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ABSTRACT

Layered oxides suffer from detrimental phase transformations during the charge-discharge
process, limiting their long-term cyclability and causing poor rate performance as Na-ion
battery cathodes. Herein, a Ti/Al co-doped Naz3Mn2;3Ni1302 cathode with an optimized P3/03
biphasic structure is designed that effectively constrains these undesirable phase
transformations and cooperative Jahn—Teller distortion. Ti/Al doping imparts excellent
electrochemical properties with Nao77Mng47Alo.10Ti0.10Ni03302 (NMAT-10) shows an
excellent specific capacity of ~175.5 mAh g! at 0.1C in 1.5-4.2 V range and a capacity
retention of 83% after 300 cycles at 2C in 2.0-4.2 V. It also exhibits a much-improved rate
capability with about 80% capacity at 5C relative to the capacity observed at 0.1C. These
improvements in electrochemical performance are attributed to the stronger Al-O bond, which
suppresses the severity of P3«<P3'«<>03 phase transformation, as confirmed by the operando
synchrotron x-ray diffraction studies. The practical viability of the NMAT-10 cathode is
verified in a full cell using a commercial hard-carbon anode, which showed a discharge
capacity of ~80 mAh g at 0.2C and a remarkable capacity retention of 86% after 100 cycles.
This work highlights the P3/0O3 biphasic structure as an effective approach to achieve an
excellent rate performance and better cycling stability in layered oxides for sodium-ion

batteries.
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1. INTRODUCTION

A global push towards carbon neutrality has made efficient energy storage systems a key focus
of scientific research. Accordingly, rechargeable batteries have become indispensable in
modern society due to their use in various applications [1]. Owing to their superior energy
density and long-term cycling performance, lithium-ion batteries (LIBs) are the dominant
electrochemical energy storage devices for electric vehicles and electronic device applications.
However, the limited lithium reserves and the high cost associated with its supply are still
major challenges [2, 3]. As a result of the similarity in operation and the widespread availability
of raw precursor, high-performance Na-ion batteries (NIBs) can be used as an alternative to Li-

1on batteries [4].

Within sodium-ion batteries, the cathode material is pivotal for energy density and cost. A wide
range of materials is being investigated for their potential use as NIB cathodes, including
layered oxides, polyanionic compounds, and Prussian blue analogs [5-7]. Layered Na-transition
metal oxides (NaxTMO,), 0<x<1, TM is a redox-active transition metal like Mn, Fe, Ni, Co, or
a combination of these, have a performance edge due to their high specific capacity and
structural flexibility [8, 9]. Depending on the coordination geometry of the sodium site (either
Prismatic - P or octahedral - O), layered oxides (LOs) can take on a variety of structural forms.
P and O-type structures in layered oxides have advantages and disadvantages regarding cathode
performance parameters [10, 11]. Due to the high Na content (x>0.8), O3 structures show a high
specific capacity. At the same time, P2 and P3-type phases, because of the prismatic
environment, offer faster Na-ion diffusion, leading to better rate performance [12-14]. In recent
times, there has been a focus on biphasic (P2/03, P3/03, P2/P3) cathodes that show high
specific capacity along with better rate capability [15-23].

The LOs (archetypical O3-NaMno.sNio.sO2 and P2-Na>3Mn2;3Nii302) with Ni as the redox-
active cation show good specific capacity and rate capability as NIB cathode materials [15, 18,
24-29]. The Ni**3*4" redox process in these materials offers a high specific capacity and high

voltage. The activation of Mn*"3*

redox provides additional capacity (albeit at lower voltages)
but tends to induce phase transitions as a consequence of the Jahn-Teller distortion. The
irreversible phase transformations (P2 to O2 and O3 to P3) during charging and discharging
cause structural degradation due to the volume change, leading to capacity fading with cycling
[14, 30]. Among various strategies, doping with inactive cations has shown enhancement in the

cycle life of layered oxide due to the crystal structure stabilization during the charge-discharge



process [25, 26, 28-36]. Ti-doping is a popular choice in this regard as it improves the rate
performance, apart from cycle stability, by increasing the Na-O2 interlayer spacings in P2-type
LOs [28, 30, 32, 37]. AI** doping (fixed oxidation state and strong electron exchange with
oxygen) is also reported to be useful in improving the performance of layered oxide cathodes
as Al-ions stabilize the matrix structure and effectively suppress the phase transformation [29,
34, 38]. For instance, 11.1% Al-doped Na>3MnO; cathode delivered an improved specific
capacity of 162.3 mAh g! at 0.1 C, as well as stable cycling performance with 83% capacity
retention after 150 cycles in the potential window of 2.0-4.0 V [29]. The presence of Al** in
tunnel-type NaxMnO: has also been reported to be beneficial in improving cycle life [39]. As
the redox inactive cations do not contribute to the specific capacity, the amount of such dopants
in the crystal structure has a profound effect on the electrochemical properties and, therefore,
should be carefully considered [33]. Further, the incorporation of multiple cations (including
dual doping, ternary, and quaternary systems) at the transition metal site in layered oxide has
shown enhanced electrochemical performance due to the synergistic and configurational

entropy effects [35, 40].

In our earlier work, 10% Ti*"-doped P2-type NMN cathode has shown significantly improved
rate performance [28]. In this work, the impact of Ti (10%) and Al (varied) co-doping on the
crystal structure and electrochemical behavior of P3-type Mn/Ni-based layered oxide is
reported. It is important to note that the substitution of Mn** by a lower oxidation state AI**
allows for an increase in the Na content in the crystal structure, which is expected to improve
the specific capacity. The resultant compositions, Nay;3+Mno.57.xAliTi0.10N11302 with x = 0,
5%, 10%, 15%, and 20% (referred to as hereinafter, NMAT-0, NMAT-5, NMAT-10, NMAT-
15, and NMAT-20, respectively) exhibited monophasic P3 and P3/03 biphasic structures with
O3 phase fraction increasing with the increase in the AI** content. The advantage of P3 type
phases is their lower synthesis temperatures, which require less energy compared to P2/0O3
phase and hence, lower cost of production. Moreover, a lower synthesis temperature yields
powder with smaller average particle size. This is expected to lead to better rate performance
due to the shorter Na-ion diffusion path. The electrochemical properties of NMAT-x cathodes
were tested in the voltage window of 2.0-4.2 V and 1.5-4.2 V to observe the effect of varied
Al content on the electrochemical behavior and the various phase transformations along with
the suppression of the Jahn-Teller distortion. NMAT-10 (with 10% Al) cathode exhibited the
best rate performance, highest specific capacity, and better capacity retention of 99.1% and

95.5% in the voltage window of 2.0-4.2 V and 1.5-4.2 V among all samples. Operando



Synchrotron XRD studies confirmed that 10% Al doping imparts excellent electrochemical
properties by limiting the extent of P'3 < O'3 transformation and by modifying the P3/03

phase structure at lower voltages during the charge-discharge process.
2. EXPERIMENTAL SECTION
2.1. Synthesis

