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Abstract

Layered oxide cathodes, a promising avenue for Na-ion batteries, hold the highest potential for
commercialization. Herein, we delve into the structural and electrochemical properties of Al-
substituted layered oxides in our quest to pinpoint the optimal cathode composition in the
Na3zs(Mn-Al-Ni)O2 pseudo-ternary system. The cathode materials investigated were
synthesized in three distinct phase configurations, which include two monophasic
configurations with P3 and P2-type structures and a third biphasic cathode with equal
proportions of P3 and P2 phases. The fractions of the P3 and P2 type phases in the cathode
materials were manipulated by adjusting the calcination temperature. The varying
concentration of Mn*" and Mn*', confirmed by X-ray photoelectron spectroscopy, was found
to impact the cyclic stability of these materials significantly. During electrochemical testing,
the P3 cathodes showed impressive rate performance and exhibited an excellent specific
capacity of 195 mAh g! at 0.1C. Regarding cyclic performance, the biphasic cathodes
consistently outperformed their monophasic counterparts, with P3/P2-
Nao.7sMno.s0Nio25Alo2502 exhibiting 82% capacity retention after 300 cycles. Analysis of
operando Synchrotron XRD data revealed an absence of P3 to O3 type phase transition in the
cathodes even at low voltages where large structural variations to the unit cell structure were
observed. The absence of P3 to O3 transformations and the superior electrochemical
performance of Nao.7sMno.soNio.2sAlo.2sO2 underlines the importance of Al substitution and

P3/P2 biphasic structure in enhancing the electrochemical performance of layered oxides.

KEYWORDS: Electrochemistry; Layered compounds; Biphasic; Operando Synchrotron
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1.0. Introduction

Na-ion batteries (NIBs) are often considered ideal candidates to complement or replace Li-ion
batteries [1, 2]. With the demand for energy storage systems rising by the day, NIBs can offer
a cheaper alternative to the current lithium-based energy storage systems, especially for
stationary storage applications [3-8]. Currently, the primary bottleneck towards the
commercialization of NIBs arises from the relatively lower energy density of their cathode
materials [6, 9-11]. Cathode materials in Na-ion batteries are divided into three material
classes: layered oxides, NASICON, and Prussian blue analogs [12, 13]. Even though
NASICON and Prussian blue analog-type cathodes have seen intense research activity over the
past decade, layered oxide cathodes are still considered the popular choice for
commercialization in Na-ion batteries [3, 7, 13-15]. This is mainly due to their higher energy
density, ease of synthesis, and compositional diversity. Layered oxides (LOs), having a general
formula of Na,TMO2; 0 < x < 1; TM- transition metal cations, are synthesized in different
structures. P2, P3, O3 [16-19]. The P-type phases normally have a lower Na concentration
(typically less than 0.75). Na-ions occupy prismatic sites in these phases, resulting in higher
Na-ion diffusion rates and lower activation energies [20-24]. In contrast, Na-ions in O3 phases
occupy octahedral sites and can accommodate higher Na concentrations (hence exhibit better

specific capacities) but suffer from poor Na* transport properties [18, 25-27].

Biphasic cathodes containing both P-type and O-type phases are proposed as a possible solution
to enhance the electrochemical performance of layered oxides. The most common types of
biphasic cathodes often found in the literature are those based on P2 and O3-type structures
[28-33]. In addition to the improved specific capacity and Na* diffusion, the synergistic effect
arising from the coexistence of 2 phases also reportedly improves the structural stability of
these cathodes, which boosts their cyclic performance. Although not extensively studied,

biphasic cathodes involving P2/P3 type phase materials also show similar improvements in



electrochemical performance due to the synergistic effects [28, 34-37]. In addition to a biphasic
structure, the incorporation of electrochemically inactive ions, such as AI**, Zn?*, Mg?*, Ti*",
etc., into the transition metal layers is also a common technique explored for enhancing the
electrochemical performance of layered oxide cathodes [23, 37-42]. Such inactive ions act as
pillars during the interaction and deintercalation of Na-ions and have been reported to improve
the cyclic stability of LO compounds. Although scarcely explored in NIBs, substituting
transition metal ions with AI’* has been widely reported to enhance the electrochemical

performance of LO-based cathodes in LIBs [43-46].

