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Abstract

Layered oxide materials are often regarded as prospective positive electrodes for Na-ion
batteries owing to their superior electrochemical properties and facile synthesis. In this work,
a high-Na content P3-type cathode (NaMnosNio3Cuo.102; P3-NMNC) was prepared by the
sol-gel technique. These materials exhibited excellent rate performance and specific capacity
(discharge specific capacity at 3C being 77% of that at 0.1C). Even at 10C, the cells retained
~ 45 mAh g*. The P3-NMNC half-cells were cycled between two voltage ranges, 2.0 — 4.0 V
and 2.0 — 4.2 V, among which the former exhibited an 83% capacity retention after 200
cycles, which was vastly superior to the latter, where the degradation in the capacity dropped
below 80% in just 75 cycles. The dQ/dV vs. V plots revealed an irreversible peak above 4.0
V during the first desodiation process, which is attributed to an irreversible anionic redox
leading to poor cyclability. Operando Synchrotron X-ray diffraction studies revealed a
reversible P3 <« P3' < O3 transformation in NMNC during sodiation-desodiation. The
repeated P3' «» O3 transformations resulted in strain due to changes in lattice parameters
causing capacity degradation. The D+, was determined using the galvanostatic intermittent
titration technique in the order of 102 to 107° cm? s®. These results underscore the
importance of the scarcely explored high Na-content P3-type layered oxide cathodes towards

the advancement of Na-ion batteries.
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1. INTRODUCTION

Lithium-ion batteries (LIBs) are highly sought after as energy storage solutions across
various applications, including power electronics and electric vehicles, owing to their
impressive energy density. However, the rapid adoption of LIB technology raises concerns
about the availability of essential metals such as Li and Co for fabricating LIB cells.™ ? Given
their lower cost and abundance of sodium deposits, Na-ion batteries (NIBs) have emerged as
a viable replacement for LIBs.>® As cathode material contributes largely towards the energy
density of cells significant efforts are made to explore optimal cathode materials that exhibit

better electrochemical performance.’?

Sodium-based layered oxides (NaxTMO>) stand out as a highly promising and versatile group
of materials as positive electrodes in NIBs. Here, TM denotes one or more redox—active 3d
transition metals and smaller amounts of redox-inactive elements like Mg or Al, typically
incorporated to fine-tune material properties.™®>*” The structural configuration of these
materials is primarily governed by the interlayer electrostatic repulsion between TM-Og and
Na-Oe units. NaxTMO: layered oxides are classified into four distinct categories: 02, O3, P2,
and P3. This is based on the coordination environment of Na ions (P stands for prismatic, and

O denotes octahedral) and the number of repeating TM layers in one unit cell.*® 1°

P2-type Nao.s7Nio.33Mno.6702 and O3-type NaNiosMnosO2 are among the various extensively
studied layered oxide materials. The P2 phase is recognized for its superior rate capability
over the O3 phase due to its more open framework. Since the cathode acts as the source of
Na-ions during full-cell operation, the adoption of P2-type materials in full cells is hampered

by their limited Na content. On the other hand, O3-type NaNiosMnos02 have a higher Na



content and are hence feasible for practical applications. However, they suffer from slow Na*

diffusion and poor cyclic performance, especially at voltages beyond 4 V.20-?7

Recently, considerable research has focused on the P3-type layered oxides as potential
cathodes for NIBs because of their high discharge capacity and relatively simple synthesis
process.?®30 For instance, Guo et al. synthesized a P3-type Nao s3Tio.37Cro6302 cathode, which
reportedly retained 84% of its initial specific capacity (82 mAh g) after 400 cycles at 1C.
However, the study also highlights the consequence of the low Na content in layered oxide
materials which led to a low specific discharge capacity in the NaoesTio37Cro6302 cathode.®
Several other strategies have also been explored to enhance the electrochemical properties of
P3-type cathodes such as utilizing a reversible lattice oxygen redox along with Mn3*/Mn**
redox reaction to deliver a higher discharge capacity.® In a different study, Hou et al.
designed a compositionally graded P3-type Naos[Nio.216Mno.784]O2 cathode material
exhibiting specific capacities as high as 164.5 mAh g* at 0.1C while retaining 72.9% after
400 cycles at 1C.* Zou et al. have shown that the utilization of CIO4~ anion present in the
electrolyte in the electrochemical processes leads to a notable enhancement in the
electrochemical performance of P3-NaosNio2sMno7s02.3* The development of multiphasic