The powder samples for Nas3+:Mng 57.xAlTi0.10N11302 with x = 0, 0.05, 0.10, 0.15, and 0.20
were prepared by the conventional sol-gel method using the stoichiometric ratio of NaxCOs,
C4HeMnO4-4H,0, C4HgNiO4-4H>0, AI(NO3)3-9H>0, and CsH1s06N2Ti(OH), as precursors,
which were dissolved in deionized water (DI). The resultant mixture was kept for stirring to
get a homogeneous mixture. For gel formation, ethylene glycol and citric acid were added in a
1:2 molar ratio. The formed gel was then dried by heating it at 120 °C. Denitrification and
decarbonization were done by heating the resultant powders at 650 °C for 12 h. Finally,
powders were heated at 750 °C for 12 h to obtain the desired phase. The as-prepared powder

samples were stored and handled in an argon-filled glovebox.
2.2. Material Characterization

Room temperature X-ray diffraction (XRD) patterns for the phase confirmation of powder
samples were collected with the help of an Empyrean diffractometer from Malvern Panalytical
(Cu-K, radiation wavelength A =1.54 A). The scan was conducted in the 20 range of 10° to
70°. An inductively coupled plasma optical emission spectrometer (ICP-OES; Model: Agilent
5800) was used to determine the elemental compositions of as-prepared NMAT-x samples.
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS)
analysis were performed on as-synthesized samples (using FESEM model JEOL-7610). A
Tecnai G 2 20 S-TWIN transmission electron microscopy (TEM) was used for TEM studies,

and samples were prepared by drop-casting the powder on the carbon-coated Cu grids.

The oxidation states of various elements in the samples were confirmed by the X-ray
photoelectron spectroscopy (XPS) data (Thermofisher Scientific Naxsa instrument, Al-Ka x-
ray source with 1486.6 eV). The scanning EXAFS beamline (BL-9) at the Indus-2 synchrotron
source (2.5 GeV, 150 mA) at Raja Ramanna Centre for Advanced Technology (RRCAT),
Indore (India) was used to record the Mn and Ni K-edge EXAFS (extended X-ray absorption
fine structure spectroscopy) data. Operando synchrotron X-ray diffraction studies were carried

out using extreme conditions—angle dispersive/energy dispersive synchrotron with a beam



energy of 2.5 GeV (wavelength ~ 0.7388 A) at Indus-2 beamline 11, RRCAT, to investigate
phase transformations in pure P3 and P3/O3 biphasic samples during a charge-discharge cycle

at constant current.
2.3. Electrochemical measurements

The electrochemical studies of the cells were carried out on CR2032 coin cells, which use Na
metal as the anode, Whatman GF/D as the separator, and a mixture of 1M NaClO4 in a 1:1
volumetric ratio of ethylene carbonate and propylene carbonate (EC: PC). Positive electrodes
were prepared by mixing 75 wt.% active material, 10 wt.% Ketjenblack, and 15 wt.% PVDF
(polyvinylidene Fluoride) in NMP (solvent). The prepared slurry was then coated on an Al
current collector and dried at 120 °C for 8 h in a vacuum oven. Once dried, the cathodes were
punched into 14 mm diameter discs. Na-metal and hard carbon were used as anodes for half

and full cells.

For the hard-carbon half-cell, a Swagelok-type cell was used with HC coated on an aluminum
foil as the working electrode and Na metal as the anode. Electrochemical measurements like
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were collected
on a coin cell in the voltage range of 1.5-4.2 V with a scan rate of 0.1 mV/s using a Biologic
SP-150e instrument. The galvanostatic intermittent titration technique (GITT) at 0.1C and
galvanostatic charge-discharge (GCD) behaviors at various C-rates (1C = 130 mA g'!') were
studied using Neware battery testers, model CT-4008. The specific capacity, rate performance,
and cyclability were compared for all samples in two different voltage windows, from 1.5 to

4.2V and from2.0to 4.2 V.

3. RESULTS AND DISCUSSIONS
3.1. Structural characterization

Room temperature XRD was carried out to confirm the phase structure of the NMAT-x (x =0,
05, 10, 15, and 20) samples calcined at 750 °C via the sol-gel method. Fig. 1(a) shows the XRD
patterns of all five samples. Preliminary analysis of the XRD pattern of the NMAT-0 sample
showed the formation of the P3 phase (space group R3m). Minor impurity peaks corresponding
to the NiO phase (space group Fm3m) were also observed at ~ 37° and 43°. For other samples
also, all major peaks matched those of the P3 phase [41]. In addition, the peaks corresponding
to the O3 phase (space group R3m) are also observed in the NMAT-10 sample, confirming the

biphasic nature of this sample. With a further increase in sodium content, the relative intensities



of the peaks of the O3 phase increase, suggesting an increase in the O3 phase fraction. In

addition to P3, O3, and minority NiO peaks (only in NMAT-0 and NMAT-05), no significant

T

) a 2 ; >3
§ ( ) § N%n /'/'/,/
'Y g = i n.'“‘\ g Na, /,/"
7 g 2 I\ 48~y =0.4065x + 1.572
W 3 38 =
‘\ i NMAT-20
—— ‘»..W\M"\_M W\ PR e e .
7
—
E A NMAT-15 P2-type oxides
— N M NN e e T T
8 St 12 13 4z 15 16 17
[ cation
&
(C) o Observed
.? ’l A NMAT-10 —— Calculated
= i Difference
5 El P3
s . | o3
=
NMAT-05 -]
‘J — A M.L_..AJL_A AA— ;
g @ _:E E SR ‘2
o €8¢ ¢ £ 8§ £
=l = E: :. s e E
A & 2 NMAT-0
T o W R

32 40 48 56
20 (degree)

I~
>

5 nm!

spurious peaks were observed, suggesting the uniform incorporation of the AI** into the lattice.



Fig. 1: (a) XRD patterns of NMAT-x (x =0, 5, 10, 15, and 20) samples, (b) cationic potential
plot for NMAT-x samples with different Na content, and (c) representative Rietveld
refinement of XRD pattern of P3/03 biphasic NMAT-10. (d) SEM image of the NMAT-10
sample. (e) A secondary electron (SE) image of the NMAT-10 sample and EDS elemental
mappings. (f) Bright-field TEM image, (g) SAED pattern, and (h) high-resolution TEM
image showing lattice fringes corresponding to (012) planes of P3 phases of the as-prepared
NMAT-10 sample.

The crystal structure of the P3 and O3 (shown in Fig. S1, Supplementary material) phases can
be differentiated based on the ratio of TM-O2 and Na-O2 interlayer spacing, which primarily
depends on the electronic distribution in their structure. The cationic potential, given by
equation 1, is considered a simple descriptor for the prediction of phase type (P or O),

considering the sodium and transition metal contents in the composition.