The current study explores trends in the structural and electrochemical performance of various
compositions in the Nazs(Mn-Al-Ni)O2 pseudo-ternary system (Fig. 1) to identify optimal
cathodes. All the compositions were synthesized in 3 different phase configurations:
monophasic P3, biphasic P3/P2, and monophasic P2. Nao.7sMno.75Nio2502 and
Nao.7sMno.75Al0.2502 (marked as NMA 7/ and NMA_?2 in Fig. 1) were the parent materials chosen
for the study. The structural and electrochemical properties of Nao.7sMno.75sNio.2sO2 and
Nao.7sMno.75Al0.2502 can be found elsewhere [35, 47]. The concentration of the Jahn-Teller
active Mn** and commonly preferred Mn*" ions vary across all the compositions, which may
significantly affect the electrochemical properties of the cathode materials. The adoption of a
P3/P2 biphasic structure, along with the incorporation of AI**, is expected to mitigate the effects
of the structural distortions caused by the presence of Mn3*" in the layered oxide structure.
Additionally, recent studies have indicated that the substitution of A1** in P2 phases decreases
the TM-Os octahedral volume structures while increasing the volume of Na-Og prisms, leading
to improved rate performance[48]. Hence, the systematic analysis of various compositions in
the Na3i4(Mn-Al-Ni)O:2 pseudo-ternary system would help identify an optimal Al concentration
and unravel performance trends across the pseudo-ternary diagram as a consequence of

different element concentrations.



2.0. Materials and Methods

The materials were obtained through a conventional sol-gel synthesis method, using aluminum
nitrate nonahydrate, manganese (II) acetate tetrahydrate, nickel acetate tetrahydrate, and
sodium carbonate as precursors. Appropriate amounts of these compounds were dissolved in
deionized water and stirred, followed by adding ethylene glycol and citric acid. The resulting
solution was heated to produce a gel, which was dried and calcinated at varying temperatures

(650 — 900 °C) to obtain the final product. The Al-substituted compounds synthesized for the

study, Nao.7sMno.sNio.25Alo0.2502, Nao.7sMno.c25Nio.125A10.2502, Nao.7sMno.625Ni0.25Alo.12502, and
Nao.7sMno.75Ni0.125Al0.12502 are a part of the Naza(Mn-Al-Ni)O2 pseudo ternary diagram and

will henceforth be referred to as NMA3, NMA4, NMAJS and NMAG6, respectively.

Inductively coupled plasma atomic emission spectrometry (ICP-AES) (SPECTRO Analytical
Instruments GmbH, Germany, Model: ARCOS, Simultaneous ICP Spectrometer) was used to
determine the specific chemical compositions of the cathode materials. The X-ray diffraction
(XRD) data were recorded using a Malvern Pan Analytical Empyrean diffractometer (Cu-Ka
radiation source) at room temperature. The XRD data were analyzed using Rietveld refinement
with the help of the TOPAS Academic (version 6) software package [49]. The microstructural
studies were conducted using a JEOL field emission scanning electron microscope (model
JEOL-7610). The Mn 2p and Ni 2p X-ray photoelectron spectra (XPS) were collected from a
Thermofisher Scientific - Naxsa base with an Al Ka X-ray source (1486.6 eV). Operando
Synchrotron XRD patterns were obtained at the extreme conditions angle dispersive/energy
dispersive synchrotron X-ray diffraction beamline (BL11) at Indus-2 (RRCAT) with a beam

wavelength of 0.6645 A and 0.74 A for NMA3-P3P2 and NMA5-P3P2, respectively.



The electrochemical experiments were carried out using a Neware battery tester (CT-4008T)
on half cells with 1M NaClOs4 in ethylene carbonate-propylene carbonate (vol. ratio of 1:1)
acting as the electrolyte and a Whatman GF/D filter paper as the separator. The cathode was
prepared by casting a slurry containing 75 wt% active material, 10 wt.% Ketjen black, and 15
wt.% PVDF (in a wt. ratio of 75:10:15) onto an Al current collector. The mass loading for the
samples was ~ 4-5 mg cm2, and C-rates were calculated taking the nominal capacity of 150
mAh g'!. An NF Corp LCR meter (model: ZM 2376) was used to obtain the impedance data in

the 1 Hz — 1 MHz frequency range at room temperature.
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Fig. 1. The positions of compositions under investigation in this study in the pseudo-ternary

Naz4(Mn-Al-Ni)O2 system.



