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Abstract

Poor cyclability and rate performance of layered oxide cathodes have impeded their
deployment in Na* batteries. Here, Mn-rich biphasic cathodes with tuned P2/0O3 phase fractions
were synthesized by varying Na in NaxMnosoNio.30Cuo.1002 (NMNC-x) (0.80 < x < 1.00) and
the P2/03 phases were confirmed using X-ray diffraction (XRD), X-ray photoelectron
spectroscopy, and extended X-ray absorption fine structure spectroscopy. The Rietveld
refinement of XRD data showed that the O3 phase fraction increased from 13% to 89% with
increasing x from 0.80 to 1.00. The NMNC-0.90 sample (with 54% O3 phase) demonstrated
excellent rate performance (119 and 100 mAh g at 1C and 3C, respectively) but poor cyclic
stability (64% capacity retention at 1C after 200 cycles). P2 dominant NMNC-0.80 showed
exceptional rate performance (147 & 103 mAh gt at 0.1C & 3C, respectively) and O3 dominant
NMNC-1.00 exhibited a high specific capacity (187 mAh g at 0.1C). These cathodes showed
excellent capacity retention of around 91% at 1C after 200 cycles. Operando Synchrotron XRD
results confirmed a reversible O3«<-P3 phase transformation at ~3.4 V. Further, a significant
mismatch in the levels of the strain developed in the P2 and O3 phases was observed in NMNC-

0.90 sample during charge/discharge, explaining its poor cyclability. Na* diffusion coefficients
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calculated from the galvanostatic intermittent titration technique were in the 102 - 1020 cm?

s range. This investigation shed light on the optimum P2/03 phase fraction for designing

biphasic cathodes with high specific capacity and cyclability.

Keywords: P2/03 cathodes; Cyclic stability; Lattice strain; Phase transformation; Operando

Synchrotron XRD.
1. Introduction

The intermittent and unstable nature of renewable energy sources has necessitated the
development of efficient energy storage systems. Owing to the high energy density and long
cycle life, secondary batteries have emerged as one of the most efficient means of energy
storage. Lithium-ion batteries (LIBs) have emerged as the dominant electrochemical energy
storage devices; however, their extensive use is constrained due to high costs and limited
lithium resources. The widespread availability of sodium (Na) sources makes the sodium-ion
system affordable and sustainable, making Na-ion batteries (NIBs) the most sought-after option

to replace Li-ion batteries [1-6].

Several cathode materials have been investigated for Na-ion batteries, such as layered oxides,
polyanionic compounds, and Prussian blue analogues [7-9]. However, layered Na-transition
metal (TM)-oxides (NaxTMO>) have a performance edge over other potential cathodes in terms
of simplicity of synthesis and excellent Na-storage capacity. Additionally, layered TM oxides
can take on a variety of structural forms depending on the crystallographic site (octahedral: O,
or prismatic: P) where the Na-ions are located in the Na layer as well as the number (n) of
distinct stacking sequences of TMOs slab before repeating itself (typically, n = 2-3). The P2,
P3, and O3-type layered oxides (LOs) have been extensively researched for their structural and
electrochemical properties [10-13]. The typical LOs for NIB cathode materials based on Mn/Ni

have good specific capacity and rate capability, making them a suitable cathode material choice
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[14]. Based on the Ni?*/Ni** redox process, this system shows a high specific capacity, whereas
the electrochemically inactive Mn** could help maintain structural stability. However, these
materials usually experience an irreversible phase transition during charge-discharge that
causes structural alteration, volume change, and capacity deterioration [13, 15]. Furthermore,
the inclusion of Cu ions in the transition metal layers is reported to improve various properties,
including moisture stability, cyclability, and nominal voltage in layered oxides [16-18]. Recent
advances in the Nax(Mn-Ni-Cu)O> system have demonstrated a specific capacity of ~90 mAh
gl, a nominal voltage of ~3.4 V, and capacity retention of over 80% after 200 cycles at 0.1C

[19].

Due to the P2-type layered structure's open channel diffusion, the migration of Na-ions has a
low energy barrier; As a consequence, these materials exhibit superior cycling stability and
high Na* conductivity. A conventional P2-type Naz3NiizMn2302 material delivers a reversible
specific capacity of 160 mAh g in the 2.0 - 4.5 V range, but an irreversible P2 to O2 phase
transition beyond 4.2 V resulted in a 20% volume change and capacity fading [20]. The P2-02
single-phase transition during Na* insertion and extraction can be inhibited or converted to a
highly reversible P2-OP4 process by efficient structural design techniques. Another
disadvantage of the P2-type phases, compared to the O3-type, is lower specific capacity and
higher initial irreversible capacity loss owing to the lower sodium content. Accordingly, O3-
type cathodes typically exhibit higher energy density, specific capacity, and better anode
material matching in Na-ion full cells. On the other hand, Na* ions must overcome a significant
energy barrier by sharing an edge with the next tetrahedral site when moving from one
octahedral site to another in O3-type layered oxides, resulting in reduced ionic conductivity in
these phases. The O3-type NaNi12Mn120, with Ni?* and Mn**, delivered areversible specific

capacity of 200 mAh g in the 2.2 — 4.5 V range [21]. Nonetheless, to prevent the significant
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capacity degradation caused by charging beyond 4.0 V, the usable capacity of the full cell was

restricted to 120 mAh g* in the 2.2 — 3.8 V range.

One of the ways to stabilize the crystal structure during charge-discharge cycling is voltage
limitation at the expense of usable specific capacity. The incorporation of electrochemically
inactive ions (Mg [22, 23], Li [24, 25], Zn [26, 27], etc. [16, 18, 28]) to act as pillar ions in the
transition metal layer is another method to improve the cyclability of the layered oxides. For
example, a P2-type Nao.s7MnosNio2Cuo1Mgo102 cathode material exhibits 70.7% specific
capacity retention after 200 cycles [29]. Another recent Cu/Ti co-doped P2-type Fe/Mn-based
layered oxide cathode showed an excellent reversible capacity of 130 mAh g* at 0.1C and
71.1% specific capacity retention after 300 cycles at 5C [30]. A Li-substituted O3-type
NaL.io.1Nio.35Mno 5502 cathode shows improved electrochemical performance after Li*
incorporation [31]. Another study by Yu et al. reports an O3-type cathode with a capacity

retention of 82% after 200 cycles [32].

Recently, numerous studies have been carried out on various compositions in the NaxMn;.
yMyO2 (where M is a combination of transition metal cations) system with mixed phases to
enhance their electrochemical performance [33-40]. For instance, Guo et al. reported a P2/03-
Nao.esL10.18Mno.71Ni0.21C00.0802 With a P2:03 weight ratio of 94:6, which delivers a discharge
capacity of 200 mAh g at a current density of 10 mA gt in the 1.5-4.5 V voltage range [41].
A multi-ion doped P2/03 Nao.gNio.2MnossCuo.14Tio.07ZN004O02 prepared by Wang et al.
exhibited a discharge capacity of 133.9 mAh g™ at 0.1C and a notable structure stability with
78.9% capacity retention after 500 cycles at 10C [42]. Another study by Ding et al. reported a
biphasic Nao.s7Lio.15Nio.18Mgo.02Mno.gO2 prepared by introducing the O3 structure into the P2
structure and controlling the weight fraction by varying the sintering temperature. The material
with 4.2 wt.% of the P2 phase and 95.8 wt.% of the O3 phase displayed a discharge capacity
of 160 mAh gt at 0.1 C in the 1.5-4.2 V range and a 70% of initial capacity retention after 100

4
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cycles [43]. By introducing Li in P2-Nao.s7F€0.25sMno.7s02, Wang et al. demonstrated the effect
of P2/03 biphasic structure in successfully reducing the crucial Jahn-Teller distortion and
preventing the irreversible phase transition in Nao.e7Lio2F€0.2Mno 02 [33]. M. Alam et al.
controlled the phase fraction of P2/O3 by modifying the cooling rate, and P2/03-Nag.7MnO>
with a ratio of 68:32 (wt.%, P2:03) showed an initial discharge capacity of 171 mAh g* and
an improved rate-capability (76 mAh g* at 10C) [44]. A P2/03-NaosMnossNio.25Feo.1Tio102
cathode with superior rate performance and higher energy density than either of the P2 and O3
phases between 1.5 and 4.3 V was synthesized by Wang et al. by tuning the ratio of Mn and Ni
[19]. The material exhibited a reversible capacity of 154.6 mAh g with ~ 100% coulombic
efficiency and capacity retention of 80.2% after 100 cycles at 0.1C. These studies reveal the

superiority of biphasic cathodes over their single-phase counterparts.