= Dy Py
(Dcation = 3, < (1)



Here, ® 1), and ®,, denote the weighted average ionic potential of TMs and Na, respectively.
@, is the ionic potential of oxygen [42]. The ionic potential is given by the ratio of the charge
number and the ionic radius, reflecting the polar strength of a given cation. The Na potential
versus average cationic potential plot for the NMAT-x (Nao.67, Nao.72, Nao.77, Nao g2, and Nao g7)
samples is shown in Fig. 1(b). The figure suggests that with the increase in sodium content
from 0.67 to 0.87, the predicted phase changes from a P2-type to an O3-type. The XRD results
broadly agree with the predicted trend. The phase map indicates that a small change in the
Na/Al content from 5% to 10% in these samples led to the transition from a single P3 phase
(for NMAT-05) to P3/0O3 biphasic NMAT-15. The further increase in the intensity of O3 phase
peaks for NMAT-20 can be rationalized by increased Na content (Nao.g7), which stabilizes the
O3 phase as a consequence of shielding the electrostatic repulsion of the TM-0O2 slabs. On the
other hand, the stronger electronic cloud of TM, along with less sodium content, increases the
electrostatic repulsion of the Na-O2 layers, resulting in a P3 structure. It is important to note
that pure P3 phase was not achieved in any of the samples with x > 0.05. Similarly, higher
calcination temperature led to conversion of the P3 phase to P2-type phase, and pure O3 phase

was not achieved in any of these samples.

For the quantification of the different phases, Rietveld refinement of XRD data using TOPAS
6.0 academic software was carried out, and the representative fitted profile for the sample with
10% Al content (NMAT-10) is shown in Fig. 1(c) [43]. The Rietveld fitted profiles for other
samples (NMAT-0, NMAT-05, NMAT-15, NMAT-20) are shown in Fig. S2(a-d). The values
of the calculated lattice parameters and other crystallographic parameters for all five samples
are shown in Tables 1 and S1 (Supplementary material). The low values of fitness parameters
(Rexps Rup, Ry, and GOF) for all samples confirm a good match between the experimental data
and calculated profiles. With the increase in the Na and Al content in the NMAT samples, the
fraction of the O3 phase increased from ~12% for NMAT-10 to ~37% for NMAT-20. This
increase in the O3 phase fraction can be attributed to the increased shielding effect between the
TM-02 slabs. Due to the balancing of the shielding effect of Na* and the strong interlayer
electrostatic repulsion caused by the presence of the TM"" layer, the NMAT-10, NMAT-15,
and NMAT-20 have a P3/03 biphasic structure.

As seen from Table 1, the c lattice parameter decreases with the increase in Al content for both
P3 and O3 phases. This decrease in c¢ is due to the stronger Al-O (512 kJ mol™!) bond as
compared to the Mn-O bond (394 kJ mol ') [44, 45]. Furthermore, increased Na-ions in the Na-

02 layer decrease the O — O™ repulsion, which consequently reduces the lattice parameter c.



Interestingly, the decrease in the value of ¢ is much smaller for the P3 phase (from 16.803 A
for NMAT-0 to 16.761 A for NMAT-20) as compared to that of the O3 phase, for which ¢
decreases from 16.291 A for NMAT-10 to 16.227 A for NMAT-20. This difference in the
variation of ¢ may suggest the different Na contents in the O3 and P3 phases. The values of
lattice parameter a show only marginal changes with the increase in Na/Al content, and no
clear trend is observed in either of the phases. The amounts of sodium, manganese, nickel,
aluminum, and titanium in NMAT-x samples were confirmed using the inductively coupled
plasma optical emission spectrometer (ICP-OES), and the results are provided in Table S2. The

calculated amounts of various elements match well with the samples’ nominal compositions.

Table 1: The lattice parameters (a and c¢) and phase fractions (PF) of P3 and O3 in NMAT-x
samples.

NMAT-0 NMAT-05 |NMAT-10 |NMAT-15 | NMAT-20
a(A) |2.8944(1) 2.8997(6) 2.8929(1)  [2.9003(1) | 2.8981(2)
P3 | c(A) |16.803(2) 16.795(1) 16.786(2) | 16.770(1) | 16.761(3)
PF (%) | 98 (2% NiO) | 99 (1% NiO) | 88 75 63
a(d) |- - 2.9840(4) | 2.95093) | 2.9587(43)
B an |- - 16.291(3) | 16.258(3) | 16.227(3)
PF (%) | 0 0 12 25 37

The representative SEM image in Fig. 1(d) shows the morphology of the NMAT-10 powder
sample. The average size of the spheroid particles is ~200 nm, with a large distribution in sizes.
For other samples, SEM images (Fig. S3) show highly agglomerated particles of similar
morphologies. With the increase in Na/Al content in NMAT samples, the particles seem to be
more agglomerated; however, no significant change in average size is discernible. EDS
elemental mappings for the NMAT-10 sample confirm the uniform distribution of constituent
elements throughout the sample, as shown in Fig. 1(el-e5). The SEM and XRD analyses
confirm the incorporation of Na/Al in the NMAT crystal structure.

The crystal structure of the NMAT-10 sample was further examined using transmission
electron microscopy (TEM). The recorded bright field image, selected area diffraction (SAED)
pattern, and high-resolution (HRTEM) are shown in Figs. 1(f), 1(g), and 1(h), respectively.
Agglomeration of particles is observed in Fig. 1(f). The main diffraction spots in Fig. 1(g)
belong to the P3 crystallite oriented with its [121] direction parallel to the electron beam. These



spots correspond to the (102), (011), (111), (102), and (011) planes of the NMAT-10 sample
(R3m phase). Additional diffraction spots, observed in Fig. 1(g), belong to the O3 phase
(indicated by the arrow) and other agglomerated P3 crystallites. The regular lattice fringes
observed in the HRTEM image (Fig. 1(h)) confirm the crystallinity of the sample. The lattice
fringe spacing of 0.240 nm corresponds to the (102) crystal plane of the P3 phase of the NMAT-
10 sample.

X-ray photoelectron spectroscopy was performed on the NMAT-x samples to analyze the
oxidation states of the various constituent elements. Fig. 2(a) and 2(b) show the XPS spectra
for Mn 2p and Ni 2p, respectively. A survey scan for the NMAT-10 sample is provided in Fig.
S4. Ni 2p spectra for all samples are fitted with two major and two additional satellite peaks.
Ni 2p spectrum for NMAT-0 exhibits two distinct characteristic peaks at ~ 854.8 eV and 871.6
eV, corresponding to 2ps» and 2pis2. [46]. The position of Ni 2p peaks with a spin-orbit split of
~17 eV confirms the 2+ oxidation state of Ni in NMAT-0. Broader satellite peaks are observed
at ~ 860.5 eV and 879.5 eV. As the Ni 2p peaks' position did not alter noticeably on increasing
x from 0 to 20, additional Na and Al content in NMAT does not seem to affect the oxidation
state of Ni. Two characteristic peaks corresponding to Mn 2p spectra located at the binding
energies of ~642.7 and 653.8 eV, attributed to Mn 2p32 and Mn 2p12, confirmed the presence
of Mn in an oxidation state of 4+ [46]. The binding energies of Mn 2p are similar for all NMAT-
x samples, confirming the presence of Mn** in all five samples. The binding energies for the
Ti 2p were observed at ~457.5 and ~463.5 eV, corresponding to Ti 2p3» and Ti 2pisp,

confirming the presence of Ti in the +4 oxidation state in all samples shown in Fig. S5 [47].
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Fig. 2: (a) Experimental and fitted XPS data for Mn 2p and (b) Ni 2p for NMAT samples.
XANES spectra of the pristine NMAT-0 and NMAT-10 cathodes at the (c) Mn K-edge and
(d) Ni K-edge. EXAFS spectra of (¢) Mn K-edge and (f) Ni K-edge.