3.0. Results and Discussion

3.1. Structural Characteristics

The NMAx series of cathode materials were synthesized through the sol-gel route. Each
cathode material is synthesized in 3 different phase configurations, namely P3, P2, and P3/P2
mixed phase with equal proportions. This was achieved by calcinating the samples at optimum
temperatures (by a trial-and-error process). Table S1 summarizes the ICP-AES data of P2 type
NMAXx series of cathode materials. The results from ICP concurred with the expected

compositions of each of the cathodes.

Fig. 2 displays the room temperature XRD patterns of NMAx cathodes calcinated at different

temperatures. The figure shows peaks consistent with a P3-type structure at 650 °C,

transforming into a P2-type structure at higher calcination temperatures. A similar phase
evolution in Nao.7sMno.75N1i0.2502 (NMA /) and Nao.7sMno.75Ni0.2502 (NMA2) compounds was
reported earlier [35, 47]. Additionally, 0.75 Na was identified as the critical concentration of
sodium at which an O3-type phase can be avoided during synthesis. The detailed analysis of
the crystal structure and quantification of phase concentrations in the monophasic and P3/P2
mixed-phase samples was performed using the Rietveld refinement of XRD data (Fig. 3 and
Fig. S1, S2). The crystallographic information for each of the NMA3-NMA 6 materials is given
in Tables S1-S4. The refinement confirmed the biphasic nature of the NMAx-P3P2 series of
cathodes with close to 50% P3 and P2 phases. It also established the presence of only
monophasic P3 (R3m space group) and P2-type (P63/mmc space group) phases at the lower (<

750 °C) and high calcination temperatures, respectively, in all compositions.



2 °

= 650°C | & | —6secC

: —— __Jwv')- I\ A A = P S—— 4_.‘\_1‘._“__;__“.‘ A M

= =

g ——825°C | § ——750°C

S — ' || vt

- z o

B —850°C | Z —775°C

=] T W NN W A E A N

] |

= o = 850 °C

= — ___M_l_)_l______g‘_],'l,_g_ =_ S . .ﬁ I . A
10 20 30 40 50 60 70 10 20 30 40 50 60 70

20 (degrees) 20 (degrees)

= 2

g . 650 °C g  650°C

d P (N W T | W— S — W Q. . . L "Jl\ A N R -

S ——750°C | 8 775 °C

gl P SR ST S S Vo ~ A A A

= |z

w — 800 C '5 825 °C

E A hLL_AL | N WY 5 Ak A A A

i -

= ——850°C | E 850 °C

il D Y W WY S - edo b A ——

T T T T T T T T

10 20 30 40 50 60 70 10 20 30 40 50 60 70
20 (degrees) 20 (degrees)

Fig. 2. Structural evolution of NMA3, NMA4, NMAJS, and NMA6 cathode materials with
calcination temperature.

The varying concentrations of Mn3* in the NMAx series have been identified by analyzing their
Mn 2p Xray photoelectron spectra (Fig. 4). The Mn 2p XPS spectra of NMA4 to NMAG6 are
deconvoluted into 4 peaks at 641.8 & 653.2 eV and 643.2 & 654.7 eV belonging to Mn*" and
Mn*', respectively [50-52]. The increasing intensity of the deconvoluted Mn*" peaks from
NMA4 to NMAS5 and NMAG points to a rising concentration of Mn** in these compounds.
Unlike the other samples, the Mn 2p spectra of NMA3J are fitted with only 2 peaks at 643.2 and
654.7 eV belonging to Mn*", indicating the absence of Mn**. The nominal concentration of
Mn?" and Mn*" in the NMA series of cathodes is summarised in Table S6, and analysis of XPS
data fitting indicates that the Mn3" and Mn*" fractions match closely with expected values
within the acceptable error margins. Additionally, the Mn 2p spectra of P3-type samples in the
NMAU series resemble their corresponding P2-type counterparts. This suggests a negligible Na
loss during the calcination of P2-type samples, as a loss of Na during calcination would have

increased the Mn*" concentration in these materials, leading to alterations in the peaks in the



Mn 2p spectrum. The Ni 2p XPS spectra of the NMAx samples displayed in Fig. S3 show

similar peak energies, indicating the presence of only Ni** in all samples [50-52].
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NMAG6-P3P2 samples with their respective along with the deconvoluted P2 and P3 phases in

the 20 range of 30-40°.