Herein, a series of P2/03 NaxMno.eoNio.30Cu0.1002 (X = 0.80, 0.85, 0.90, 0.95, and 1.00)
(NMNC-x) cathodes were designed with varying P2/0O3 phase fractions and compare the
electrochemical properties of biphasic structures with the domination of either phase to the
material with equal phase fractions of P2 and O3 phase. The changes in the crystal structure at
various states of charge induced by different phases are quantified by refinement of the
operando Synchrotron XRD data. Various reports on biphasic cathodes have highlighted the
synergy between the phases, leading to an interlocking effect causing enhancement in their
electrochemical properties. Contrary to this, poor cyclability was obtained for the sample with
an almost equal fraction of P2 and O3 phases (NMNC-0.90). A systematic study of the
electrochemical properties showed improved cyclability, which is attributed to the lesser
mismatch in the levels of the strain at P2/0O3 interfaces during sodium extraction/insertion in
03/P2-dominant samples. These findings would attract the attention of researchers working on
Na-ion batteries and further extend the discussion on the role of phase fractions in enhancing

the cyclability and specific capacity of biphasic layered oxide cathodes.
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2. Experimental

The biphasic Nao.s0Mno.60Nio.30CU0.1002, Nao.ssMno.60Ni0.30CU0.1002,
Nao.90Mno.6oNi0.30CU0.1002, Nao.9sMno.eoNio.30CU0.1002, Nai.00Mno.eoNio.30CuU0.1002, mMaterials
were synthesized using the conventional sol-gel method. Precursors of copper (copper (1)
nitrate trihydrate), manganese (manganese (1) acetate tetrahydrate), nickel (nickel (I1) acetate
tetrahydrate), and sodium (sodium carbonate) were dissolved in deionized water and stirred for
8 h. Table S1 gives the exact amounts of precursors used (in g) to obtain 10g of the final
products for different x. To this, ethylene glycol and citric acid were added in appropriate ratio,
and the mixture continued to stir for 12 h to create a homogeneous solution. A gel was obtained
by heating this solution to around 80 °C. The dry gel was ground prior to a 12 h heat treatment
at 600 °C. The resulting powders were calcined in air for 12 h at 900 °C to form the final
product. These calcined powders were labeled as NMNC-x; x denotes the sodium content =

0.80, 0.85, 0.90, 0.95, and 1.00.

The synthesized compounds were examined for their phase structure using room temperature
X-ray diffraction technique (XRD) in 20 range of 10°- 80° using an Empyrean, Malvern
Pananalytical diffractometer with Cu-K, radiation. Further, Rietveld refinement was performed
on the XRD data, and the corresponding crystallographic parameters of the NMNC-x samples
were calculated using the TOPAS Academic (version 6) software package [45]. The Mn K-edge
extended X-ray absorption fine structure spectroscopy (EXAFS) was carried out using 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. 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 prepared cathode materials. Energy-dispersive X-ray

spectroscopy (EDS) equipped field emission scanning electron microscope (SEM) (model

6
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JEOL-7610) was used to investigate the morphology and elemental distribution in the powder
materials. X-ray photoelectron spectroscopy (XPS) measurements were done on the as-
prepared powder samples and the cycled cathodes to verify the oxidation states of the
constituent transition metal cations present in NMNC-x samples using a Thermofisher
Scientific (Naxsa base) equipped with a 1486.6 ¢V (Al Ka) X-ray source. For ex-situ XPS
studies, the coated cathodes were taken from the de-crimped coin-cells at different states of

charge.

Electrochemical tests were performed with CR-2032-coin cells fabricated with NMNC-x as the
working electrode, sodium metal as the counter & reference electrode, Whatman GF/D as the
separator, and 1M NaClO4 in a 1:1 volume ratio of EC-PC (ethylene carbonate — propylene
carbonate) as the electrolyte. For cathode preparation, the 80:10:10 weight ratio of active
material, PVDF binder, and Ketjen black were mixed in N-methyl pyrrolidone (NMP) solvent.
After coating an Al current collector with the prepared slurry, it was dried at 120 °C for 8 hours
in a vacuum oven before being punched into disks of 16 mm diameter. The active material
mass loading was ~ 2-3 mg cm™, and an apparent active mass density of ~ 1.5-2.0 g cm™. The
prepared coin cells were subjected to cyclic voltammetry (CV) tests between 2.0 V and 4.2 V
with a scan rate of 0.1 mV s using a Keithley source meter unit (Model 2450-EC).
Galvanometric charge-discharge (GCD) tests were performed on the coin cells using a Neware
Battery Tester (Model no. CT-4008T) between 2.0 V and 4.2 V. The cathode material was
evaluated for its rate performance at 0.1C, 0.2C, 0.5C, 1C, 2C, and 3C, and the cyclability
measurements were done at 1C for 200 cycles between 2.0 - 4.2 V. The sodium-ion diffusion
coefficient of the half-cells was estimated using the galvanostatic intermittent titration
technique (GITT) performed on the Neware battery tester equipment. For the fabrication of full
cell, hard carbon was used as the anode (coated on aluminium foil with 80 wt.% hard carbon,

10 wt.% Ketjen black, and 10 wt.% PVDF). Hard carbon electrode was sodiated and de-
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sodiated electrochemically in a sodium metal half-cell configuration prior to its use as the

negative electrode in NMNC-1.00-hard carbon full cell.

The phase transformations that occurred during electrochemical cycling were investigated by
operando studies carried out using extreme conditions — angle dispersive/energy dispersive
synchrotron X-ray diffraction (BL11) at Indus-2 beamline (RRCAT) with a beam wavelength
0f 0.8312 A and beam energy of 2.5 GeV. The coin cells for the operando studies were prepared
by drilling 3 mm holes in the top & bottom cap of the CR2032 coin-cell casing to allow the
beam to pass through the cell. A Kapton tape was used to cover the drilled holes in coin cell

casings to prevent environmental exposure.
3. Results and Discussion

3.1. XRD

The room temperature XRD patterns and the phase evolution obtained for
NaxMno.s0Nio.30Cuo.1002 (NMNC-x) calcined at 900 °C are shown in Fig. 1(a) and confirm the
biphasic formation in all samples. All the diffraction peaks can be matched with the P2 phase
(Nao.7MnO2-type, JCPDS # 27-0571) and the O3 phase (a-NaFeO- type, JCPDS # 82-1495)
[46]. This is consistent with the previous reports on NaxTMO- layered oxides, where both P2
and O3 phases are reported [47-49]. It is evident from Fig. 1(al-a2) that the peak intensities of
the (003) and (104) distinguishing peaks for O3 increase with increasing Na content, while the
(002) and (102) distinguishing peaks for P2 decrease. The preliminary analysis of XRD data
suggests a continuous increase in the O3 phase fraction with increasing Na in NMNC-x. To
further analyze the effect of varying sodium content (x) and calcination temperature (T) on the
phase fractions, several samples were prepared in the NaxMnosoNio.30Cug1002 system by

varying x & T, and the results are summarized in Table S2.
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Further, the P2/0O3 phase fractions and the lattice parameters of the NMNC-x samples (calcined
at 900 C) were determined by performing the Rietveld refinement on the XRD data. The fitted
XRD patterns, experimental data, difference curves, and Bragg positions of corresponding
space groups are shown in Fig. 1(b) and Fig. S1(a, b, ¢, and d). The detailed structural and
crystallographic parameters obtained from the refinement are consolidated in Table 1 and
Tables S3-S7, respectively. This XRD data provide confirmation and quantification of P2 and

03 phases in these samples.