The oxidation states and local structures of the NMAT samples were further confirmed using
X-ray absorption spectroscopy. The normalized x-ray absorption near-edge structure (XANES)
spectra at Mn and Ni K-edges for the NMAT-0 and NMAT-10 cathodes are shown in Figs.
2(c) and 2(d), and the corresponding extended x-ray absorption fine-structure (EXAFS) plots
are given in Figs. 2(e) and 2(f), respectively. A close match of the absorption edge energies of
Mn and Ni K-edges with standard MnO; and NiO indicates that the valencies of Mn and Ni
atoms in both NMAT-0 and NMAT-10 samples are +4 (for Mn) and +2 (for Ni). The slight
variations in the Mn and Ni K-edge energies of NMAT-x and standard MnO> & NiO are due
to the difference in crystal structures. The EXAFS spectra at the Mn K-edge (Fig. 2(e) reveal
scattering peaks resulting from Mn—O interaction (at ~1.46 A) and Mn—M (M: next-nearest
metal ions) interactions (at ~2.43 A) for both samples. Similarly, in Ni K-edge spectra (Fig.
2(f)), the Ni—O (at ~1.6 A) and Ni-M (at ~2.51 A) peaks correspond to the scattering from the

nearest oxygen anions and the next-nearest metal ions, respectively.

3.2 Electrochemical properties

Cyclic voltammetry (CV) was performed on half-cells in the voltage range of 1.5t0 4.2 V ata
scan rate of 0.1 mV/s to observe the oxidation-reduction in NMAT-x samples. Fig. S6(a-e)
shows the first two cycles of CV curves for all NMAT-x samples. The two prominent features
in the 3.0-4.2 V voltage range in Fig. S6(a) correspond to Ni**** redox in NMAT-0 [48]. These
oxidation peaks at ~3.50 V and ~3.85 V are reversible with a polarization of ~0.49 V and ~0.40
V for NMAT-0. For the NMAT-10 sample, these peaks shifted to lower voltages, ~3.67 V and
~3.32 V, suggesting the activation of Ni at a lower potential in Al-substituted samples. The
polarization in corresponding redox peaks decreased to 0.19 V and 0.12 V for the NMAT-10
sample. For the NMAT-20, the same trend of voltage shift to lower voltage can be observed. It
can be due to the increase in the phase fraction of the O3 phase. As a result of increased Na
content in the O3 phase, it is easier to remove the Na from the cathode, which lowers the redox
voltage. In addition to the voltage shift, one incomplete peak in the NMAT-10 sample can be
observed in the NMAT-20 sample, which is not completely reversible. The shift in the redox
voltage can be due to the different energy required for desodiation-sodiation in NMAT-x
samples with varied Na contents, even with the same amount of Ni. The redox peak at a lower

voltage (below 2.5 V) is due to the Mn*"4" activation [17, 49].



To evaluate the electrochemical performance of NMAT-x cathodes, galvanostatic charge-
discharge (GCD) measurements were done on CR2032 cells (in half-cell configuration) in two
different voltage ranges, 1.5-4.2 V and 2.0-4.2 V. The upper cut-off voltage was limited to 4.2
V as charging above this voltage led to a capacity loss, possibly due to the irreversible anionic
redox and/or electrolyte decomposition [50]. The choice of two different low cut-off voltages
was to ascertain the impact of increased Na* content and AI** substitution for Mn*" on the
3+/4+

cyclability and Jahn-Teller active Mn
and differential capacity (dQ/dV) vs. voltage (V) curves of all five (NMAT-x) samples in 2.0-

redox. Fig. 3(a-b) depicts the first charge-discharge

4.2 'V, respectively. The first charge-discharge cycle for all the NMAT-x cells was carried out
at 0.1 C. In the 2.0-4.2 V range, the initial discharged specific capacity for the NMAT-0 sample
was ~91 mAh g!. With the increase in Al content from 0 to 20%, the capacity first increased
from ~91 mAh g! for NMAT-0 to ~100 mAh g! for NMAT-10 and then gradually decreased
to ~82 mAh g! for NMAT-20. A similar trend was observed in the specific capacities in the
voltage window of 1.5-4.2 V, shown in Fig. 3(c), where the initial specific capacity decreased
from ~166.6 mAh g! for NMAT-0 to ~117.2 mAh g! for NMAT-20. Again, the NMAT-10
sample showed the highest discharge capacity of ~175.5 mAh g'!. Surprisingly, the NMAT-05
and NMAT-15 samples showed a discharge capacity of only ~164.5 mAh g'! and ~137.7 mAh

gl, respectively.
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Fig. 3: (a) First GCD cycle and (b) the dQ/dV vs. V plots for NMAT samples at 0.1C in the
2.0-4.2 V range. (c) First two GCD cycles of NMAT samples at 0.1 C in the 1.5-4.2 V range.

The increase in the initial discharge capacity can be attributed to the introduction of additional
Na-ions in the NMAT-10 sample (0.77 Na vs. 0.67 Na in NMAT-0). In the 2.5 — 4.2 V range,
the Ni2*3* redox couple is primarily responsible for the charge compensation [7, 48, 49].
Multiple voltage plateaus in the charge-discharge profile of NMAT-x are observed in Fig. 3(a).
These plateaus correspond to the various phase transformations, including Na-ion/vacancy
ordering and transition metal ordering, during the cathode's charging and discharging [27, 51].
Another impact of increased AI** in TM layers (which is concomitant with increased Na
content and O3 phase fraction) is the smoothening of plateaus in GCD curves, which is evident
from the broadening of peaks in the differential capacity (dQ/dV) vs. voltage (V) plots (Fig.
3(b)). Such solid-solution type insertion/extraction behavior has been reported in other pillar-
ions doped layered oxides [31, 51-55]. While such cathodes show better cyclability due to the
suppressed phase transitions, this is usually accompanied by a decreased specific capacity at
low C rates [56]. The decrease in the initial specific capacity for NMAT-15 and NMAT-20

cathodes could be attributed to the smoothening of the Ni-redox (Ni****) plateau with



increasing Na/Al content [51]. The voltage plateaus observed in the charge-discharge profiles
are consistent with the CV and the dQ/dV vs. V plots. An additional plateau below 2.0 V during
discharging (Fig. 3(c)) is attributed to the Mn*" to Mn** reduction [15].