The microstructural and morphological characteristics of the cathode materials were observed

using FESEM, and the micrographs are displayed in Fig. 5 and Fig. S4. The SEM images of

the P3 and P3/P2 mixed-phase samples show spheroidal and hexagonally shaped particles with

a relatively lower degree of agglomeration. With increased calcination temperature,

agglomeration increases, resulting in large particle clusters in the P2-type samples. Typically,

materials with smaller particle sizes are preferred in cathode materials as these enhance the rate

performance and cyclic stability of the electrode materials [53, 54]. Accordingly, it is expected

that P3 and P3/P2 mixed-phase cathodes would exhibit better electrochemical performance

than their P2 counterparts. The elemental maps of NMAJ5-P3P2 displayed in Fig. 4 show a

homogeneous distribution of all its constituent elements.
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Fig. 4. Mn 2p XPS plots of NMAx-P3 and NMAx-P2 type compounds.

3.2. Electrochemical Characteristics

The galvanostatic charge-discharge (GCD) curves of NMAx samples cycled at different C rates
between 1.5 V and 4.0 V are depicted in Fig. 6 and Fig. S5-S6. The cathodes were cycled in a
half-cell configuration with Na metal as the counter electrode. The GCD curves depicting the
first charge-discharge profiles of the NMAXx series of cathodes are presented in Fig. S7. The
initial columbic efficiency of all the cathodes is higher than 100% because of the increasing

reduction of Mn*' ions when the concentration of Na* exceeds 0.75 in these samples during

the discharge process.



Among different cathodes in the NMAx series, the NMA3-P3 and NMA 5-P3 stand out in terms
of their specific capacities. At a charge-discharge rate of 0.1C, both the cathodes show specific
capacities close to 195 mAh g™ due to the higher Ni concentrations (Fig. 6(al) and (b1)). This
is validated by multiple peaks appearing in their respective CV and dQ/dV vs V plots above 3
V (Fig. S8 and S9) that correspond to Ni*"#* redox couples [52, 55-57]. In contrast, the lower
concentration of Ni* in NMA<4 and NMA 6 cathodes limited their specific capacity to 170 mAh
g'lat0.1C. Moreover, unlike NMA3-P3 and NMA 5-P3, more than 50% of the specific capacity

in NMA4-P3 and NMA 6-P3 is due to the activation of Mn*"#" redox couples, which could lead

to lower cyclic performance in the latter.
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Fig. 5. SEM micrographs of (al-a3) NMAJS5-P3, NMAS5-P3P2, and NMA5-P2 with (a4-a8)

depicting the elemental maps of the NMAS-P3P2 sample.

With an increase in the P2 phase concentration, the specific capacities of all the cathode
materials show a decreasing trend. In NMA3-P3P2 and NMAJS5-P3P2, the specific capacities
drop to ~ 175 mAh g’!, further decreasing to ~ 150 mAh g*! in NMA3-P2 and NMA5-P2. We
had earlier reported such reductions in specific capacities with an increase in P2 phase
concentration in both NMA / and NMA 2 compounds, which was attributed to the ability of the
P3 phase to accommodate more Na ions by transforming to an O3 type phase, as in the case of

NMA /-P3 [35, 47].
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Fig. 6. Charge discharge profiles of (al) NMA3-P3, (a2) NMA3-P3P2, (a3) NMA3-P2 (bl)

NMAJS-P3, (b2) NMAS5-P3P2, (b3) NMAJS-P2 series of cathodes at different C rates.