P3-based materials has further improved the electrochemical properties of NIB cathodes. 3%

Nevertheless, it is crucial to further enhance the specific capacities of these materials with
low initial Na content. P3-type cathodes with increased Na content have been reported by
adjusting their composition. Risthaus et al. reported a P3 type Nao.gNiosMnos02 cathode with
a high Na content exhibiting 140 mAh g at 0.1C. A lowered Na* diffusion barrier between
trigonal prismatic Na sites resulted in high cycle stability and rate capability, making it more
suitable for practical applications.*® Other studies have reported higher specific capacities in

P3-Nao.gFeosMnos02* , P3-Nao.7sMgo.06C00.10Ni02Mno.6002 42 and Nag sNio.3Mng702 %3,



This study reports the electrochemical properties of a monophasic high Na content P3-type
NaMnosNio3Cuo.102 (P3-NMNC) cathode material. Manganese and nickel-based materials
typically exhibit superior specific discharge capacity and rate capability, rendering them as
attractive candidates for cathode material selection.? 2 The Ni?*/Ni*" redox process
demonstrates significant specific capacity, while the electrochemically inert Mn** contributes
to structural stability. Additionally, incorporating copper ions within the TM layers makes the
layered oxides moisture stable and enhances their nominal voltage and cyclability. Recent
progress in the Nax(Mn-Ni—Cu)O- based layered oxides has showcased ~ 120 mAh g with
a nominal voltage of around 3.4 V and an impressive cyclability after 500 cycles at 1C.4+47 A
systematic evaluation of the electrochemical properties of P3-NMNC in different voltage
ranges demonstrates better cyclic stability in the 2.0 — 4.0 V range compared to the 2.0 — 4.2
V range. The correlation between cyclability and structural changes of the P3-NMNC are
further investigated by operando Synchrotron X-ray diffraction (SXRD) measurements,
which reveal a P3 <« P3' <« O3 transformation during charge/discharge. These findings
demonstrate the potential of the P3 phase with high Na content in driving the advancement of

layered oxides for sodium-ion batteries.

2. MATERIALS AND METHODS

2.1. Material Synthesis

The NaMnosNio3Cuo102 with P3 phase structure was prepared via. a conventional sol-gel
method. Na2COz (SRL, 99.9%), C4HsMnO4.4H20 (Sigma Aldrich, > 99%), C4sHsNiO4.4H20
(Sigma Aldrich, 98%), and Cu(NOz3)3.3H20 (Thermo Fisher, 99%) were dissolved in
deionized water along with appropriate amounts of CgHgO7 (citric acid) and C:HsO2
(ethylene glycol). The solution was heated to obtain gel, which was dried and heat treated at

550 °C. The resulting powder was calcined in air at 700 °C to produce the required product.



2.2. Structural Characterization

Inductively coupled plasma mass spectrometry (ICP-MS) was performed using an Agilent
Model- 7850 LC-ICP-MS. X-ray diffraction (XRD) data was obtained from an Empyrean
diffractometer (Malvern Panalytical), utilizing Cu-Ka radiation. The diffraction data was
analyzed using TOPAS Academic (version 6) software to calculate the crystallographic
parameters.*® The crystallographic structure of the cathode materials was studied using X-ray
absorption fine structure spectroscopy (EXAFS), which was carried out at the Indus—2
synchrotron source at the Raja Ramanna Centre for Advanced Technology (RRCAT) in
India. Microstructural analysis of the materials was carried out with the help of a JEOL-7610
field emission scanning electron microscope. A Thermofisher Scientific Naxsa base
instrument, using an Al Ka X-ray source, was employed to obtain the Mn 2p, Ni 2p, and Cu

2p X-ray photoelectron spectra (XPS) of the cathode samples.

