
size. Operando Synchrotron XRD studies of NMA-650 and 750 revealed the continuous
existence of the P3 phase throughout the charge/discharge cycle, which is thought to be a
consequence of a high Al content in the sample. In NMA-650, however, the change in the
lattice parameter ¢ of the P3 phase was significantly lower than in NMA-750, which may
have been due to better interlocking due to the synergistic effect between the P2 and P3

phases.
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structures. The 11 in (a) stands for interstitial site 1.
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Fig. S2 dQ/dV vs. voltage (V) plots of NNM-x cathodes at a discharge rate of 0.1C.
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Fig. S3 GCD curves of NMA-x samples. The portions coloured in green depict energy

recovered during discharge.
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Fig. S4 Nyquist plots of half-cells with NMA-650 and 800 cathodes (a) before and (b) after

cycling. The impedance data was fitted using the equivalent circuit shown in figure S4(a)

inset.
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Fig. SS (a) Operando SXRD patterns of NMA-650 obtained during the first galvanostatic
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(£00) E& v &v ,&\u \t&\\;\@\v&%

73 1.5

Lf

24

20 22

20 (degrees)
Fig. S6 (a) Operando SXRD patterns of NMA-750 obtained during the second

16 18

14

s)un *qae) L)sudu
un °q I |

Voltage (V)

charge/discharge cycle at 0.1C.



Table S1 Crystallographic parameters of P2-type NMA obtained from Rietveld refinement of
room temperature XRD data.

P2 Type NMA (P63/mmc space group)

Atom X y z Occupancy Site
Nal 2/3 1/3 1/4 0.45 2d
Na2 0 0 1/4 0.30 2b

Mn/Al 0 0 0 0.75/0.25 2a

(0] 2/3 1/3 0.090 1 4f

Table S2 Crystallographic parameters of P3-type NMA obtained from Rietveld refinement of
room temperature XRD data.

P3 Type NMA (R3m space group)

Atom X y z Occupancy Site
Na 0 0 0.17 0.75 3a
Mn/Al 0 0 0 0.75/0.25 3a
o1 0 0 0.394 0.75/0.25 3a
02 0 0 0.607 1 3a