Regarding other electrochemical performance parameters, such as rate performance, unlike
NMA/ and NMA2, the monophasic P3 type cathodes of the NMAx compounds showed
marginally better rate performance than their corresponding P3/P2 mixed-phase counterparts
(Fig. 7(a-b) and Fig. S10(a-b)). At a discharge rate of 1C, NMA3-P3 and NMAJ5-P3 exhibited
a specific capacity of 126 mAh g! and 115 mAh g!, respectively. At a higher discharge rate of
6 C, NMA3-P3 and NMAJ5-P3 and their P3/P2 mix phase compounds could sustain a specific
capacity of ~ 77 mAh g'!. Meanwhile, in the NMA<4 and NMAG6 type cathodes, their P3 and
P3/P2 mix phased compounds showed much lower capacities, close to 95 mAh g-1 at 0.1 C
and 60 mAh g-! at 6C. Another notable feature of the rate performance curves is the consistently
poor capacities exhibited by the P2-type cathodes. In all compositions, P2-type phases showed
higher drops in specific capacities with an increase in discharge current, which could be

attributed to large particle agglomerations in the P2 materials.



Even though the P3-type cathodes showed a relatively high specific capacity and rate
performance, their cyclic stability was surprisingly underwhelming. Fig. 7(c-d) and Fig. S10(c-
d) depict the cyclic performance of the NMAx series of cathode materials at 1C between 1.5 V
and 4.0 V. The biphasic P3/P2 type cathodes consistently retain higher capacity than their P3
and P2 counterparts in all the compounds. For instance, in NMA3 and NMAJS cathodes,
NMA3-P3/P2 and NMA 5-P3/P2 showed ~ 70% capacity retention after 300 cycles, while their
P3 and P2 type cathodes retained less than 60% of their initial specific capacities, at 1C. Cyclic
performance drops even in the case of NMA4-P3P2 and NMA6-P3P2, where capacity retention
is only about 60% of the initial capacity after 300 cycles. This could be due to the increased

activity of Mn3"4*

redox couples in NMA4 and NMAG6, which is known to cause large
variations in unit cell volume during cycling. The interlocking between the P3 and P2 phases
may aid in minimizing this large variation in unit cell volume at low voltages in the mixed-
phase samples, allowing these to achieve higher cyclic stabilities. Table S7 compares the
electrochemical properties of various layered oxide cathode materials reported in literature.
Even with the activation of Mn*"#" redox couples, biphasic NMA3 and NMAS5 cathodes

showed superior cyclic performance compared to many of the reported layered oxide

compounds .
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To limit the activation of Mn*"#* redox couples, NMA3-P3P2 and NMA5-P3P2 were tested
further in a narrower voltage window between 2.0 V and 4.0 V (Fig. 7(e)). NMA3-P3P2 and
NMAS5-P3P2 exhibited about 82% and 75% capacity retention after 300 cycles at 1C in this
voltage window. Although the superior cyclic performance of the NMA3-P3P2 compared to
NMAS5-P3P2 could be attributed to the presence of Jahn-Teller active Mn?* in the latter, the
enhancement of cyclic stabilities of the cathode materials in the narrower voltage range is
evidence of the detrimental impact (on cyclic stability) of utilizing Mn3*"4* redox couples in

layered oxide cathodes.

Nyquist plots of half-cells with NMA3-P3P2 and NMAJ5-P3P2 samples as cathodes illustrated
in Fig. S11 concur with the cyclic data. The Nyquist plot was analyzed through an equivalent
circuit model shown in Fig. S11 inset. The circuit consists of 3 resistors, R1, R2, and R3, which

represent the DC resistances of the electrolyte, SEI layers, and charge transfer, respectively.



Both NMA3-P3P2 and NMA 5-P3P2 cells show higher overall resistance after cycling between
1.5-4.0 V when compared to the resistance of the cells cycled in 2.0-4.0 V range. In NMA 3-
P3P2, there was a drastic increase in the charge transfer resistance (R2) (60 to 350 Q) after
cycling between 1.5-4.0 V compared to 2.0-4.0 V (60 to 150 Q) NMAS5-P3P2 also exhibited
similar trends in charge transfer resistance which is consistent with a higher degree of structural

degradation in the cathodes cycled between 1.5-4.0 V.

3.3. Operando Synchrotron XRD

Operando Synchrotron XRD (SXRD) was used to probe variations in lattice parameters during
cycling and investigate the structural variations in the cathode materials during cycling. Fig.
8(a-b) illustrates the operando SXRD pattern of NMA3-P3P2 and NMAJS-P3P2 samples
obtained at different states of charge. As expected, the figure shows large changes in the ¢
lattice parameter of the P3 and P2 type unit cells below 2 V in both the cathodes, indicated by
the significant shift in the (003) and (002) peaks of the P3 and P2 type phases. As discussed
earlier, the change in the c lattice parameter is due to the presence of Jahn-Teller active Mn*",
which causes large distortions in the hexagonal lattice, leading to poor cyclic stability in the

monophasic cathodes.