2.3. Coin cell fabrication

CR2032 half cells were prepared using P3-NMNC as the working electrode. The electrolyte
consisted of 1M NaClOs in a 1:1 volume ratio of ethylene carbonate (EC) and propylene
carbonate (PC). The cathodes prepared contained the active material, PVDF binder, and
Ketjen black in an 80:10:10 weight ratio. The active material loading of the cathode discs

varied between 2 — 3 mg cm 2.

2.4. Electrochemical studies

Keithley source meter unit (Model 2450-EC) was used to perform cyclic voltammetric tests
(CV) at a scan rate of 0.1 mV s™*. Other electrical experiments, such as Galvanostatic charge-
discharge (GCD) testing and galvanostatic intermittent titration technique (GITT), were

conducted using a Neware Battery Tester (Model no. CT-4008 T). Impedance measurements



on the P3-NMNC coin cells were conducted by applying an AC signal of 10 mV using an NF
corp. LCR meter (model: ZM 2376) over a frequency range of 100 mHz to 1 MHz. Operando
studies investigating phase transformations during electrochemical cycling were conducted
using a synchrotron X-ray diffraction facility at Indus-2 (RRCAT). The X-ray diffraction

utilized a beam with a wavelength of 0.6645 A and an energy of 2.5 GeV.
3. RESULTS AND DISCUSSION
3.1. Structural characteristics

The composition of the P3 NaMn0.6Ni0.3Cu0.102 sample was confirmed using Inductively
coupled plasma mass spectroscopy (ICP-MS), and the overall composition of the sample was
Nao.988Mno 586Ni0.305CU0.10802. The crystal structure of the NaMnosNio3Cuo.102 sample was
analyzed using powder X-ray diffraction, and the corresponding room temperature (RT) XRD
pattern is shown in Figure 1(a). The distinction between the O3 phase and P3 phase is
primarily made by evaluating the ratio of the peak intensities between (104) and (015) peaks,
given that both the phases have hexagonal symmetries, making peak positions
indistinguishable (though the ¢ parameters for O3 phase is lesser than that of P3). The P3
phase typically manifests a stronger (015) peak compared to the (104) peak in the XRD
pattern, whereas the peak intensity ratio of the (015) to the (104) peaks is < 1 for the O3
phase.*® 50 As is evidenced by Figure 1(a), the I,;s is significantly higher than I,

suggesting that the NMNC sample is crystallized with a P3 structure.

Further, Rietveld refinement on the XRD data was carried out, and all the peaks were well
fitted by the hexagonal P3 phase having the R3m space group without any impurities. The
calculated curve closely matches the experimental data with good reliability (Rwp = 3.84 and
v> = 1.39). The crystallographic parameters a and ¢ are 2.8865 + 0.0003 A and 16.7697 *

0.0001 A, respectively, with a unit cell volume of 121.003 + 0.004 A3. The detailed



refinement parameters are given in Table 1. Figure 1(a) inset provides a schematic illustration

of the P3 crystal structure generated through VESTA.%!
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Figure 1. (a) Rietveld refinement profile of RT XRD data for P3-NMNC (inset shows the
schematic of the P3 crystal structure). (b) Fourier transformation of the EXAFS spectrum

along with the fitting profiles (fitting range of 1-3.8 A) of P3-NMNC at the Mn K—edge.

Table 1. Crystallographic report of P3-NMNC obtained from the Rietveld refinement of RT

XRD data.