It is to be noted that for the NMAT-20 sample, the amount of Na at OCV is 0.87, which implies
that only ~0.13 Mn*" can be reduced to Mn** during the first discharge. This corresponds to a
capacity of ~30 mAh g™! due to Mn redox. Accordingly, the overall specific capacity is lower
in 1.5-4.2 V range for samples with higher Na/Al contents. Further, with the increase in Na/Al
content, the discharge plateaus shift to lower voltages, which is also reflected in the shifting of
peaks in dQ/dV vs. V curves to lower voltages. This could be due to the increased O3 content
in Al-doped samples. O3 phases with higher Na content are reported to have a lower average

potential for Ni>*3* than their P-type counterparts [28, 57-59].

Fig. 4(a & b) shows the rate performance of NMAT-0, NMAT-10, and NMAT-20 samples at
various discharge currents corresponding to 0.1C, 0.2C, 0.3C, 0.5C, 1C, 2C, 3C, and 5C in 2.0-
4.2 'V and 1.5-4.2 V windows, respectively. The corresponding rate performance for NMAT-
05 and NMAT-15 samples is shown in Fig. S7. For all the samples, the discharge capacity
decreased with an increased C-rate in both voltage ranges. The decrease in the discharge
capacity values was lower for the NMAT-10 sample than for the rest of the NMAT-x samples.
In the 2.0-4.2 V range, the discharge capacity decreases from 101 mAh g! at 0.1C to 81 mAh
gl at 5C for the NMAT-10 cathode. The discharge capacities for NMAT-0, NMAT-05,
NMAT-15, and NMAT-20 at 5C were 60%, 74%, 77%, and 63%, respectively, of their
corresponding capacity at 0.1C, as shown in Fig. 4a. Similarly, in the voltage range of 1.5-4.2
V, the discharge capacities at 5C were 35.5%, 43.4%,53%, 42.7%, and 33.3% for NMAT-0,
NMAT-05, NMAT-10, NMAT-15, and NMAT-20, respectively, of the initial capacity at 0.1C.
In both voltage ranges, the NMAT-10 sample showed a better discharge capacity even at a high
C-rate. This shows that 10% Al helps stabilize the cathode and suppresses the sudden phase
transformation. The polarization values also corroborate the same. The substantial variation in

the rate performances in Na/Al-doped could be due to the increased O3 phase fraction.
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Fig. 4: Rate performance of NMAT-0, NMAT-10, and NMAT-20 samples in the voltage
range of (a) 2.0-4.2 V and (b) 1.5-4.2 V. (c¢) Cycling performance of NMAT-10 at 2C.

The O3 phases are known to have a smaller bottleneck area for the Na-ion migration as
compared to P-type phases, leading to poor rate capabilities in NMAT-15 and NMAT-20
cathodes [11, 60]. In the P3 type structure, the bottleneck for Na-ion diffusion is rectangular,
which has a significantly larger area than the triangular bottleneck for O3-phases. Therefore,
the sample with a higher P3 phase is expected to have a superior rate performance [61]. In the
O3-type structure, the smaller triangular bottleneck area for Na-ion diffusion is responsible for
poor Na-ion diffusion [62]. Additionally, with the increase in Na/Al content, the particles seem
to be more agglomerated. The grain boundaries in agglomeration tend to impede the Na-ion
diffusion. It is important to note that during the charge-discharge process, P3 and O3 phases
undergo several transformations. Formation of resulting phase boundaries is detrimental for
facile Na-ion conduction, and it becomes the rate-determining factor. Suppression of these
phase transformations improves not only the cyclability but also the rate performance of these
cathodes. As demonstrated by the operando SXRD data (discussed later), the constrained
P3-P3'«-03 phase transformations in NMAT-10 result in a better rate performance than

NMAT-0, despite having a 12% O3 phase.

The results of cycling stability of the NMAT-x cathode materials tested at 0.3C in the 2.0 to
4.2 V and 1.5 to 4.2 V voltage ranges are displayed in Fig. 5 and Fig. S9, respectively. In 2.0-
4.2 V, after 50 cycles, the capacity retention of NMAT-0, NMAT-05, NMAT-10, NMAT-15,
and NMAT-20 is ~91%, 95.8%, 99%, 94.7%, and 88.3%, respectively (Fig. 5(f)). A similar
trend in capacity retention is observed in the voltage range of 1.5-4.2V, as shown in Fig. S9(f).
In both voltage windows, the NMAT-10 cathode shows better cyclability. Therefore, it is
inferred that the cathode with the majority P3 and minority O3 phase shows better cyclability
than the pure P3 phase. Among the five NMAT-x samples, NMAT-10 showed the best overall
electrochemical performance, starting from the higher initial discharge capacity at 0.1C to
better rate performance and cyclability. Typically, the cyclability of layered oxide is governed
by the phase transitions during the GCD process. The nature of phase changes in NMAT-0 and



NMAT-10 during the charge-discharge process is discussed in the operando SXRD section.
The long-term cyclability at a high C-rate (2C) is also performed on the NMAT-10 sample,
and the result for the 2.0-4.2 V range is shown in Fig. 4(c). The cyclability for the NMAT-0
and NMAT-20 samples at 2C is provided in Fig. S10. Among all samples, NMAT-10 shows
the best cyclability with capacity retention of ~82% after 300 cycles and ~72% after 500 cycles.
The corresponding capacity retentions for the NMAT-0 and NMAT-20 are ~79% and ~73%
(after 300 cycles) and ~68% and ~60% (after 500 cycles), respectively. These results confirm
that 10% Al doping not only improved the rate performance and the initial discharge capacity

but also helped in better cyclability.
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Fig. 5: Cyclic performance of NMAT-x samples in the 2.0-4.2 V voltage window, along with
the capacity retention plot (f).
A comprehensive charge-discharge analysis for the Na® ion diffusion utilizing GITT was

performed for all NMAT-x samples. The obtained GITT plots (voltage, V' vs. time, #), along



with the diffusion coefficients for NMAT-0 and NMAT-10 samples, are shown in Fig. 6(a-b).

Na—ion diffusion coefficients were calculated using equation (2),

Duar = 2 (22)" (52) @)

Where Dn.' represents the sodium ion diffusion coefficient, and AE; & AEs are the voltage
changes during the current pulse & when the cathode reaches equilibrium. S, p, ms, and 7 are
the cathode's surface area, the cathode material's molar density, active material loading, and

the duration of the constant current pulse, respectively.
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Fig. 6: GITT curves of (a) NMAT-0 and (b) NMAT-10 samples along with the diffusion
coefficient. (c) Room temperature Nyquist plots of NMAT-0 and NMAT-10 samples, along
with the equivalent circuit used for fitting impedance data.

From the values of diffusion coefficients for different samples, it is observed that the Dna" is
highest for the NMAT-10 (7x107!° — 2x10!'2 ¢cm? s!) and lowest for the NMAT-20 (2x1071° -
4.5x10'* ¢m? s7!). The variation in the Na-ion diffusion coefficients in cathodes at different
stages during charging-discharging is attributed to two factors. Firstly, the kinetics of Mn3"/4*
and Ni*"3" redox processes [55]. At cell voltage below 2.5 V, the charge compensation

3+/4+

mechanism is Jahn-Teller active Mn redox, which seems to be the rate-limiting step.