Interestingly, as reported in NMA2, the presence of AI** in the NMA3 and NMAS cathodes
has also impeded the transformation of P3 phases into an O3-type structure at lower voltages.
Even when the specific capacity of the cathodes reached as high as 190 mAh g-!, no peaks
corresponding to the O3 phase were observed in both mixed-phase cathodes. P3 to O3 phase
transformations have long been observed in P3 and O3-type materials. The slab glide
mechanism leading to this transformation is often believed to cause rapid capacity degradation
in these materials. Such transformations were also observed in NMA /-P3 and NMA /-P3P2

materials, which limited their cyclic performances [35, 47]. The absence of P3 to O3



transformations in both the Al-substituted compounds is an important finding and could open
new avenues for research into O3 and P3-type layered oxides. The absence of phase transitions
and the synergistic effect due to the biphasic nature of the NMA3-P3P2 and NMA5-P3P2

cathodes enhanced their structural stability, allowing them to achieve excellent cyclic

properties.
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Fig. 8. Operando Synchrotron XRD patterns (a) NMA3-P3P2 (collected with a beam of

wavelength of 0.6645 A) and (b) NMA5-P3P2 (collected with a beam of wavelength of 0.74

A) half cells obtained during the first charge/discharge cycle at 0.1C.

Fig. S12 classifies the compositions in the NMAx series along different Mn** concentration
lines in the Na3s(Mn-Al-Ni)O2 pseudo-ternary diagram and reveals some interesting trends.
Along the constant Al content (= 0.25) from NMA2 to NMA3, both the specific capacity and

rate performance increased. This was expected as the Ni*" concentration in these cathode



materials increased from 0 (for NMA2) to 0.25 (NMA3), the amount of Na* that could be
extracted also increased. This is further evidenced by almost similar specific capacities
observed in NMA, NMAJS, and NMA3 cathodes having the same Ni content. The rate
performance, on the other hand, improved along this line from NMA/ to NMA3. This is
attributed to the increase in the Na* conduction bottleneck area with an increase in Al content
from NMA/ to NMA3. Further, NMA3 and NMAJS compositions that exhibit the best rate
performance and highest cyclic stability lie along the 0-Mn** and 0.125-Mn** lines,
respectively. In a limited voltage window between 2.0 to 4.0 V, where the Mn*"#* redox couple
is largely inactive, NMA 3-P3P2 showed better cyclic performance. Hence, the various Mn3*
concentration lines displayed in Fig. S12 could serve as a guide to identify an optimal cathode

material in the Nas4(Mn-Al-Ni)O2 pseudo-ternary diagram.

It should be noted that while Mn is +4 oxidation state in as-synthesized NMA3, during
discharging to lower voltages in a half-cell configuration, sodiation could activate the Mn**3*
redox due to additional Na-ions supplied by the Na metal anode. In the wider 1.5V —-4.0V
window, NMA3-P3P2 and NMAJ5-P3P2 cathodes exhibited a 30% higher specific capacity
than that in the 2.0 V —4.0 V window while still retaining 70% of their initial specific capacity
after 300 cycles. This cyclic performance points to excellent structural stabilities of NMA 3-
P3P2 and NMAS5-P3P2 enabled by the presence of AI** and their biphasic nature, which
mitigate the effects of the structural distortions caused by the presence of Mn3*. Therefore, it
stands to reason that an optimal cathode composition in the Na34(Mn-Al-N1)O2 pseudo-ternary
diagram may be found along the lower Mn*" concentration line; however, the activation of

Mn3"*" redox couple could still be utilized to improve the electrochemical behavior while

maintaining the structural stability of these cathodes.