Atom X Yy z Occupancy  Site

Na 0 0 017 1.00 3a




Mn/Ni/Cu 0 O 0 0.60/0.30/0.10 3a

o1 0 0 0.39 1.00 3a

02 0 0 061 1.00 3a

The extended X-ray absorption fine structure (EXAFS) data was analyzed at the Mn K—edge
to investigate further the local environment around Mn-ions in the P3-NMNC material
(Figure 1(b)). The Fourier transforms depict distinct peaks corresponding to TM-O and TM-
TM coordination. The TM-O bond length obtained from the fitting aligns closely with that

determined from the refinement of XRD data.

The microstructure of the P3-NMNC sample was probed using FESEM (Figure 2), and a
predominance of spheroid particles of average size 291 = 5 nm (standard deviation) is
observed. A cathode material having smaller particles and less agglomeration facilitates a
reduced Na-ion diffusion path compared to larger, densely agglomerated particles. Cathodes
with small particles are expected to demonstrate higher specific capacities at elevated
discharge rates, as Na-ions' movement in solid electrodes is the rate-limiting factor in Na-ion
cells. While less noticeable at low discharge rates (~ 0.1 C), particle sizes become decisive in
determining the achievable specific capacity at high C rates. The elemental mappings of P3-
NMNC, depicted in Figure 2 (b1-b6), illustrate no segregation of constituent elements in the

sample.
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Figure 2. (a, b) SEM images of P3-NMNC. (b1-b6) Elemental mapping of P3-NMNC

showing the distribution of constituent elements (Na, Mn, Ni, Cu, and O).

The oxidation states of Mn, Ni, and Cu in the P3-NMNC sample were confirmed using X-ray
Photoelectron Spectroscopy (XPS), and Figure 3(a) displays the obtained spectra for Cu 2p,
Mn 2p, and Ni 2p. The Mn 2p spectrum displays four peaks: ~ 641.8 eV and ~ 653.2 eV
corresponding to Mn®*" and ~ 643.2 eV and ~ 654.7 eV associated with Mn**. This indicated
that both Mn®* and Mn*" coexist in P3-NMNC.>> 5 In the Ni 2p spectrum, peaks
corresponding to Ni 2p3/2 (~ 855 eV) and Ni 2p12 (~ 872 eV), along with their satellite peaks,
confirm the presence of Ni in the 2+ oxidation state.>> ° The peaks at ~ 933 eV and ~ 953 eV
in the Cu 2p spectrum correspond to Cu 2ps. and Cu 2pu2, respectively, indicating that Cu

also has a 2+ oxidation state in the material.>% %3
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Figure 3. (a) XPS spectra of P3-NMNC sample. (b) XANES spectra at Mn K-edge of P3-

NMNC.

The X-ray absorption near-edge structure (XANES) spectrum for P3-NMNC at the Mn K-
edge is shown in Figure 3(b). The main peak in the Mn K-edge spectrum for NMNC lies
between those for Mn2Oz and MnOa. This further confirms the co-existence of Mn®* and

Mn*" in the sample.

3.2. Electrochemical Properties



The cyclic voltammetry (CV) analysis was done on the P3-NMNC cathode between 2.0 — 4.0
V and 2.0 — 4.2 V at a rate of 0.1 mV s, and the CV curves are illustrated in Figure 4. Three
distinct redox couples are identified at approximately 3.27/3.15 V, 3.35/3.23 V, and 3.69/3.53

V, as indicated by the labeled regions in Figure 4(a and b).** 5455
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Figure 4. Cyclic voltammograms of P3-NMNC in the voltage range of (a) 2.0 — 4.0 V and (b)