The phase evolution graph (Fig. 1(c)) represents an increase in the O3 phase fraction from 13%
to 89% with increasing Na content from x = 0.80 to x = 1.00. Interestingly, the peak intensity
ratio of the major peaks of the P2 O3 phases can be used to estimate the phase fractions in the
prepared NMNC-x samples. The phase percentage (p) can be estimated from the following

formula:

p=—"10200 100 (1)

Io3(003)*t103(104)

where p is the phase percentage, Ir2(002) i the peak intensity of (002) peak of P2, and lozo3) &
los(104) are the peak intensities of (003) & (104) peaks of O3. It can be observed from Fig. S2
that the phase percentages estimated by the intensity method (p) are similar to the values
obtained by the Rietveld refinement of the XRD data. While detailed Rietveld refinement
would provide more accurate values, a simple XRD peak intensities ratio could also be used to

estimate the P2 and O3 phase fractions in these materials.
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Fig. 1. (a) Room temperature XRD patterns of NMNC-x (0.08 < x < 1.00) samples showing
the coexistence of P2 and O3 phases. Magnified view of (al) P2 (002) & O3 (003) peaks, and
(a2) P2 (102) & O3 (104) peaks showing the phase evolution from P2 to O3 with increasing
Na content. (b) Rietveld refinement profile of XRD data for NMNC- 0.90. (c) Phase

evolution graph showing P2 and O3 phase fractions at various Na contents.

The refinement of XRD data suggests that all the peaks can be ascribed to the P6s/mmc space
group for the P2-type structure and the R3m space group for the O3-type structure with
hexagonal symmetries. The two minor peaks at 27.2° and 28.4° in the XRD patterns of NMNC-
0.80 and NMNC-0.85 (Fig. S1(a & b)) are a result of Na-ion vacancy ordering induced
superlattice reflections, which is a well-known phenomenon in layered oxides [50-52]. The Na-
ion vacancy ordering peaks disappear with increasing x in NMNC-x from 0.90 to 1.00. A

comparison of the lattice parameters of the biphasic compounds shows a decrease in the lattice

10
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parameter ¢ of both phases with an increase in Na content from 0.80 to 1.00. This is induced

by the greater screening effect of Na*, which results in lower O% - O? coulombic repulsions.

The XRD refinement data was used to visualize the crystal structures of the P2 and O3 phases

using VESTA software, as shown in Fig. S1(e) [53]. The conduction pathways (indicated by

black arrows) show that the Na™ migration in P-type layered oxides occurs directly from one

prismatic site to another via rectangular bottlenecks. On the other hand, sodium-ion movement

in O-type layered oxides occurs from one octahedral site to the adjacent tetrahedral site and

then to the following octahedral site via triangular bottlenecks. Such a migration of Na ions

through the small tetrahedral sites is expected to have a detrimental impact on the rate

performance of the NMNC-0.95 and NMNC-1.00 cathodes.

Table 1 Lattice parameters and R-factors of P2/0O3 NMNC-x samples obtained from the

Rietveld refinement.

Sample Rwp, Rexp,
Phase a(A) c(A) V (A3
NMNC-x Rp, GOF
P2 2.8932(1) 11.1367(6)  80.79(1)  3.47,2.18,
x=0.80
03 2.9343(2) 16.252(2)  121.04(2)  2.56,1.59
P2 2.8936(2) 111356(1)  80.72(1) 353 2.91.
x=0.85
03 2.9347(2) 16.248(1)  121.15(2)  2.76,1.21
P2 2.8941(1) 11.1349(7)  80.85(1)  3.22, 217,
x=0.90
03 2.9350(1) 16.245(1)  121.01(1)  2.37,1.48
P2 2.8934(5) 11.1347(2)  80.73(3)  4.45, 2.69,
x=0.95
03 2.9345(3) 16.244(2)  121.06(3)  3.18,1.65
P2 2.8945(4) 11.1342(2)  80.75(2)  3.19, 2.20,
x=1.00
03 2.9349(1) 16.236(1)  121.14(1)  3.21,1.45

11
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The local structure of the NMNC-x materials was further probed with extended X-ray
absorption fine structure (EXAFS) spectra of the as-prepared cathode powders. Fig. S3 shows
the Fourier transforms of Mn K-edge spectra of NMNC-0.80 and NMNC-1.00. The blue dashed
lines indicate the radial distance limits within which the fit was carried out. In Fig. S3(a) and
(b), the first peak at ~ 1.46 A originates from Mn-O co-ordination, while the second peak at ~
2.52 A results from Mn-TM & Mn-Na single scattering. The values of Mn-O and Mn-Na
distances predicted from the EXAFS fitting match well with those calculated from the Rietveld

refinement of the XRD data.

The elemental ratio calculated from ICP-AES are given in Table S8. The Mn/Ni/Cu content
remains almost invariant, whereas Na content increases expectedly with an increase in x. The

overall compositions of the samples are in good agreement with the nominal compositions.

3.2. SEM

Fig. 2(a-e) depicts the SEM morphologies of the NMNC-x samples. Further, magnified views
of the samples with relatively smaller particle sizes is incorporated in order to resolve the
particle morphology and estimate the average particle size. The representative elemental
mapping of the NMNC-0.90 powder is depicted in Fig. S4(a-f). The agglomerated particles
have a distorted hexagonal plate-like structure. An elucidation of the effect of Na* on the
crystallization mechanism is beyond the scope of the present study. Still, it can be concluded
that the distortion in the hexagonality of the particles is varied by varying the Na content. The
average particle size of the NMNC-x samples increases significantly from 2.4 £ 0.5 um to 10.3
+ 2.1 um with an increase in x from 0.80 to 1.00. The increase in average particle size is
expected to have a detrimental effect on the rate performance of the cathode at higher C rates
due to the increase in the average Na* diffusion length through the solid cathode particles. The

NMNC-0.90 sample with the P2/03 phase ratio of ~ 0.85 has an average particle size of 5.1 =

12
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0.9 um and a thickness of 1.0 £ 0.3 um. In addition, elemental mapping of Na, Cu, Ni, Mn,
and O in Nag.eoMno.eoNio.30Cu0.102 particles using EDS elemental mapping shows a uniform
distribution of these elements throughout the particles without any evident segregation (Fig.

s4).

Fig. 2. SEM images of (a) NMNC-0.80 (inset al shows a higher magnification image), (b)

NMNC-0.85 (higher magnification image is shown as inset b1), (c) NMNC-0.90, (d) NMNC-

0.95, and () NMNC-1.00.