Secondly, sodium deintercalation from the crystal structure increases the number of Na-ion
vacancies in the Na layers, facilitating Na-ion hopping. Further, removal of the Na-ion also
increases the Na-O2 layers spacing and leads to improved Na® diffusion. However, at higher
charging voltages, further desodiation of these samples causes structural transformation to O-
type phases. These phases may impede the diffusion due to the triangular bottlenecks in
octahedrally coordinated Na-ions. These competing mechanisms are responsible for the
observed variations in Dna " during the charge-discharge process. Overall lower values of Dna*
for NMAT-20 samples could be due to increased particle agglomeration in this sample, as well
as the nature of phase transformations during cycling. It is to be noted that the O3 phases are
known to have sluggish Na" migration. Accordingly, the monophasic P3 sample (NMAT-0) is
expected to have higher Dna". However, as discussed later in the operando x-ray diffraction
section, the NMAT-0 exhibited a significant O3 phase fraction when discharged to 1.5 V. The
slower diffusion of Na-ion is responsible for the poor rate performance of the NMAT-
20sample. The GCD and GITT results confirm that Al content > 10% is not suitable for further

improving the electrochemical performance of NMAT-x cathodes.

The electrochemical impedance spectroscopy was used to probe the mechanism for the better
performance of the NMAT-10 cathode. These measurements were done at room temperature
in the frequency range of 100 kHz to 10 mHz by applying a 10 mV signal. The Nyquist plots
for the NMAT-0 and NMAT-10 cells are shown in Fig. 6(c) at different states of charge
(SOCs). Nyquist plots show two overlapping semicircular arcs in the high-frequency region
along with a tail in the lower-frequency region. An equivalent circuit (Fig. 6(c) inset) fitting
was used to estimate the various contributions to the overall impedance of the cell. The values
of various components’ resistances plotted against cell voltage are shown in Fig. S11(a) (for
NMAT-0) and S11(b) (for NMAT-10). The NMAT-10 cell showed a much lower resistance
than the NMAT-0 cell at all voltages. Electrolyte resistance (Rel) does not vary with the state
of charge for either cell. With the increase in the cell voltage, overall cell resistance (Riotal)
decreases for both cells, with charge-transfer resistance (R2) contributing predominantly to this
decrement. The values of R1 (which represents the interfacial layers' resistance) are
significantly lower for the NMAT-10 sample than those of NMAT-0 at all cell voltages.
Further, the interfacial resistance shows only minor changes with increasing cell voltage for
the NMAT-10 cell. This suggests better interfacial layer stabilization in the NMAT-10 sample.
The charge transfer resistance for both samples decreases monotonically with an increase in

cell voltage. For the NMAT-0 cell, R2 decreases from 661+£2 Q at 1.5 V to 2044+2 Q at 4.2 V;



the corresponding change for the NMAT-10 cell is from 520+2 Q to 13041 Q. A significant
decrease in the charge transfer resistance, on increasing the cell voltage to ~2.0 V, is due to the
onset of the Mn3"*" redox reaction. Further decrease in R2 at 3.0 V is due to the stabilization

of the Ni?"3" redox reaction.

At4.2 Vand 1.5V, the overall resistance of the NMAT-10 is ~149 Q and ~545 Q, respectively.
While for the NMAT-0 sample, the corresponding values are ~429 Q and ~885 Q. As a result
of lower cell resistance and lower charge—transfer and interfacial layer resistance, the rate and
cyclic performance are better in the NMAT-10 sample than in the pristine NMAT-0. Hence,
10% Al doping helps achieve better electrochemical performance of the NMAT-x cathodes.

3.3. Operando Synchrotron XRD

An in-depth investigation of the NMAT-0 and NMAT-10 cathodes was carried out using
operando synchrotron XRD in half-cell configurations to further evaluate the impact of Al
substitution on the structural evolution during the charge-discharge process. These
measurements were conducted in the voltage range of 1.5 V to 4.2 V with a current density of
26 mA g! using CR2032 coin cells with 3 mm diameter holes sealed with Kapton film. The
SXRD results for NMAT-0 and NMAT-10 samples are shown in Fig. 7(a) and 7(b),
respectively. The color contour plots for selected peaks are shown in Fig. S12 and S13. During
Na-ion extraction from the NMAT-0 cathode, (003) and (006) peaks of the P3 phase shift
toward the lower angles, signifying an increase in the lattice parameter c. This increase in c is
due to the increased O?>— O? repulsion as a consequence of reduced Na content in the Na-O2
layer. On the other hand, P3(101) and P3(102) peaks shift towards higher angles as expected.
Upon charging above 3.1 V, the P3(105) peak broadens and shifts towards a higher angle,
which is indicative of the transformation of the P3 phase into a monoclinic P'3 phase [63]. The
intensity of P3(101), P3(102), and P3(105) peaks decreases drastically and flattens out when
the cell is charged to 4.2 V (Fig. S12). These results confirm that the removal of ~0.36 Na from
pristine NMAT-0 converts the P3 to a desodiated-O3 type (O'3) phase via the intermediate P'3.

On discharging the NMAT-0 cathode to 2.5 V, the desodiated O'3 phase transforms back to the
P'3 phase, and all peaks gradually return to their original positions, indicating a reversible phase
transition to a pure P3 phase. However, further discharging to 1.5 V inserts additional Na-ions
in NMAT-0, with Na content estimated to be ~0.90 (Na content is ~0.67 in the pristine sample).

The charge compensation in the lower voltage plateau (below 2.0 V) is through the reduction



of Mn** to Jahn-Teller active Mn**, as discussed earlier. The increased Na* screening in Na

layers leads to a decrease in the ¢ parameter, and, as a result, there is a partial transformation

of the P3 phase to the hexagonal O3 phase. This is confirmed by the appearance of (003) and

(006) peaks of the O3 phase in the operando XRD patterns of the sample in high sodiated states

(Fig.
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NMAT-10 cathode shows a similar series of phase transitions during the charge-discharge
process, with one noticeable difference concerning the presence of the O3 phase (space group
R3m) in the pristine sample (Fig. 7(b)). As in the NMAT-0, the P3 phase in NMAT-10
undergoes the P3 «» P'3 <> P'3+0'3 < O'3 transitions. The intensity of the (003) & (006) peaks
belonging to the O3 phase decreases, their positions shift towards lower angles, and they merge
with corresponding peaks of the P3 phase during desodiation. During the discharging process,
these peaks progressively reappear below 2.6 V, confirming the structural reversibility of the
O3 phase in the GCD process. The impact of the Al incorporation on the structural evolution
of the NMAT-0 during Na extraction/insertion seems to be in terms of limiting the extent of
P'3 < O'3 transformation and the nature of P3/O3 phase coexistence at lower voltages. The
difference in the (003) peak positions of P3 and O3 phases, when discharged to 1.5 V, is much
higher for NMAT-0 (~0.380°) compared to the NMAT-10 sample (~0.245°), as shown in Fig.
S14. The estimated P3 & O3 phase fractions in NMAT-0 cathode discharged to 1.5 V are ~
65% & 35%. As shown in Fig. 7, at OCV, the NMAT-0 sample has no O3 phase. Interestingly,
at the end of the discharge cycle, NMAT-10 cathode has only about ~16% O3 phase as
compared to the 12% O3 phase in the pristine sample. The better cycling performance of the
NMAT-10 sample may result from the coexistence of the P3 and O3 structures in the as-
prepared material. The beneficial impact of Al doping is more pronounced when the NMAT
cathode is cycled in the 1.5 to 4.2 V range, as AI** would suppress the cooperative Jahn-Teller

4+/3+

distortion, which gets activated due to Mn*""" redox.