2.0-4.2 V atascan rate of 0.1 mV s

These peaks significantly contribute to the overall capacity of the electrode material. Further,
the low-intensity redox peaks at around 2.60/2.38 V are associated with the Mn®**/Mn** redox
reaction.®® 57 For the electrode cycled in a wider voltage window of 2.0 — 4.2 V, peaks
observed above 4 V can be attributed to various phase transformations, as reported in

literature.>6-5



The electrochemical performance of P3-NMNC was investigated by conducting galvanostatic
charge-discharge (GCD) tests at multiple current densities and in two voltage ranges of 2.0 —
4.0V and 2.0 — 4.2 V. These two distinct upper cut-off voltages were chosen to examine the
impact of phase transformations in the 4.0 — 4.2 V range on the electrochemical properties of
P3-NMNC. The initial charge-discharge curve for P-NMNC at 0.1 C (Figure 5(a)) displays a
plateau around 4.1 V during charging, while no such plateau is evident during discharging.
Figure 5(b) presents the differential capacity versus voltage (dQ/dV vs. V) plot of first cycle
for P3-NMNC cycled between 2.0 to 4.0 V. This plot reveals reversible peaks with
oxidation/reduction occurring at 3.23/3.16 V, 3.31/3.25 V, and 3.64/3.56 V, aligning with
results from CV analysis. On expanding the voltage range to 2.0 — 4.2 V, an additional
oxidation peak at 4.1 V without a corresponding reduction peak appears in the dQ/dV vs. V
plot (Figure 5(c)). Moreover, the intensity of this peak diminishes with cycling, as
highlighted by the 2" cycle differential capacity versus voltage (Figure 5(c) inset),
contributing to the capacity fade observed with cyclability. As no transition metal in P3-
NMNC exhibits redox activity at ~ 4.1 V, this feature likely arises from an unconventional
anionic redox process and repeated phase transformations at elevated voltages.>®% There are
several studies probing the nature of anionic redox in layered oxides.® Upon charging,
oxygen evolution is attributed to the activity of peroxo-related %2 and superoxo-related ©
species. The formation of superoxo-related species is particularly significant, as they are
expected to react with propylene carbonate (PC) in the electrolyte, resulting in the formation
of parasitic products arising from the breakdown of the solvent.®? An irreversible O
evolution observed during the initial charge is reported to be due to the instability of these

superoxo-related species.5
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Figure 5. (a) The first charge-discharge cycle of P3-NMNC in the 2.0 - 4.0 V and 2.0 - 4.2

V ranges. First cycle dQ/dV vs. V plots of P3-NMNC in (b) 2.0 -4.0Vand (c) 2.0-4.2V

range (insets show the dQ/dV vs. V plots of the second cycle).

Figure 6 shows the specific capacity & rate performance at various C rates and the cyclability

of the P3-NMNC cathode in the two different voltage ranges. Figure 6(a) shows that at 0.1C,

the P3-NMNC exhibits discharge specific capacities of 133 mAh g%, which declines to 124

mAh g (0.5C) and 120 mAh g* (1C) when cycled in the voltage range of 2.0 — 4.0 V.

Increasing the upper cut-off voltage to 4.2 V (Figure 6(b)), the specific capacity increases to



146 mAh g1, with values of 129 mAh g and 125 mAh g ! at a discharge rate of 0.5C and

1C, respectively. The voltage plateaus in the GCD profiles align with the peaks observed in

the CV and dQ/dV vs. V curves. Table 2 compares the reported specific capacities of various

layered oxide cathodes with P3-type structures at 0.1C.

Table 2. Comparison of discharge specific capacity of various layered oxides with P3-type

structures.