3.3. XPS

X-ray photoelectron spectroscopy (XPS) was employed to investigate the oxidation states of
the transition metal ions in the NMNC-x cathode materials. Fig. 3 depicts the Mn 2p, Ni 2p,
and Cu 2p spectra of the NMNC-x cathodes. Further the observed XPS data is depicted by open
grey circles and the fitting curves are represented by the mustard colour lines in Fig. 3. Peaks
due to Mn 2pz and Mn 2py» are visible in the Mn 2p XPS spectra (Fig. 3(a)) of NMNC-x

cathodes. These can be deconvoluted into 4 peaks attributed to Mn** at ~643 and ~654 eV and

13
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Mn3* at ~642 and ~653 eV [54-56]. This suggests the coexistence of Mn** and Mn** in the
NMNC-x cathode materials. The intensity of the peaks corresponding to Mn*' increases
continuously with Na content, indicating an increasing Mn**/Mn** ratio from 0 in NMNC-0.80
to 0.5 in NMNC-1.00. The Ni 2p spectrum (Fig. 3(b)) shows peaks that can be attributed to Ni
2p32 and Ni 2p12 at ~855 eV and ~872 eV, respectively, and their satellite peaks. This
translates to a +2 oxidation state of Ni for all the samples [54-56]. Since the peak positions of
the Ni 2ps2 and Ni 2py2 are not altered with increasing x from 0.80 to 1.00, indicating that the
oxidation state of Ni remains unchanged for all materials. Four characteristic peaks in the Cu
2p spectrum can be attributed to Cu 2ps2 (~933 eV), Cu 2p12 (~953 eV), and their satellite
peaks (Fig. 3(c)) [54-56]. Energies of the Cu 2ps2 and Cu 2py/2 peaks do not vary with varying
x in NMNC-x, confirming a +2-oxidation state for Cu in all compositions.

(a) Mn 2p (b) Ni2p

me 2 zpm x=1.00
x=1.00 & A |

Intensity (a.11.)

Intensity (a.u.)
Intensity (a.i1.)

Shake up

0.80

AY satellite peak i P X =
, ~X = 0.80 ‘ +Shake up
- T - ’ ==, N I Y . satellite peak
640 645 650 655 860 870 880 930 940 950 960
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 3. (a) Mn 2p spectra, (b) Ni 2p spectra, and (c) Cu 2p spectra of NMNC-x samples (0.80

<x<1.00)

Further, the XANES spectra of Mn and Ni taken at the K-edge of NMNC-0.80 and NMNC-
1.00, along with the Mn203, MnO3, and NiO spectra, are depicted in Fig. S5. The Mn K-edge

spectrum of NMNC-1.00 is at a lower energy than that of NMNC-0.80, suggesting both Mn®*
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and Mn** in NMNC-1.00. The Ni K-edge spectra of both NMNC-0.80 and NMNC-1.00
coincide, indicating a similar oxidation state of Ni in both samples in compliance with the XPS

results.

34. CV

The redox activity of NMNC-x electrodes with varying Na content was tested by cyclic
voltammetry (CV) between 2.0 - 4.2 V at a scan rate of 0.1 mV s. Fig. 4 illustrates the cyclic
voltammograms of NMNC-0.80, NMNC-0.85, NMNC-0.90, NMNC-0.95, and NMNC-1.00,
along with the major redox couples marked. The broad peaks at ~3.32/3.09 V and ~3.39/3.17
V indicate the Ni?*/Ni** redox activity [49, 57, 58], and Cu?*/Cu®" redox reaction can be
attributed to the peak at ~3.87/3.73 V [16, 28, 59] in the CV curve of NMNC-0.80 (Fig. 4(a)).
The absence of redox peaks between the 2 V to 3 V in the 2" & 3" cycles indicates the
inactivity of Mn** in the redox process. With increasing sodium content, the Ni?*/Ni** redox
peaks shift to 3.26/3.10 V and 3.43/3.25 V, while the Cu?*/Cu®* redox peaks shift to 3.91/3.75
V. A shift in the redox peak positions is due to the altered amounts of energy required for
desodiation-sodiation in NNMC-x with different Na contents, despite the materials having the
same ratio of transition metals. It is inferred that the local structure, determined by the initial
Na concentration, vacancy, and Mn oxidation state, has a significant impact on the

electrochemical processes.
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317 Fig. 4. Cyclic voltammograms of (a) NMNC-0.80, (b) NMNC-0.85, (c) NMNC-0.90, (d)

318 NMNC-0.95, and (€) NMNC-1.00 samples at a scan rate of 0.1 mV s,

319  In addition, new pairs of reversible peaks emerge at 2.80/2.44 V and 3.67/3.53 V, which can
320  be assigned to Mn®*/Mn** redox reaction [60, 61] and Na* vacancy ordering, respectively [51,
321 52, 62]. Further derivatives of the second cycle charge-discharge curves (dQ/dV) were
322  calculated, and the corresponding dQ/dV vs. voltage (V) profiles of NMNC-x cathodes were
323 plotted, as shown in Fig. S6. The Ni?*/Ni*" activity peaks between 3.0 V and 3.5 V, and the
324  Cu?*/Cu® redox peak at ~3.8/3.9 V can be observed for all samples. Furthermore, the NMNC-
325 x cathodes with x ranging from 0.85 to 1.00 have a redox peak between 2.5-3.0 V,
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corresponding to Mn®/Mn** activity. An additional pair of peaks at ~3.61 V appears in the
dQ/dV vs. V curves of NMNC-x (0.85 < x < 1.00), which indicates Na-ion vacancy ordering

in accordance with the CV analysis.

35. GCD

To probe the effect of varying Na content on the specific capacity, rate performance, and
cyclability of the NMNC-x cathodes were studied using the galvanostatic charge-discharge
(GCD) tests at different current rates in the 2.0-4.2 V range. The GCD results are shown in Fig.
5. The 2.0-4.2 V range is selected because cycling at a lower voltage can lead to the degradation
of the cathode material. In contrast, a higher cut-off voltage increases the likelihood of
electrolyte degradation [63]. Fig. S7 depicts the first charge-discharge cycle of the NMNC-x
cathodes. The initial coulombic efficiency improves with increasing Na content. This is due to
the increasing O3 phase with a large Na* reservoir that balances the sodium deficient phase
region, indicating that compounds with a higher O3 phase are suited for full cell realization.
The theoretical specific capacities of NMNC-0.80, NMNC-0.85, NMNC-0.90, NMNC-0.95,
and NMNC-1.00 are 174.84, 185.35, 195.63, 205.70, and 215.56 mAh g}, respectively. For
these calculations, the amounts of Na-ion shuttling between positive and negative electrode are
assumed to be 0.70 for NMNC-0.80 (0.3 Ni*** & 0.1 Cu?*®*), 0.75 for NMNC-0.85 (0.3
Ni2*#* 0.1 Cu***, 0.05 Mn®*#*), 0.80 for NMNC-0.90 (0.3 Ni****, 0.1 Cu?***, 0.10 Mn®**"),
0.85 for NMNC-0.95 (0.3 Ni?*#*, 0.1 Cu?***, 0.15 Mn®"**), and 0.90 for NMNC-1.00 (0.3
Ni2*4* 0.1 Cu?*®* 0.2 Mn®"*"). Fig. 5(a, b, ¢, d, and €) shows that the discharge capacity at
0.1C is 147.6, 151.2, 167.2, 175.8, and 187.6 mAh g* for NMNC-0.80, NMNC-0.85, NMNC-
0.90, NMNC-0.95, and NMNC-1.00, respectively. The O3 dominant NMNC-1.00 shows
higher specific discharge capacity compared to the P2 dominant NMNC-0.80 due to its higher
Na content. At an increased 3C rate, the specific capacity decreases with increasing Na content.