3.4. Full Cell

The NMAT-10 half-cell utilized a Na metal foil as the anode that could also act as a large
reservoir of Na-ions. For practical Na-ion cells, however, the anode typically does not provide
any additional Na-ions. Accordingly, the NMAT-10 cathode, which showed excellent rate and
cyclic stability, was used as the cathode, and hard carbon (HC) as the anode for the fabrication
of a full cell. The GCD curves of a hard-carbon half-cell assembled using Na metal as the anode
and 1M NaClOs in EC:PC (1:1 volumetric ratio) as the electrolyte for the first two cycles are
shown in Fig. 8(a). The HC showed a specific sodiation capacity of ~ 440 mAh g! in the first
cycle. During desodiation, a reversible capacity of 266 mAh g'! is achieved, which suggests
that a significant amount of Na* gets irreversibly incorporated into HC. A comparison of 1%
and 2" cycle sodiation curves confirms the irreversibility of the voltage plateau around 0.7 V.

The specific capacity during sodiation in 2" cycle is ~300 mAh g*!'. The sodium storage in HC



is reported via a combination of adsorption, intercalation, and pore-filling phenomena in
different voltage ranges [64]. To avoid the impact of poor initial Coulombic efficiency, the HC
was cycled in the 0.01 V to 2.5 V range. The cycled HC electrode was harvested from the
Swagelok-type cell in an inert atmosphere glovebox and used for the fabrication of the NMAT-
10 full-cell. The mass loading of the cathode was balanced in a N/P capacity ratio of 1.

Specific Capacity(mAh g")

0 40 80 120 160
2 4l @ NMAT0 |4 (b) NMAT-10/HC Full Cell|
Z3 <
9 P
. 50
g 231
e? =
& =
21 -—HC 1Meycle |[Q 2
° nd ., \
> 0- o ﬁHCZﬁcsc}e 100™ cycle
0 100 200 300 400 0 20 40 60 80
Specific Capacity (mAh g™') Specific Capacity (mAh g")

Fig. 8: (a) Formation cycle of the NMAT-10 half-cell and first two cycles for the hard-carbon
half-cell at 0.1C. (b) Full cell GCD plots for the NMAT-10 cathode at 0.2C.

The full cell showed an irreversible voltage plateau when charged above 4.1 V, and the capacity
faded rapidly with cycling, as shown in Fig. S15. This capacity loss, on charging to high
voltages (above 4.2 V in half-cell configuration) in Mn/Ni-based layered oxides, is attributed
to the irreversible anionic redox and phase transformations as reported in literature [50, 65-67].
While no such capacity fading is observed in NMAT-10 half cell (with Na metal counter
electrode) charged to 4.2 V, the overall cell voltage decreases in full cell configuration due to
the sodiation of hard carbon at relatively higher voltages. Accordingly, the upper cut-off
voltage of the full cell was limited to 4.1 V. Fig. 8(b) shows 100 charge-discharge cycles of the
full cell at 0.2C in the 1.5 - 4.1 V range. This cell showed a discharge specific capacity of ~80
mAh g in the first cycle, which decreased to ~69 mAh g! after the 100" cycle. The nominal
cell voltage is ~3.26 V. This remarkable capacity retention of ~86% after 100 cycles and a
specific energy of ~260 Wh kg! (considering the weight of cathode active material only) in
full-cell configuration demonstrates the potential application of P3/03 biphasic NMAT-10 in

Na-ion batteries.

4. CONCLUSIONS

In summary, a series of Naz/;3+xMno.57.xAlTi0.10N11/302 cathode materials were synthesized via

a conventional sol-gel method. By adjusting x, the O3 phase fraction in P3 phase dominant



samples was optimized, and the sample with x = 0.10 (NMAT-10) exhibited the best
electrochemical performance. NMAT-10, benefiting from the P3/O3 biphasic structure,
showed a reversible capacity of 101 mAh g! in a voltage window of 2.0 to 4.2 V and 175.5
mAh g! (1.5 to 4.2 V range) at a current density of 0.1C. This cathode showed excellent rate
capability, achieving a discharge capacity of ~81 mAh g! at a current rate of 650 mA g!.
Furthermore, after 300 cycles at 260 mAh g!, capacity retention in NMAT-10 was ~83% in
the 2.0-4.2 V range, confirming the superior cyclic stability. The improved rate performance
in 10% Al-doped samples was attributed to a higher diffusion coefficient, as demonstrated by
the GITT and EIS results. The operando synchrotron XRD analyses revealed that the P3/03
biphasic structure of NMAT-10 suppresses the severity of the P3«<P3'«<>03 phase transition
during the charge/discharge cycle. A specific capacity of 81 mAh g! was achieved in an
NMAT-10||hard-carbon full cell at 0.2C. This study introduced a P3/0O3 biphasic structure as
an effective way to design layered oxide cathodes for high-performance rechargeable Na-ion

batteries.
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Fig. S2: Rietveld refinement profiles for (a) NMAT-0, (b) NMAT-05, (c) NMAT-15, and (d)
NMAT-20.



Fig. S3: SEM images of (a) NMAT-0, (b) NMAT-05, (c) NMAT-15, and (d) NMAT-20
samples.
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Fig. S4: XPS survey scan of NMAT-10 sample.
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Fig. SS: Experimental and fitted XPS data for Ti 2p for NMAT samples.
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Fig. S6: CV curves at a scan rate of 0.1 mV s™! of (a) NMAT-0, (b) NMAT-05, (¢) NMAT-10,
(d) NMAT-15, and (¢) NMAT-20.
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Fig. S7: Discharge-specific capacity at various C-rates for NMAT-05 and NMAT-15 samples
in the 2.0-4.2 V range.
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Fig. S8: Discharge-specific capacity at various C-rates for NMAT-05 and NMAT-15 samples
in the 1.5-4.2 V range.



a NMAT-0
e
< :
2 1% cycle
@ 10™ cycle
z 31 20™ eyele
3 —— 30" cycle
,3_',0 ——40™ cycle
= —— 50" eyl
S 9 cycle
>

(b) NMAT—OSI

— 1" cycle
10™ eycle
20" cycle
——30™ cycle
——40™ cycle
—— 50" cycle

Volatge (V) vs. Na/Na*

0 20 40 60 80 100 120 140
Specific Capacity (mAh g

0 20 40 60 80 100 120 140
Specific Capacity (mAh g)

0 200 40 60 80 100 120 140
Specific Capacity (mAh g™')
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Fig. S10: Cycling performance of NMAT-0 and NMAT-20 at 2C.
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Fig. S11: Values of various resistances for (a) NMAT-0 and (b) NMAT-10 cells.
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Fig. S12: Contour plots of the operando synchrotron XRD data for selected peaks (a)
P3(003), (b) P3(006), (c) P3(101)/P3(102), and (d) P3(105) during the charge-discharge
process (shown in panel (e)) for the NMAT-0 cathode.
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Fig. S13: Contour plots of the operando synchrotron XRD data for selected peaks (a)
P3(003), (b) P3(006), (c) O3(101)/P3(101)/P3(102), and (d) P3(105) during the charge-
discharge process (shown in panel (e)) for the NMAT-10 cathode.