Voltage Specific Rate Capacity
) Range Capacity at  performance retention,
Material )
(V) vs. 0.1C (relativeto  cycles, C
Na*/Na (mAh g?) 0.1C) rate
. 60%, 500
Naz/sNi1sMng302 2.5-4.15 86.2 52 % at 20C
cycles, 1C
58%, 200
Nao.46Ni0.21C00.11Mno 6602 % 21-43 135 54% at 5C cycles,
0.1C
76%, 50
Nao.sMno.5C00.25Nio.2502 ¢ 15-3.6 118 — cycles,
0.1C
_ 70%, 350
Nao.s7Mno.67Nio.3302 2° 20-41 90 -
cycles, 1C
_ 66%, 100
Naz/3Ni1aMg112Mnz30; %8 20-44 125 48% at 20C
cycles, 1C
_ _ 47%, 300
Nao 67Nio.3CU0.03MnosTio0702 %  2.5-4.25 110 45% at 5C
cycles, 1C
_ 47% at 1000  62%, 50
Naos7Nio.24ZnoosMnos7O2 @ 2.0 —4.25 127
mA g cycles, 1C
) 87% at 100  83%, 100
Nao.67Nio.33Mno637Zr0.033502 > 2.0 - 4.0 90
mA gt cycles, 1C
NaMno sNio.3Cuo.1O2 (This 83%, 200
2.0-4.0 133 52% at 5C
work) cycles, 1C




NaMng sNio.3Cug.102 (This 74%, 100
20-4.2 146 53 % at 5C
work) cycles, 1C
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Figure 6. Galvanostatic charge-discharge curves of P3-NMNC in (a) 2.0 — 4.0 V and (b) 2.0
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V and (d) 2.0 — 4.2 V range at 0.1C. (e) Rate capability of the P3-NMNC sample. (f) Cyclic

stability and coulombic efficiency of P3-NMNC at 1C.

Further, Figure 6(c and d) demonstrates the energy efficiency of the P3-NMNC cathode
cycled in different voltage ranges (2.0 — 4.0 V and 2.0 — 4.2 V) at 0.1C. The region under the
discharge curve (shaded part) represents the energy retrieved during discharge compared to
the total energy input during charging (i.e., the area under the charging curve). The energy
efficiency values for P3-NMNC cycled with upper cut-off voltages of 4.0V and 4.2V are 92%

and 90%, respectively.

Figure 6(e) illustrates the rate capability of P3-NMNC samples charged to different voltages
at various C rates from 0.1C to 10C. Increasing the discharge rate results in a decrease in
discharge capacity across all samples. Nevertheless, when the discharge rate is reduced, all
samples return to their initial discharge capacities, indicating reversible capacity loss with an
increased C rate. Even at a discharge rate of 3C, the P3-NMNC demonstrates a discharge
specific capacity of approximately 107 mAh g%, representing ~ 87% of the capacity observed
at 1C. Increasing the C rate further to 10C leads to a significant decrease in the specific
capacity (~ 45 mAh g1). As expected, the specific capacities are higher at all discharge rates

when the cells are tested in the wider 2.0 — 4.2 V voltage range.

The cyclability of P3-NMNC samples was tested at 1C and 3C between 2.0 - 4.0V & 2.0 -
4.2 V, and the results are shown in Figures 6(f) and S1. The P3-NMNC-4.0V and P3-NMNC-
4.2V cathodes retained ~ 80% of the initial discharge capacity after 200 & 75 cycles,
respectively, with a coulombic efficiency of > 99%. Even at 3C, the cathodes retained ~ 82%
(P3-NMNC-4.0V) and ~ 50% (P3-NMNC-4.2V) of their initial discharge capacities after 400
cycles (Figure S1). The cyclability data indicates that the cathode cycled up to 4.0 V retains

higher capacity than P3-NMNC-4.2V. These results suggest that transformations occurring at



voltage values above 4.0 V degrade the cyclability. The influence of various transformations
occurring beyond 4.0 V during charge-discharge on the cyclic stability is further discussed in

the operando Synchrotron XRD section.