4.0. Conclusions



A series of Al-substituted cathodes with different concentrations of Al, Mn, and Ni ions
belonging to the Nas4(Mn-Al-Ni) Oz pseudo-ternary system was investigated. The compounds
were synthesized in three-phase configurations by controlling the calcination temperature:
monophasic P3, biphasic P3/P2, and monophasic P2. The varying proportions of Mn** and
Mn*" in the prepared cathode materials were quantified by analyzing their Mn 2p XPS spectra.
P3-type cathodes with high Ni content exhibited capacities close to 195 mAh g-! and 75 mAh
g'l, at 0.1C and 6C, respectively, between 1.5 to 4.0 V. The concentration of Mn*" and the
biphasic nature of the materials were found to have a direct bearing on the cyclic performance
of the cathode materials, enabling P3/P2 biphasic Nao.7sMno.s0Nio.25Alo2502 with no Mn3" to
retain 70% of its original specific capacity after 300 cycles at 1C between 1.5-4.0 V. The
capacity retention improved to 82% after the voltage window was limited to 2.0-4.0 V. The
analysis of operando synchrotron XRD showed a large variation in the P3 and P2 unit cells

3+/4+

during cycling below 2 V due to the activation of Mn redox couples. This data also revealed

the absence of P3 to O3 phase transformations in the Al-substituted samples, which may have

aided in boosting their cyclic stability.
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Fig. S1. Rietveld refinement of XRD data for NMA3-P3, NMA4-P3, NMAJ5-P3, and NMAG6-

P3 samples.
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Fig. S2. Rietveld refinement of XRD data for NMA3-P3P2, NMA4-P3P2, NMAJS5-P3P2, and

NMAG6-P3P2 samples.
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Fig. S3. Ni 2p XPS plots of NMAx-P3 and NMAx-P2 type samples.



Fig. S4. SEM micrographs of (al-a3) NMA3-P3, P3P2, and P2, respectively. (b1-b3) NMA4-

P3, P3P2, and P2, respectively. (c1-c3) NMAG6-P3, P3P2, and P2, respectively.
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Fig. S5. Charge-discharge profiles of (a) NMA4-P3, (b) NMA4-P3P2, and (c) NMA4-P2

cathodes at different C rates.
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Figure inset shows the equivalent circuit used to fit the impedance data.
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Table S1. The chemical compositions of the as-prepared samples were measured by

inductively coupled plasma atomic emission spectroscopy (ICP-AES).

Nominal composition Calculated composition
Sample
Na/ Mn/ Ni/ Al Na/ Mn/ Ni/ Al
NMA3-P2 0.75/0.50/0.25/0.25 0.735/0.501 /0.252/0.247
NMA4-P2 0.75/0.625/0.125/0.25 0.744/0.628/0.123/0.245

NMAS-P2 0.75/0.625/0.25/0.125 0.742/0.621/0.247/0.127

NMAG6-P2 0.75/0.75/0.125/0.125 0.745/0.739/0.128/0.123




Table S2. Lattice parameters of NMA 3 samples obtained from the Rietveld refinement of room

temperature XRD data.

Phase Reliability
Sample a(A) c(A) V (A%)
(Fraction) Factors
Rexp: 2.23
prZ 2.51
NMA3-P3 P3 (100%) 2.8838 (1) 16.7924 (2) 12097 (1)
Rp: 1.99
GOF: 1.12
Rexp: 2.29
P3 (47.3%) 2.8864 (1) 16.773 (1) 121.00 (2)
prI 341
NMA3-P3P2 Ry: 2.59
P2 (52.7% 2.8842 (2 11.164 (1 80.42 (1
(52.7%) @ () W Gor 148
Rexp: 1.98
pr: 341
NMA3-P2 P2(100%) 2.8834 (2) 11.1669 (4) 80.404 (5)
Rp: 2.49

GOF: 1.71




Table S3. Lattice parameters of NMA4 samples obtained from the Rietveld refinement of room

temperature XRD data.

Phase Reliability
Sample a (A) c(A) V (A%)
(Fraction) Factors
ReXp: 2.49
Rwp: 3.08
NMA4-P3 P3 (100%) 2.8762 (2) 16.7789 (4) 119.87 (2)
Rp: 2.39
GOF: 1.23
Rexp: 2.11
P3 (50%) 2.8876 (2) 16.761 (2)  120.05 (2)
pr: 2.75
NMA4-P3P2
Rp:2.12
P2 (50%) 2.8820 (1) 11.133 (2) 80.18 (1)
GOF: 1.30
Rexp: 2.29
prZ 2.75
NMA4-P2 P2(100%) 2.8751 (3) 11.176 (2) 80.01 (1)
Rp: 2.14

GOF: 1.19




Table S4. Lattice parameters of NMAJS samples obtained from the Rietveld refinement of room

temperature XRD data.