11



NMAT-0

Intensity (arb. units)

<

0.380°

NMAT-10

7.5 8.0
20 (degree)

7.5 8.0
20 (degree)
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NMAT-10 samples discharged to 1.5 V.
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Table S1: Various structural parameters obtained from the Rietveld refinement of room

temperature powder x-ray diffraction data for NMAT-x samples. x, y, z — positional

coordinates along with the fitness parameters (Rexp, Rwp, Rp, and goodness of fit — GoF).

NMAT-0 Atom X y z Occupancy
Rep =217 Na 0 0 | 0177 0.67
R, =2.61 P3 Mn/ Ti/ Ni 0 0 0 0.57/0.10/0.33
R,=2.04 Ol 0 0 | 0.389 1
GOF =121 02 0 0 |-038 1
NMAT-05 Atom X y z Occupancy
Ry = 2.08 Na 0 0 | 0.170 0.72
Ryp=2.57 P3 | Mn/ Ti/ Ni/ Al 0 0 0 | 0.52/0.10/033/0.05
R,=2.01 Ol 0 0 | 0.395 1
GOF =123 02 0 0 | -0395 1
Atom X y z Occupancy
Na 0 0 | 0172 0.77
NMAT-10 P3 | Mn/ Ti/ Ni/ Al 0 0 0 |0.47/0.10/0.33/0.10
Rexp = 2.45 Ol 0 0 | 0.398 1
Ryp=3.03 02 0 0 |-0.398 1
R, =238 Atom x y z Occupancy
GOF=1.24 Na 0 0 | 05 0.77
03 Mn/ Ti/ Ni/ Al 0 0 0 |0.47/0.10/0.33/0.10
o 0 0 | 0261 1
Atom X y z Occupancy
Na 0 0 | 0.171 0.82
NMAT-15 P3 | Mn/ Ti/ Ni/ Al 0 0 0 |0.42/0.10/0.33/0.15
Rep =233 Ol 0 0 | 0.398 1
R.p=2.98 02 0 0 |-0.398 1
Rp=2.33 Atom X y z Occupancy
GOF=1.28 Na 0 0 | 05 0.82
03 Mn/ Ti/ Ni/ Al 0 0 0 |0.42/0.10/0.33/0.15
o 0 0 | 0271 1
NMAT-20 Atom x y Z Occupancy
Rep =2.46 P3 Na 0 0 | 0.180 0.87
Ry =3.42 Mn/ Ti/ Ni/ Al 0 0 0 |0.37/0.10/0.33/0.20
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R,=2.69

GOF = 1.39

01 0 0 0.402 1
02 0 0 -0.402 1
Atom X y z Occupancy
Na 0 0 0.5 0.87
03 Mn/ Ti/ Ni/ Al 0 0 0 0.37/0.10/0.33/0.20
0] 0 0 0.270 1

Table S2. The weight (%) of various elements in NMAT-x samples determined from the ICP-
OES measurements.

Sample Na Mn Al Ni T Chemical Composition
wt.%) | (Wt.%) | (Wt.%) | (Wt.%) | (Wt.%)

NMAT-0 21.47 43.53 - 28.23 6.77 Nag.sMno.56Nio.34Ti0.1002
NMAT-05 | 23.44 40.45 1.91 27.43 6.77 Nao.72Mng.52Alp.05Ni.33Ti0.100:2
NMAT-10 | 24.95 36.86 3.85 26.82 7.52 Nao.76Mng.47Alp.10Ni0.32Ti0.110:2
NMAT-15 | 26.77 33.57 5.36 27.51 6.79 Nao.83Mng.43Alp.14Ni0.33Ti0.100:2
NMAT-20 | 29.02 28.37 8.13 26.94 7.55 Nao.ssMng.36Al0.21Ni0.32Ti0.110:2

Table S3: Comparison of specific capacity and cyclability for various layered oxide cathodes

Phase Voltage Capacity Capacity
Phase-Composition Fraction Range vs. (0.1C, retention, Ref.
Na*/Na | mAhg?') | cycles, C rate
P2-24.8%
Nag.g5Nio.34Mno.33Ti0.3302 2.2-44V 116.7 80%, 200, 1C [1]
03-75.2%
P2-05%
Nao .85Fe0.22Ni0.33Mno 4502 2.0-4.1V 121.3 94.9%, 100, 0.2C | [2]
03-95%
P2-32.3% 63.5%, 1000,
Na,Lio.0sMno.55Nio.3Cu0.075Mg0.02502 2043V 149.9 [3]
03-67.7% 10C
P3-71%
Nay;sNiisMni3Tii302 2.5-4.15V 82 78%, 1000, 1C [4]
03-29%

15




P2-78.4%

Nao.732N10.273Mg0.006Mn0.6302 2043V 130 73.1%, 200, 1C [5]
03-21.6%
P2-8%
Nao.7sMno.sNio.3Cuo.102 1.5-42V 142.4 70.8%, 300, 1C [6]
03-92%
P2-12% 138.7
Nao.7Mno.41Cuo.1Feo.1Ti0.00Ni0.25Mg0.0502 2043V 88.9%, 100, 2C [7]
03-88% (0.2€)
P2-93%
Nao.sMno.6Nio3Cu0.102 1.5-42V 139 85%, 100, 0.2C [8]
03-07%
P2-93%
Nao.sMno.s3Feo.14N10.3302 2544V 139 88%, 50, 0.2C [9]
03-07%
P2-50%
Nao.7sMno.50Nio.25Al0.2502 2040V 175 82%, 300, 1C [10]
P3-50%
P2-52.3%
Nao.75Mno.75Al0.2502 1.5-42V 150 80%, 200, 1C [11]
P3-47.7%
NaysNiisMn2302 P2-100% 1.540V 153 40%, 100, 0.33C | [12]
Na/3Ni13Mno.57Ti0.1002 P2-100% 1.540V 149 80%, 100, 0.33C | [12]
P3-88% This
Nao.77Mno.47Al0.10Ti0.10N10.3302 1.5-42V 175.5 95.5%, 50, 0.3C
03-12% work
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