This is attributed to the increase in the average particle size and agglomeration of the particles
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with increasing Na, which hinders Na-ion extraction at high C rates. In addition, the lower

diffusion coefficient of Na-ions in O3-type structures compared to that of the P2 type also

contributes to the inferior rate performance at high C-rates. The two sets of plateaus result from

Ni2*/Ni** conversion above 3.0 V and Cu?*/Cu®* at 3.9 V. The charge-discharge profile of

NMNC-0.90 has two plateaus above 3.5 V due to Na-ion vacancy ordering and Cu?*/Cu®*

reaction.
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Fig. 5. Galvanostatic charge-discharge plots of (a) NMNC-0.80, (b) NMNC-0.85, (c)

NMNC-0.90, (d) NMNC-0.95, () NMNC-1.00 at various C rates, and (f) comparison of

specific capacities at different C rates.
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The plateaus observed between 2.6 V and 2.0 V in the GCD profiles of NMNC-0.85, NMNC-
0.90, NMNC-0.95, and NMNC-1.00 at low C-rates are due to Mn activation. Interestingly, the
cathode with a P2/0O3 ratio ~ 0.85 exhibits a higher polarisation when compared to cathodes
with the dominant P2 (NMNC-0.8) or dominant O3 (NMNC-1.00) phase. This could be due to
a larger strain produced during charge/discharge by the coexistence of the P2 and O3 phases.
The voltage plateaus observed in the charge-discharge profiles are consistent with the CV and
the dQ/dV vs. V curves. In addition, the energy efficiency of NMNC-x cathodes at 0.1C is
depicted in Fig. S8. The shaded area under the curve represents the amount of energy recovered
during the discharge against the total energy input during charging (area under the charging
curve). The energy efficiency of NMNC-0.80, NMNC-0.85, NMNC-0.90, NMNC-0.95 and

NMNC-1.00 is 92.1%, 88.7%, 89.8%, 86.8%, and 88.7%, respectively.
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Fig. 6. (a) Discharge capacity and coulombic efficiency of the NMNC-x samples at various
C-rates. (b) Cycle performance of NMNC-x at 1C for 200 cycles. (c) Comparison of %

capacity retention after 200 cycles for NMNC-x cathodes.

Fig. 6(a) displays the rate capability of NMNC-x cathodes at various discharge currents
corresponding to the 0.1 - 3C range. With an increased C-rate, the discharge capacity decreases
for all cathodes. Upon decreasing the C-rate, all samples recover their initial discharge
capacities. The NMNC-0.80 exhibits a discharge capacity of 103.5 mAh g at 3C (~ 70 % of

the specific capacity at 0.1C). This could be attributed to the +4 oxidation state of Mn in
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NMNC-0.80, which induces Mn inactivity. In contrast, the NMNC-1.00 sample has a capacity
of 187.8 mAh g at 0.1C, which is reduced significantly to 76.3 mAh g* at 3C (~ 40% of the
capacity at 0.1C). The NMNC-0.90 has a decent rate performance with a discharge capacity of
167 mAh g* at a lower 0.1C rate and a reduced capacity of 100 mAh g (~ 60% of 167 mAh
g1) at 3C. The substantial variation in the rate performances may be due to the varied local
lattice environment in NMNC-x cathodes attributed to the different sodium contents in as-
synthesized samples [64-66]. Na-ions occupy two sites in P2-type structures, with the face-
shared triangular prism providing an open migration channel for Na*. Therefore, the
compounds with higher P2 phases have superior rate performance [67]. O3-type structures with
one occupancy site for Na* share six edges with TMOg octahedrons. Here, the Na-ions migrate
through the smaller tetrahedra, which restricts the movement of ions, lowering the ionic
conductivity and the rate performance of compounds with higher O3 phase fraction [68]. Given
the excellent rate performance and cyclability, the NMNC-0.80 cathode could be used for grid
storage related applications. Similarly, the NMNC-1.00 sample is attractive for application as
a cathode in batteries for portable electronic devices due to its excellent cyclability and good

specific capacity.

To investigate the effect of varying sodium content on the cycling stability, the NMNC-x
cathode materials were tested at 1C between 2.0-4.2 V, and the results are displayed in Fig.
6(b). After 200 cycles, the capacity retention of NMNC-0.80, NMNC-0.85, NMNC-0.90,
NMNC-0.95, and NMNC-1.00 is 92%, 69%, 64%, 75%, and 91%, respectively, with a
coulombic efficiency of over 99%. The cyclability data indicates that the cathodes with
dominant P2 or O3 phase retain higher capacity than the high-rate performing NMNC-0.90.
The extensively studied synergistic effect in biphasic layered oxides contributes to the high
cyclability of NMNC-0.80 and NMNC-1.00. In contrast, the NMNC-0.90 shows poor

cyclability, with only 64% capacity retention after 200 cycles. Table S9 compares the reported

21



406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

specific capacity and cyclability of various biphasic cathodes for sodium-ion batteries.
Therefore, it is inferred from these results that the introduction of a minor P2 or O3 phase
allows better cyclability. The changes in lattice parameters during GCD and their impact on

cyclability are discussed in the operando SXRD section.
36. GITT

The galvanostatic intermittent titration technique (GITT) was employed to investigate the Na-
ion diffusion kinetics in NMNC-x cathode materials during charge-discharge (Figs. 7 & S9).
This technique involves subjecting the cell to a galvanostatic process for a specified period,
followed by a resting time. In the present investigation, the cells were cycled twice before GITT
measurements by successively applying a constant current pulse equivalent to 0.1C for 10
minutes, then relaxing the cell for 30 minutes to achieve pseudo-equilibrium. Eq. 2 is used to
determine the diffusion coefficient of Na-ions in the cathode materials, assuming that the

process adheres to Fick's first law [69].

Dyt = — (%)2 (Aﬁ)z (t < 1% /D) )

Tt \ MBS AE;

Here, 1 is the duration of a single pulse of constant current, mg is the mass of active material,
Vi, & Mg are the molar volume & molar mass of cathode material, and S is the electrode's
surface area. AEs and AE; represent the voltage change during the constant current pulse and

the steady-state voltage change, respectively.

Fig. 7(d) shows a single GITT titration unit displaying all the elements discussed above.
Sodium-ion diffusion coefficient (Dna") values of NMNC-0.80, NMNC-0.90, and NMN-1.00
are distributed between 1.35 x 10 — 2.72x10%% cm? s, 1.84 x 1012 — 1.56 x 10° cm? s?,
and 1.27 x 1012 —2.20 x 101% cm? s%, respectively. The Dna" of NMNC-0.85 and NMNC-0.95

are in the range of 2.43 x 10? — 2.39 x 10° cm? s and 7.63 x 10® — 1.60 x 10*° cm? st
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respectively. Comparing the Dna", the cathodes with either dominant P2 or O3 phases have a

slightly higher diffusion coefficient than that with equal phase fractions of P2 and O3. This

could be attributed to the lower values of strain generated during discharging for the NMNC-

0.80 and NMNC-1.00.
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Fig. 7(a-c) reveals that the diffusion coefficient value decreases at higher voltages when the

structure contains fewer Na* cations, indicating that the electrochemical process is relatively

slow in such voltages [70]. Similarly, when discharging to lower voltages, the diffusion

coefficient declines rapidly when the cathode becomes saturated with sodium ions, indicating

inferior diffusion kinetics. Even at 4.2 V, the values of Dna* of the NMNC-0.80 and NMNC-

1.00 (1.35 x 101! & 1.27 x 102 cm? %) are still slightly higher than that of NMNC-0.90 (1.84

x 10712),

3.7.  Operando Synchrotron XRD
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Operando Synchrotron XRD measurements were performed to understand the structural
transformation in NMNC-x (x = 0.80, 0.90, and 1.00) during charging-discharging at 0.1C. Fig.
8 shows the operando Synchrotron XRD pattern of the NMNC-0.90 sample at different charge
states between 2.0 and 4.2 V, while that of NMNC-0.80 and NMNC-1.00 is displayed in Fig.
S10 & S11, respectively. During charging from OCV, the (003) peak of the O3 phase shifts
towards lower angles, and eventually, the O3 fully transforms to the P3 phase at ~ 3.4 V. On
further charging, the (006) diffraction peaks of the P3 phase continue to shift towards a lower
angle, which is due to the slipping of the TMO: layers to reduce the electrostatic repulsive force
(Fig. 8(al)). P2 (100) diffraction peak at 26 ~ 19.2° and O3 (101) & P3 (101) diffraction peak
at 20 =~ 19.4° also shift towards higher angles, indicating a decrease in lattice parameter a of all
phases (Fig. 8(a2)). On the other hand, the position of the P2 (002) diffraction peaks shift
marginally towards lower angles during the charging process, suggesting only a slight increase
in the c-lattice parameter (Fig. 8(al)). During discharging, the (00I) diffraction peaks
corresponding to the O3 phase emerge gradually, indicating the transformation of the P3 phase
back to the O3 phase. The (100) and (102) diffraction peaks of the P2 phase also return to their
original position, and no new diffraction peaks appear at the end of the discharge process,

implying the reversibility of structural changes that occurred during charging/discharging.
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Fig. 8. (a) Operando Synchrotron XRD pattern of NMNC-0.90 sample at different charge
states between 4.2 and 2.0 V during charging and discharging at 0.1C. Enlarged view of (al)
(002) peak of P2 and (003) peak of O3 showing phase transformation of O3 to P3 and change

in the c-lattice parameter. (a2) (100) & (102) peak of P2 and (101) peak of O3 showing the

change in the a-lattice parameter. (b) Corresponding GCD curve showing various states of

charge and discharge.

