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Abstract

Controlling the phase structure of layered oxide cathodes is considered an effective strategy
to realise high-performance Na-ion batteries. Herein, we unveil the synthesis and
electrochemical behaviour of hitherto unreported monophasic P3 structure in
Nao.75Mno.75Ni0.2502 (NNM) calcined at 750 °C. The conversion of P3 to P2-type single phase
(at 850 °C) upon increasing the calcination temperature, with P2/P3 biphasic structures at
intermediate temperatures, was confirmed by the Rietveld refinement of the x-ray diffraction
(XRD) data. The monophasic P3 cathode showed a specific capacity of 190 mAh/g at 0.1C
and retained 90% of its initial capacity after 200 cycles at 1C in the 1.5-4.2 V range. The
GCD curves also showed a decrease in specific capacity with an increase in the P2 phase.
The P3-dominant biphasic cathodes displayed superior rate performance exhibiting capacities
up to 97 mAh/g at 6C, attributed to its smaller particle size and an optimal P2/P3 phase
fraction. Operando Synchrotron XRD data confirmed the suppression of P3—0'3+03
transformation in biphasic cathode that was present in monophasic P3 structure during
charge-discharge cycling. The superior electrochemical performance and excellent structural

stability of biphasic cathode make it ideal for stationary and mobile storage applications.
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1. Introduction

Na-ion batteries (NIBs) are an important development in energy storage, offering a cost-
effective, safe, and environmentally friendly alternative to lithium-ion batteries (LIBs) [1-5].
Along with the considerably higher abundance of sodium, NIBs share the same working
principle (rocking-chair mechanism) and have similar components as LIBs allowing their
seamless integration into the current battery manufacturing eco-systems [6-11]. Among the
different battery components, cathodes are the most crucial in determining a cell's overall
cost and performance. Research studies on identifying cathode materials in Na-ion batteries
mainly concentrate on layered oxides (LOs), NASICON, and Prussian blue analogs type
materials [11-13]. Among these, cathodes based on LOs, primarily due to their compositional
diversity, higher specific capacity, and easier synthesis, show the most promise[14-16].
Generally, layered oxides (with the general formula Na,TMO2) are subclassified into P2, P3,
and O3 based on their thermodynamic stability. In P2 and P3-type materials, the Na-ion
occupies a prismatic site as opposed to an octahedral site in the O3-type compounds. Further,
in a P2-type framework, Na-ions occupy 2 different prismatic sites, which are either face-
sharing (Nay) or edge-sharing (Na.) with the transition metal octahedron (TM-Og). In P3, all

prismatic sites are crystallographically equivalent Nay sites [17].

The literature on various structures and electrochemical properties of P2 and O3-type cathode
materials is quite extensive [4, 18-20]. Materials based on a P2-type framework possess
notable features such as improved electrical conductivity and cyclic stability compared to the
other structures because of their relatively open structure and resilience to resist phase
transformations during the extraction of Na-ions [21-23]. O3-type materials typically exhibit
higher specific capacities but suffer from poor rate performance and cyclic stability. In
contrast, research on thermodynamically stable P3-type materials has only recently started to

emerge [20, 24-27]. The studies on the P3 phase primarily revolve around those obtained



electrochemically during the charging of O3-type cathodes, where the diffusion coefficient of
the material shows a sharp rise [24, 28]. New reports on thermodynamically synthesized P3-
type materials also suggest high diffusion coefficients comparable to that of P2-type materials
[27, 29, 30]. However, rapid structural changes during cycling render this ineffective as other
phases (03, O’3, and P’3 that form at lower and higher voltages) do not support fast Na-ion

kinetics, severely limiting the rate performance of these P3 phases [30-32].

Among various cathode materials investigated for NIBs, compounds based on the
NayMno.65+xNi0.35x02 (NNMO) system (with both P and O-type frameworks) have a huge

2+/4+ redox

potential for commercial applications. Compounds in this system typically use Ni
reactions to achieve maximum specific capacity, while Mn-ions stabilize the structure during
Na® extraction [19, 31, 33, 34]. Several studies on this system have identified P2-type
Nao.s7Mno.67Ni0.3302 as the optimized cathode that maximizes the Ni*" concentration while
eliminating Jahn-Teller active Mn** ions from the structure. The cathode reportedly delivers a
specific capacity of 130 mAh g! between 2-4.2V, with more than 70% capacity retention
after 100 cycles. While operating in the broader voltage window between 1.5-4.2 V, the

cathode can deliver capacities close to 160 mAh g-!' due to the activation of Mn*"*" redox

couple but suffers increased capacity degradation after each cycle [3, 21, 35-37].