The Na* diffusion dynamics in P3-NMNC cathodes upon desodiation/sodiation in different
voltage ranges were probed by the galvanostatic intermittent titration technique (GITT), the
results of which are illustrated in Figure 7. In this study, the cells underwent two cycles of
charge and discharge prior to GITT measurements. A single unit in GITT involves the
application of constant current for 10 minutes and a 30-minute relaxation period to attain a
pseudo-equilibrium state. The Sodium-ion diffusion coefficient (D,,+) in the cathode

materials is determined using Equation (1) 72,

4

Dygr = = () ()" (z 12/ D) (1)

T \ MBS AE;

where, T represents the duration of the single constant current pulse, mg corresponds to the
active material mass loading, V,,, & My denote the volume and mass of a single formula unit
cell (FUC) of the cathode, and S is the surface area of the punched electrode. AEg and AE,
refer to equilibrium-state voltage and the change in the voltage during the constant current

pulse, respectively. Figure 7(c) illustrates one GITT unit showing all these elements.
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Figure 7. GITT profile of P3-NMNC in (a) 2.0 - 4.0 V and (b) 2.0 — 4.2 V range and the

D+ at different states of charge. (c) One titration unit in GITT.

From Figure 7(a and b), it is evident that the diffusion coefficient drops at elevated voltages
during charging due to fewer Na*, suggesting a slower electrochemical process at these
voltage levels. Similarly, as the cathode is fully laden with Na-ions during discharge, the
diffusion coefficient decreases. D+ values for P3-NMNC are between 6.15 x 102 to 3.38

x 10 cm? st and 3.46 x 1072 to 2.18 x 101% cm? s* for voltage cut-off of 4.0 V and 4.2 V,



respectively. The slightly lower diffusion coefficients observed in the sample cycled between

2.0 — 4.2 V could be due to the incidence of multiple phase transitions.

3.3. Operando SXRD

Analyses on the structural transformations occurring in P3-NMNC during cycling were
conducted using operando Synchrotron XRD measurements. Figure 8(a) displays the XRD
patterns during the first charge/discharge cycle at 0.1C, and the corresponding GCD curve is
depicted in Figure 8(b). During the first desodiation process (up to ~ 3.61 V, Figure 8(al)),
the (003) and (006) peaks shift towards lower 26 values caused by the movement of the
transition metal layers to minimize the electrostatic repulsion. Nevertheless, all distinctive
peaks of the P3 phase are observed without the emergence of any additional peaks.
Additionally, the ratio of (104)/(015) is < 1, indicating the absence of any P3 — O3 phase
transformation during this process. The (101) and (012) peaks of the P3 phase shift to higher
values of 260, suggesting a reduction in the lattice parameter a of the P3 phase (Figure 8(a2)).
Upon charging to ~ 4.05 V (Figure 8(b)), the P3 phase converts into a metastable P3' phase,
which is highly reversible and causes only slight changes in lattice parameters, indicated by
subtle shifts in peak positions.*? In the P3" phase, all Na-ions occupy one prismatic site, which
is surrounded by TMOs octahedra sharing a face on one side and edges on the other 3. It is
believed that the in-plane distortion in P3'-type compounds is less pronounced than that of
distortions such as the O3’ phase, making the P3" phase more stable than the monoclinic

distortion of the O3 phase.®

On charging the cell to voltages > 4.1 V, the intensity of the (104) peak increases,
accompanied by a decrease in I,;5. This shift causes the ratio of (104)/(015) to become > 1,

suggesting the appearance of an O3 phase (Figure 8(a3, a4)).3240. 7



(b)

(@)

Al

Al

4

3

Voltage (V)

26 282

24

22

=
2
&p
=
Kool
- D
ol
e~ |
| &
y—
| -
,Sammwﬂ?

7\\ 1

('nv) Ksudyug

(ﬂ4)l

('n°p) KHsudnuy

19.6 21.0

19.6 21.0

8.0

1

17.1

7.8

7.2

20 (degrees)

NMNC sample at various states of charge

Figure 8. (a) Operando SXRD patterns of P3

(SOC) between 4.2 and 2.0 V during the first cycle charge/discharge cycle at 0.1C. Magnified

view of (al) (003) peak of P3, (a2) (101) & (012) peaks of P3, (a3, a4) (104) & (015) peaks

of P3. (b) The corresponding GCD curve shows different SOCs during operando

measurements.