To quantify the variations in the lattice parameters of NMNC-x during charging/discharging,
LeBail refinement of operando Synchrotron XRD data at different voltages was performed.
The fitted patterns, difference curves, Bragg positions, and variation of a and c lattice
parameters during charging/discharging are given in Fig. 9 and Figs. S12 & S13. For NMNC-
0.80 & 1.00 (with dominant P2 and O3 phases, respectively), the change in the ¢ parameter

C4.2V—C2.0V
(AC = c—

X 100%) of the P2 phase remains negligible (~ —0.06%) during discharge

from 4.2 V to 2.0 V for both samples; however, the corresponding value of Ac for the O3 phase
is ~—1.57%. The value of change in lattice parameter a (Aa) during discharge is ~ +0.96% for
P2 in NMNC-0.80 and +0.89 % for the O3 phase in NMNC-1.00. As the P2/03 phase ratio

increases to ~ 0.85 for NMNC-0.90, the Ac during discharge increases to — 0.16% for the P2
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phase and approximately — 1.85% for the O3 phase, which is relatively higher compared to
NMNC-0.80 and NMNC-1.00. The value of change in lattice parameter a (Aa) during
discharge is ~ +1.15% and ~ +1.02% for the P2 and O3 phases, respectively. This increase in
the value of Ac suggests that when the P2 and O3 phases are present in similar proportions,
there is a significant mismatch in the levels of the strain developed in the P2 and O3 phases in
NMNC-0.90 particles during charge/discharge cycles. This mismatch in strain within the
particle ultimately damages the cathode during cycling, leading to inferior performance in
terms of capacity retention. In contrast, the introduction of a minor O3 phase in a P2-dominant
phase (as in NMNC-0.80) or vice versa (NMNC-1.00) resulted in an overall lesser mismatch
of strain during sodium extraction and insertion simply because these samples are dominated
by either phase. This allows the cathode to maintain its structural integrity and explains the

superior capacity retention of the NMNC-0.80 and NMNC-1.00 samples.
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Fig. 9. (a) LeBail fitted operando Synchrotron XRD data profiles at OCV ~ 2.5V, 4.2V, and
2.0 V for NMNC-0.90. Variation in lattice parameters of (b) P2 phase and (c) O3 phase

during charging/ discharging.

3.8. Ex-situ XPS

Ex-situ XPS studies were performed on the NMNC-0.80 and NMNC-1.00 cathodes at fully
charged and discharged states, and the results are depicted in Figs. S14 & S15. The Mn 2p
spectra of NMNC-0.80 and NMNC-1.00 showed that Mn maintained a 4+ oxidation state
throughout the charge/discharge process in the former, while Mn®*" oxidized to Mn*" during
charging in the latter (Fig. S14). After discharging to 2.0 V, Mn*" reduces partially back to
Mn3* [55, 71]. The analysis of Ni 2p spectra shows that when charged to 4.2 V, the Ni 2p peaks
shift slightly to a higher value of binding energy, indicating oxidation of Ni?* to Ni** during
charging in both NMNC-0.80 and NMNC-1.00 [55]. When discharged to 2.0 V, all the peaks
return to their original states. This validates the reversibility of all redox reactions, thereby

affirming the structural stability of NMNC-0.80 and NMNC-1.00 during cycling.

3.9.  Full cell performance

The electrochemical behaviour of a full cell fabricated with Naz.0oMno.soNio.30Cuo.1002 as the
cathode and hard carbon (HC) as the anode is depicted in Fig. 10(c). The hard carbon anode
was sodiated and de-sodiated in a half-cell configuration using Na metal as the counter
electrode. The sodiated HC was collected after de-crimping the coin-cell, and was then used in
the full cell. The specific capacity of the hard carbon obtained in 2" cycle was ~ 275 mAh g*
(Fig. 10(a)). The full cell exhibited a capacity of ~ 108 mAh g* (where, mass is of cathode &
anode active materials only) with a nominal voltage of ~ 3.4 V at 0.1C when cycled in the 1.75
V -4.0 V range. The full cell showed a capacity retention of ~ 80% after 50 cycles. The cycling

performance exhibited by the full cell is poor compared to that of the cathode in half cell and
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could be enhanced by balancing the active material mass loadings and stabilizing the solid

electrolyte interphase (SEI) layer through appropriate additives in the electrolyte.
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Fig. 10. The GCD curves of (a) hard carbon vs. Na metal, (b) Na1.00oMno.soNio.30Cuo.1002 Vs.
Na metal. (c) The 1st and 50th cycle GCD curves of full cell with NMNC-1.00 cathode and

HC anode at 0.1C. (d) Cycle performance of NMNC-1.00||HC full cell at 0.1C for 50 cycles.

Conclusions

In summary, biphasic P2/03 NaxMng.eoNio.30Cuo.1002 (0.80 < x < 1.00) series of cathode
materials with varying P2 and O3 phase fractions were synthesized by tuning the Na content
to investigate the effect of phase fraction on electrochemical performance. The coexistence of
P2 and O3 phases has been verified by the XRD patterns. Further, a peak intensity ratio method
is introduced to obtain an approximate value of the phase fractions, and the results match very
well with the quantitative Rietveld refinement of the XRD data. The O3 phase fraction
increases from 13% to 89% with an increase in Na content from 0.80 to 1.00. Interestingly,
there is a negligible change in the lattice parameter ¢ of the P2 phases during discharge (~
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0.06%) for all samples. On the contrary, the change in the lattice parameter ¢ of the O3 phase
increases from ~ 1.57% for NMNC-0.80 & 1.00 to ~ 1.85% for NMNC-0.90. Consequently,
the capacity retention at 1C for NMNC-0.90 is only 64% after 200 cycles, although it has a
higher rate capability (a reversible capacity of 100 mAh g* at 3C). This study establishes that
the presence of P2 & O3 phases in nearly equal amounts in the biphasic structures (NMNC-
0.90) is unable to alleviate the strain caused by the sodium extraction and insertion, resulting
in the damaged structure. The presence of a minor O3 phase in a P2 dominant material (NMNC-
0.80) or vice-versa (NMNC-1.00), on the other hand, limits the mismatch in levels of strain
during charging/discharging and stabilizes the structure. The NMNC-0.80 cathode material
exhibited superior rate capability (a reversible capacity of 103 mAh g at 3C) and better cyclic
stability (92% capacity retention after 200 cycles at 1C). The NMNC-1.00 cathode shows a
high specific capacity (188 mAh g* at 0.1C) and 91% capacity retention after 200 cycles at
1C. The full cell (NMNC-1.00 as cathode and hard carbon as the anode) exhibited a capacity
of ~ 108 mAh g with a nominal voltage of ~ 3.4 V at 0.1C. These results signify the role of
phase fractions in controlling the lattice mismatch in biphasic structures and provide a novel

perspective on tuning the phase fraction for high-performing cathodes for Na-ion batteries.
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The stoichiometric amounts of the precursors were calculated using the following chemical

reaction:

d Naan0_60Ni0.30Cu0_1002 + ByprOdUCtS

X
ZNa,COs + 0.3C,HsNiO,. 4H,0 + C4HsMnO,. 4H,0 + 0.1Cu(NO3),. 3H,0

The following table summarizes the exact amounts of precursors (in g) for varying x to obtain

10g of the final product:

Table S1. Exact precursor amount for varying x to obtain 10g of the final product.