Several methods, such as surface modification and substitution of Mn/Ni with other
active/inactive elements, have made significant headways in improving the cyclic stability of
the compound but with a drastic reduction in the specific capacity. In contrast, techniques
involving hybrid cathodes of P2/O3 have shown similar enhancements in cyclic stability
without compromising specific capacity [14, 15, 38, 39]. Further, biphasic cathode materials
involving P2/0O3 have also shown relatively better success in mitigating the structural
distortion caused by the activation of Mn*”4" in NNMO. This allows a wider operational

voltage window during cycling, substantially boosting the specific capacity [15, 40].



Herein, we designed a series of P3/P2 biphasic Nao.7sMno.7sNio.2sO2 (NNM) cathode with
varying P2/P3 phase fractions and report on the impact of a varying P3 phase on the
electrochemical properties in a wider optional window between 1.5-4.2 V. NNM (with a
lower concentration of Ni) was chosen over NNMO, as the titled cathode material, to increase
the redox activity of Mn*" during cycling. This allowed a better investigation of the role of P3
concentration in the overall resilience of the biphasic cathode towards severe structural
distortions. The variable concentration of the P3 phase, ranging from 0-100%, was achieved
by appropriately tuning the calcination temperature. The P3 phase typically forms a lower
temperature compared to P2 and O3 phases. This was found to have profound implications on
the morphology and electrochemical properties of the cathode material, with P3 dominant
biphasic cathodes showing substantially superior rate performance and cyclic stability
compared to monophasic P2 and P3 cathodes. Apart from morphological changes, the
manifestation of the synergetic effect between the two phases mitigated the effects of severe
structural distortions induced during cycling, resulting in a better cyclability of the biphasic

cathodes.

2. Experimental

2.1. Synthesis

A conventional sol-gel method was used to prepare the P2/P3-Nao.7sMno.75Ni0.2502 series of
cathode materials. A homogeneous solution containing stoichiometric amounts of manganese
(IT) acetate tetrahydrate, nickel acetate tetrahydrate, and sodium carbonate was prepared in DI
water and stirred for 6 h after which ethylene glycol and citric acid were added. After stirring
for another 12 h, the solution was heated to produce a gel. The gel was then dried and
subsequently ground to obtain a powder. The powder was heat treated at 550 °C in air for 12

h and calcination at different temperatures (700 — 850 °C) to obtain the final product.



2.2. Structural Characterization

The powder x-ray diffraction (XRD) patterns were obtained at room temperature using
Malvern Pan Analytica’s, Empyrean, diffractometer (Cu-Ka radiation source) between 10°-
80° 20 range. The crystallographic data for the samples were obtained through Rietveld
refinement of the XRD data with the help of TOPAS Academic (version 6) software package
[41]. The microstructure was analyzed using a Joel field emission scanning electron
microscope (model JEOL-7610) equipped with energy-dispersive x-ray spectroscopy (EDS)
for elemental mapping. X-ray photoelectron spectra (XPS) were obtained using a
Thermofisher Scientific -Naxsa base with an Al Ko X-ray source (1486.6 ¢V). The Mn and
Ni K-edge extended x-ray absorption fine structure (EXAFS) spectra were obtained from the
scanning EXAFS beamline (BL-9) at Indus-2 synchrotron source (2.5 GeV, 150 mA) at Raja
Ramanna Centre for Advanced Technology (RRCAT) Indore, India, and were analyzed using
ATHENA and ARTEMIS software packages [42]. Operando Synchrotron XRD studies were
carried out using extreme conditions angle dispersive/energy dispersive synchrotron X-ray
diffraction (BL11) at Indus-2 beamline (RRCAT) with a beam wavelength of 0.8312 A and
beam energy of 2.5 GeV in transmission mode. The CR2032 coin cells for the operando
studies were prepared by drilling 3 mm holes in the cathode and anode casings which were

sealed using Kapton films.
2.3. Electrochemical Characterization

The positive electrode slurry was prepared by mixing the active material, Ketjen black, and
PVDF binder in NMP in a wt. ratio of 75:10:15. The slurry was cast onto an Al current
collector, dried, and punched into 16 mm discs. CR2032 coin cells were fabricated for
electrochemical tests of cathodes using the Na metal as the counter electrode, 1M NaClO4 in

Ethylene Carbonate -Propylene Carbonate (vol. ratio of 1:1) as the electrolyte, and a