During discharge to 2.0 V, the O3 phase transforms to the initial P3 phase via the P3' at ~ 3.4

V. At the end of the first discharge, all the peaks revert to their primary positions without the

emergence of any new diffraction peaks, signifying a reversible P3 < P3" < 03

transformation during charge/discharge.



While the emergence of an O3 phase above 4.1 V compels Na-ions to migrate through
smaller tetrahedra, impacting rate performance, its direct influence on cyclability is limited.
However, factors such as irreversible anionic redox activity at higher voltages leading to
vacancy defects could significantly compromise the cyclability of the P3-NMNC cathode
when cycled beyond 4.0 V. Additionally, changes in lattice parameters during repeated P3' <
03 transformation generate strain; which damage the structural integrity of particles and the

cathode membrane, further degrading the cyclic performance.

Electrochemical impedance spectroscopy (EIS) was done on fresh & cycled cells in the
discharged state (discharged to 2.0 V) employing the P3-NMNC cathode materials. Figure S2
displays the RT Nyquist plots of the cells and the equivalent circuit (Figure S2a inset) for
modeling the impedance data. In the equivalent circuit, R1 represents electrolyte resistance; (R2||
CPEl) & (R3||CPE2) denote the contribution of electrodes-electrolyte interphase layer & charge
transfer resistance, and CPE3 corresponds to the ion-diffusion in P3-NMNC. The overall cell
resistances of both fresh cells are ~ 95 Q. A comparison of the cell resistances obtained from
equivalent circuit fitting reveals an increase in overall cell resistance for both cells after
cycling. The overall resistance of cycled P3-NMNC-4.0 V is ~ 350 Q, while that of P3-
NMNC-4.2 V is ~ 500 Q, confirming that the increase in cell resistance is much higher when
the cell is charged/discharged in the wider range of 2.0 — 4.2 V. These findings further

confirm the subpar performance of the P3-NMNC cathode when cycled beyond 4.0 V.

4. CONCLUSIONS

In summary, a monophasic P3-type NaMnosNio3Cuo.1O2 layered oxide is synthesized at 700
°C and evaluated for its structural characteristics. Further, the electrochemical performance of

P3-NMNC as a potential positive electrode for Na* batteries is assessed in the 2.0 — 4.0 VV and



2.0 — 4.2 V ranges. The P3-NMNC comprises spheroid-shaped particles that demonstrate
exceptional rate capability, with specific capacity at 3C reaching 77% of that achieved at
0.1C. The structural changes in NMNC during charge-discharge cycles probed using
operando SXRD reveal a reversible P3 « P3' < O3 transformation. Notably, the cell cycled
in the narrower voltage range of 2.0 — 4.0 V exhibits a specific discharge capacity of ~ 133
mAh g at a current density equivalent to 0.1C. Moreover, it showcases excellent cyclability,
retaining around 83% of its initial discharge capacity after 200 cycles at a discharge current
corresponding to 1C. In contrast, cells cycled in the wider voltage range of 2.0 — 4.2 V
experience rapid capacity degradation (falling below 80% of their initial capacity in just 75
cycles). This decline in performance is attributed to an irreversible anionic redox,
substantiated by a distinctive peak observed in the dQ/dV vs. V plots in the 4.0 — 4.2 V range,
and the repeated P3' «» O3 transformations resulting in strain due to changes in lattice
parameters. These findings highlight the potential of low-temperature synthesized P3-type
phases in advancing the development of layered oxide-based positive electrodes for Na*

batteries with better performance.

SUPPORTING INFORMATION

Cycle performance of P3-NMNC at 3C; Nyquist plots of the cells with P3-NMNC cathode.
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Figure S1. Cycle performance of P3-NMNC at 3C.
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Figure S2. The Nyquist plots for (a) fresh half-cells with P3-NMNC cathode (b) half-cells with
P3-NMNC cathode cycled (400 cycles at 3C) in different voltage ranges. Inset S2(a) shows the

equivalent circuit used for fitting.