X Na2COs CsHsNiO4.4H20  C4HsNiO4.4H20 Cu(NQOs3)2.3H20
0.80 3.9505 6.9563 13.7027 2.2513
0.85 4.1528 6.8824 13.5572 2.2272
0.90 4.3511 6.8104 13.4153 2.2040
0.95 4.5448 6.7396 13.2760 2.1812
1.00 4.7352 6.6704 13.1396 2.1588




Table S2. Fractions of different phases with varying calcination temperatures in NMNC-x

Composition NMNC-0.80 NMNC-0.90 NMNC-1.00
Calcination P3 P2 03 P3 p2 03 P3 P2 03
temperature
()
700 100 0 0 100 0 0 100 0 0
750 100 0 0 100 0 0 100 0 0
800 54+1 29+1 17+1 7+1 44+1 49+1 2412 0 762
850 0 94+1 6+1 0 62+2 38+2 0 18+2 82+2
900 0 86+2 1312 0 45+1 54+1 0 1142 89+2
950 0 7312 2712 0 11+1 89+1 0 0 100
1000 0 95+1 5+1 0 0 100 0 0 100




Tables S3-S7. Crystallographic parameters of biphasic NMNC-x obtained from Rietveld
refinement of room temperature XRD data.

S3: x=0.80

03 (Space Group: R3m)
Atom X Yy z Occupancy  Site

Nal 0O 0 172 0.80 3b
Mn/Ni/Cu_ 0 O 0 0.60/0.30/0.10 3a
©) 0 0 0.26 1.00 6¢c

P2 (Space Group : P6s/mmc)
Atom X Yy z Occupancy  Site

Nal 213 1/3 1/4 0.50 2d
Na2 0 0 1/4 0.30 2b
Mn/Ni/Cu 0 0 0 0.60/0.30/0.10 2a
O 2/3 1/3 0.09 1.00 4f

S4: x =0.85

03 (Space Group: R3m)
Atom X |y z Occupancy  Site

Nal 0O 0 172 0.85 3b
Mn/Ni/Cu 0 0 0 0.60/0.30/0.10 3a
©) 0 0 026 1.00 6c

P2 (Space Group : P6s/mmc)
Atom X Yy z Occupancy  Site

Nal 2/3 1/3 1/4 0.55 2d
Na2 0 0 1/4 0.30 2b
Mn/Ni/Cu 0 0 0 0.60/0.30/0.10 2a
0] 2/3 1/3 0.09 1.00 4f

S5: x=0.90

03 (Space Group: R3m)
Atom X Yy z Occupancy  Site

Nal 0 0 172 0.90 3b
Mn/Ni/Cu 0 0 0 0.60/0.30/0.10 3a
©) 0 0 026 1.00 6c

P2 (Space Group : P6s/mmc)
Atom X Y z Occupancy  Site

Nal 213 1/3 1/4 0.55 2d
Na2 0 0 1/4 0.35 2b
Mn/Ni/Cu 0 0 0 0.60/0.30/0.10 2a
0] 2/3 1/3 0.09 1.00 4f

S6: x=0.95

03 (Space Group: R3m)
Atom X Yy z Occupancy  Site

4



Nal 0O 0 12 0.95 3b
Mn/Ni/Cu 0 0 0 0.60/0.30/0.10 3a
o) 0 0 0.26 1.00 6C

P2 (Space Group : P63/mmc)

Atom X Y z Occupancy  Site
Nal 213 1/3 1/4 0.65 2d
Na2 0 0 1/4 0.30 2b

Mn/Ni/Cu 0 O 0 0.60/0.30/0.10 2a

O] 2/3 1/3 0.09 1.00 4f
S7:x=1.00
03 (Space Group: R3m)

Atom X y z Occupancy Site

Nal 0 0 12 1.00 3b
Mn/Ni/Cu 0 0 0 0.60/0.30/0.10 3a
0 0 0 0.26 1.00 6C
P2 (Space Group : P6s/mmc)

Atom X y z Occupancy  Site
Nal 213 13 14 0.70 2d
Na2 0 0 14 0.30 2b

Mn/Ni/Cu 0 0 0 0.60/0.30/0.10 2a

o) 2/13 1/3 0.09 1.00 4f




Table S8. The chemical compositions of the as-prepared samples were measured by

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

Nominal composition Calculated composition
Na/ Mn/ Ni/ Cu Na/ Mn/ Ni/ Cu

NMNC-0.80 0.80/ 0.60/ 0.30/ 0.10 0.791 /0.606 /0.296 /0.097
NMNC-0.85 0.85/0.60/0.30/0.10 0.839 /0.604 /0.294 /0.096
NMNC-0.90 0.90/0.60/0.30/0.10 0.892 /0.605 /0.298 /0.098
NMNC-0.95 0.95/0.60/0.30/0.10 0.937 /0.604 /0.297 /0.094
NMNC-1.00 1.00/0.60/0.30 /0.10 0.986 /0.603 /0.299 /0.098

Sample




Table S9. Comparison of specific capacity and cyclability for various biphasic cathode

materials for sodium-ion batteries.

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.736N1i0.264Mg0.1Mno 63602 [1] 1C
P2/03 89.6%, 100 cycles,
o 2045V 181
Nao.goLi0.13Nio.20F€0.10Mno5702 [2] 1C
P2/03 70%, 100 cycles,
o 1542V 160
Nao.67L10.15Ni0.18Mg0.02Mno 802 [3] 0.1C
P2/03 79.2%, 100 cycles,
_ _ 2243V 160
Nao.76Nio.33Mno s0F€0.10Ti0.0702 [4] 1C
P2/03 80.1%, 120 cycles,
_ _ 2043V | 1325
Lio2Nao.gNio.33Mno 6702 [5] 1C
Heterostructured coating of O3- 85.3%, 150 cycles,
_ _ 20-43V | 1414
NaNio.sMnos02 with P2-NazsMnO- [6] 1C
P2/03 80.6%, 200 cycles,
_ _ 2244V | 1266
Nao.ssNio.34Mno33Ti0.3302 [7] 1C
P2/03 81%, 100 cycles,
] 1542V 150
Nao.67Ni0.4C00.2Mno.402 [8] 0.1C
P2/03 92%, 200 cycles,
_ _ 2042V 147.6
Nao.soMno.eoNio.30Cuo.1002 (This work) 1C
P2/03 91%, 200 cycles,
_ _ 2042V | 1876
Na1.00Mno.60Ni0.30Cug.1002 (This work) 1C
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Fig. S1. Rietveld refinement profiles of XRD data for NMNC-x samples (a) x = 0.80 (inset
shows the presence of Na-ion vacancy ordering peaks at 27.2° and 28.4° marked by *), (b) x =
0.85, (c) x =0.95, and (d) x = 1.00 (inset shows the absence of Na-ion vacancy ordering peaks
at 27.2° and 28.4°). (e) Crystal structures of the O3 and P2 phases visualized along the c-axis

illustrating the Na-ion migration paths (represented by arrows) in the O3 phase through a

tetrahedron between adjacent octahedra and in the P2 phase directly into the adjacent prisms.
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Fig. S2. Relation between the phase percentage calculated by the Rietveld refinement method
(black) and that estimated by the intensity method (red) for the P2 and O3 phases.
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Fig. S3. Fourier transformation of the EXAFS spectra along with the fitting profiles (fitting
range of 1-3.8 A) of (a) NMNC-0.80 and (b) NMNC-1.00 at the Mn K-edge.
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Fig. S4. (a-f) Elemental mapping of NMNC-0.90 indicating uniform distribution of constituent
elements (Na, Mn, Ni, Cu, and O).
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Fig. S5. XANES spectra at (a) Mn K-edge (inset shows an enlarged view) and (b) Ni K-edge of
NMNC-0.80 & NMNC-1.00.
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Fig. S6. dQ/dV vs. V plots of (a) NMNC-0.80, (b) NMNC-0.85, () NMNC-0.90, (d) NMNC-
0.95, and (€) NMNC-1.00.
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Fig. S7. The first charge-discharge cycle of (a) NMNC-0.80, (b) NMNC-0.85, (c) NMNC-0.90,
(d) NMNC-0.95, and (e) NMNC-1.00 at 0.1C.