Phase Reliability
Sample a(A) c(A) V (A%)
(Fraction) Factors
Rexp: 2.11
2.8862 (1) 16.775 (2) 120.02 (1) Rwp: 2.57
NMA5-P3 P3 (100%)
Rp: 1.98
GOF: 1.21
Rexp: 2.09
P3(53.25%) 2.8875(2) 16.778 (2) 120.50 (2)
pr: 2.68
NMAS5-P3P2
Rp: 1.91
P2 (46.75%)  2.8840 (3) 11.147 (1) 80.29 (1)
GOF: 1.28
Rexpl 2.67
pr: 3.38
NMAS5-P2 P2(100%) 2.8800 (1) 11.165 (1) 80.25 (1)
Rp: 2.66

GOF: 1.26




Table S5. Lattice parameters of NMA 6 samples obtained from the Rietveld refinement of room

temperature XRD data.

Phase Reliability
Sample a (A) c(A) V (A%)
(Fraction) Factors
Rexpi 2.01
prZ 2.45
NMA6-P3 P3 (100%) 2.8848 (1) 16.7749 (1) 120.89 (1)
Rp192
GOF: 1.21
Rexp: 1.90
P3 (48.5%) 2.8751 (1) 16.775 (1)  120.23 (1)
prI 2.21
NMA6-P3P2
Rp: 116
P2 (51.5%) 2.8746 (1) 11.160 (5) 79.80 (1)
GOF:1.79
Rexpl 1.95
pr: 3.49
NMA6-P2 P2(100%) 2.876 (2) 11.164 (4) 80.02 (2)
Rp: 2.49

GOF: 1.78




Table S6. The nominal concentration of Mn** and Mn*" in the NMAx series of compounds.

Composition Mn3* concentration ~ Mn*" concentration
Nao.7sMno.s0Ni0.25Al0.2502 (NMA3) 0 0.5
Nao.7sMno.625N10.125A10.2502(NMA4) 0.25 0.375
Nao.7sMno.625N10.25Al0.12502(NMAS) 0.125 0.5

Nao.7sMno.75N10.125Al0.12502(NMA6) 0.375 0.375




Table S7. Comparison of specific capacity and cyclability for various cathode materials for

sodium-ion batteries.

work)

Voltage Capacity
Capacity retention,
Material Range vs. 0.1C,
cycles, C-rate
Na*/Na mAh g)
P2/03 73.1%, 200 cycles,
‘ 2043V 130
Nao.736N10.264M g0.1Mno.63602 [ 1] 1C
P2/03 89.6%, 100 cycles,
_ . 2045V 181
Nao.s0L10.13N10.20Fe0.10Mno.5702 [2] 1C
P2/03 70%, 100 cycles,
_ . 1.5-42V 160
Nao.67L10.15N10.18M g0.02Mno.sO2 [3 ] 0.1C
P2/03 79.2%, 100 cycles,
‘ ' 2243V 160
Nao.76Ni0.33Mno.s0Fe0.10T10.0702 [4] 1C
‘ 95%, 50 cycles
P2—Nao.67M1’loA67Nlo.z3Mg0.102 [5] 1.5-4.0V 120 Te
P2/03 80.1%, 120 cycles,
. ' 2043V 132.5
Li0.2Nao.sN10.33Mno.6702 [6] 1C
P2/03 80.6%, 200 cycles,
. ' 22-44V 126.6
Nao.85N10.34Mno.33T10.3302 [7] 1C
P2/Tunnel/Z 77%, 100 cycles,
2.0-4.3V 185
Nao.7MnQO2.5 [8] 0.5C
P2/P3 70%, 300 cycles,
1.5-4.0V 182
Nao.7sMno.50Ni0.25Al0.2502 (This work) 1C
P2/P3
] 70%, 300 cycles,
Nao.7sMno.625N10.25Al0.12502 (This 1.54.0V 187.6

1C
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