14



41 749
< ]
Z Z
=3 3 31
Z Z
%] %]
3 3
S0l S0l
S S
° S
> T T T T T T T > T T T T T T T
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Specific Capacity (mAh g™') Specific Capacity (mAh g™)
—~ -(C)
= 4 —x=10.90
Z
=3
Z
4,
2
Sl
3
°
> T T

0 30 60 9 120 150 180
Specific Capacity (mAh g™)

=4 249 =100

z Z

& 3- = 3-

4 Z

g. 24 é 24

2 S

$014 S01

S S

S S

> T T T 3 T T T > 5 T T T T T T

0 30 60 90 120 150 180 0 30 60 90 120 150 180
Specific Capacity (mAh g™) Specific Capacity (mAh g™)

Fig. S8. The energy efficiency curves of (a) NMNC-0.80, (b) NMNC-0.85, (c) NMNC-0.90,

(d) NMNC-0.95, and (e) NMNC-1.00 at 0.1C.
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Fig. S9. GITT profile of (a) NMNC-0.85 and (b) NMNC-0.95 electrode along with diffusion
coefficient of Na* at different stages during charge-discharge.
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Fig. S10. (a) Operando Synchrotron XRD pattern of NMNC-0.80 sample at different states of

charge between 4.2 and 2.0 V during charging and discharging at 0.1C. (al) Enlarged view of

(002) peak of P2 and (003) peak of (003) showing phase transformation of O3 to P3 and
change in c-lattice parameter. (b) Corresponding GCD curve showing various states of charge

and discharge.
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Fig. S11. (a) Operando Synchrotron XRD pattern of NMNC-1.00 sample at different states of
charge between 4.2 and 2.0 V during charging and discharging at 0.1C. (al) Enlarged view of
(002) peak of P2 and (003) peak of (003) showing phase transformation of O3 to P3 and
change in the c-lattice parameter. (b) Corresponding GCD curve showing various states of

charge and discharge.
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Fig. S12. (a) LeBail fitted profiles of operando Synchrotron XRD data at OCV ~ 2.6 V, 4.2V,
and 2.0 V for NMNC-0.80. Variation in lattice parameters of (b) P2 phase and (c) O3 phase

during charging/ discharging.
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Fig. S13. (a) LeBail fitted profiles of operando Synchrotron XRD data at OCV ~ 2.5V, 4.2V,
and 2.0 V for NMNC-1.00. Variation in lattice parameters of (b) P2 phase and (c) O3 phase
during charging/ discharging.
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Fig. S14. Mn 2p spectra of (a) NMNC-0.80 and (b) NMNC-1.00 for Pristine, fully charged (4.2
V ch.), and fully discharged states (2.0 V dis.).
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Fig. S15. Ni 2p spectra of (a) NMNC-0.80 and (b) NMNC-1.00 for Pristine, fully charged (4.2
V ch.), and fully discharged (2.0 V dis.) states.

22



References:

[1] L. Zhang, C. Guan, J. Zheng, H. Li, S. Li, S. Li, Y. Lai, Z. Zhang, Rational design of intergrowth P2/03
biphasic layered structure with reversible anionic redox chemistry and structural evolution for Na-ions
batteries, Science Bulletin 68(2) (2023) 180-191.
https://doi.org/https://doi.org/10.1016/j.scib.2023.01.010.

[2] J. Feng, D. Fang, Z. Yang, J. Zhong, C. Zheng, Z. Wei, J. Li, A novel P2/03 composite cathode toward
synergistic electrochemical optimization for sodium ion batteries, J. Power Sources 553 (2023) 232292.
https://doi.org/https://doi.org/10.1016/j.jpowsour.2022.232292.

[3]Y. Ding, S. Wang, Y. Sun, Q. Liu, Q. An, H. Guo, Layered cathode-Nao s7Lio.15Nio.18Mg0.02Mno 0, with
P2/03 hybrid phase for high-performance Na-ion batteries, J. Alloys Compd. 939 (2023) 168780.
https://doi.org/https://doi.org/10.1016/j.jallcom.2023.168780.

[4] Z. Cheng, X.-Y. Fan, L. Yu, W. Hua, Y.-J. Guo, Y.-H. Feng, F.-D. Ji, M. Liu, Y.-X. Yin, X. Han, Y.-G. Guo, P.-F.
Wang, A Rational Biphasic Tailoring Strategy Enabling High-Performance Layered Cathodes for Sodium-
lon Batteries, Angew. Chem. Int. Ed. 61(19) (2022) e202117728.
https://doi.org/https://doi.org/10.1002/anie.202117728.

[5] J. Feng, S.-h. Luo, J. Cong, K. Li, S. Yan, Q. Wang, Y. Zhang, X. Liu, X. Lei, P.-q. Hou, Synthesis and
electrochemical properties of Co-free P2/03 biphasic Na1.«LixNio.33Mno 670, cathode material for
sodium-ion batteries, J. Electroanal. Chem. 916 (2022) 116378.
https://doi.org/https://doi.org/10.1016/j.jelechem.2022.116378.

[6] X. Liang, T.-Y. Yu, H.-H. Ryu, Y.-K. Sun, Hierarchical O3/P2 heterostructured cathode materials for
advanced sodium-ion batteries, Energy Storage Mater. 47 (2022) 515-525.
https://doi.org/https://doi.org/10.1016/j.ensm.2022.02.043.

[7] L. Yu, Z. Cheng, K. Xu, Y.-X. Chang, Y.-H. Feng, D. Si, M. Liu, P.-F. Wang, S. Xu, Interlocking biphasic
chemistry for high-voltage P2/03 sodium layered oxide cathode, Energy Storage Mater. 50 (2022) 730-
739. https://doi.org/https://doi.org/10.1016/j.ensm.2022.06.012.

[8] X. Sun, X.-Y. Ji, H.-Y. Xu, C.-Y. Zhang, Y. Shao, Y. Zang, C.-H. Chen, Sodium insertion cathode material
Nao.67[Nio.4C002Mng 4]0, with excellent electrochemical properties, Electrochim. Acta 208 (2016) 142-
147. https://doi.org/https://doi.org/10.1016/j.electacta.2016.04.067.

23


https://doi.org/https:/doi.org/10.1016/j.scib.2023.01.010
https://doi.org/https:/doi.org/10.1016/j.jpowsour.2022.232292
https://doi.org/https:/doi.org/10.1016/j.jallcom.2023.168780
https://doi.org/https:/doi.org/10.1002/anie.202117728
https://doi.org/https:/doi.org/10.1016/j.jelechem.2022.116378
https://doi.org/https:/doi.org/10.1016/j.ensm.2022.02.043
https://doi.org/https:/doi.org/10.1016/j.ensm.2022.06.012
https://doi.org/https:/doi.org/10.1016/j.electacta.2016.04.067