Whatman GF/D filter paper acting as the separator. The cyclic voltammetry (CV) tests were
performed at a scan rate of 0.1 mV/s with the help of a Keithley Model 2450-EC Source
Meter. Galvanometric charge-discharge (GCD) tests and the galvanometric intermittent
titration technique (GITT) were carried out using a Neware battery tester (CT-4008T). The
rate performance of the samples was evaluated between 0.1C - 6C rates, and the cyclic
performance was tested for 200 cycles at a discharge rate of 1C between 1.5 V to 4.2 V. The
mass loading for the samples was varied between 2-3 mg/cm?, and C-rates were calculated
assuming a nominal capacity of 150 mAh/g (assuming a Na* extraction of 0.6). Impedance
measurements were performed using a computer-controlled LCR meter (model: ZM 2376,
NF Corp.) equipped with an internal DC bias up to 5 V over a 1 Hz — 1 MHz frequency

range at room temperature.

3. Results and Discussion

3.1. Structural Characteristics

The Nao75sMno.7sNio.2sO2 (NNM-x; x represents the calcination temperatures) series of
materials were synthesized through the sol-gel route with calcination temperatures ranging
between 700 to 850 °C followed by furnace cooling. Powder XRD was used to analyze the
crystal structure of these samples. The room temperature XRD pattern of each sample and
their corresponding Rietveld refinement profiles are depicted in Fig. 1(a) & (c) and Fig. S1.
Initial analysis of Fig. 1(a) shows drastic variations in the peaks’ positions and intensities,
confirming the changes in the crystal structure of the material due to the change in calcination
temperature. The Rietveld refinement of the XRD data for the NNM-700 and 750 samples
confirms the existence of a single P3 (R3m space group) phase, with minor impurities (< 10
wt.%) observed in the former sample. With further increase in synthesis temperature, the P3

(006), (101), (102), (104), and (015) peaks show a gradual decline in intensity in comparison



to P2 (002), (100), (102), (103), (104) diffraction indicating the emergence of a biphasic
P2/P3 system with P2 phase becoming dominant with the increase in calcination temperate
from 750 °C - 850 °C. The deconvoluted XRD patterns of P2 and P3 phases for NNM-750,

780, and 850 between the 20 range of 30°- 40° are shown in Fig. 1(c).

The XRD data confirm a continuous conversion of the P3 phase into a P2-type phase with an
increase in the calcination temperature and complies with the recent reports in the literature
where the P3 phase is regarded as an ordered phase of P2 with lower calcination temperatures
[20, 27]. In this investigation, we have synthesized hitherto unknown pure P3 phase in
extensively studied Nao.7sMno.75sNi0.2502. More importantly, these XRD results demonstrated
that the phase fraction of the P2/P3 biphasic system could be tailored from 0% to 100%
simply by controlling the calcination temperature. The crystallographic parameters obtained
from Rietveld refinement (Table 1) also show that unit cell volume for P2 (number of
formula unit cells in one crystallographic unit cell, Z = 2) and P3 (Z = 3) phases formed at
different synthesis temperatures remained essentially unchanged and was found to be around
~80.4 A% and ~121.2 A3, respectively, with similar areas of around 9.51 A? for the prismatic
faces that form the primary Na® migration bottlenecks. The P2 and P3 crystal structures
generated using VESTA [43] and output parameters of Rietveld refinement are depicted in

Fig. 1(b).
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Fig. 1 (a) Phase evolution of Nao.7sMno.7sNi0.2502 with calcination temperature. (b) 2D
visualization of P2 and P3 structures generated using VESTA software. (¢) Rietveld
refinement of XRD data belonging to NNM-750,780, and 850 samples, along with the

deconvoluted P2 and P3 phases in the 20 range of 30-40°.

Another noticeable feature of NNM samples investigated in the present study is the
considerable influence of Na content on the phase fractions obtained at various calcination
temperatures. Figure S2 displays the room temperature XRD patterns of NNM-700, 750 &
800 prepared by adding 5% extra Na. The peaks marked by a * correspond to an O3 phase.

This establishes 0.75 as a critical point of Na concentration for obtaining a P2/P3 biphasic



system in Nao.7sMno.75Ni0.2502, above which a tri-phasic system involving P2/P3/03 starts to
form. Interestingly, the temperature at which O3 peaks appeared matched that of the P3 phase
formation temperature at ~ 700 °C. With an increase in synthesis temperature, however, the
conversion of the P3 phases in the P2 phase continued even in the 5% extra Na samples. At
the same time, the relative intensity of the O3 peaks remained the same even after the entire
P3 phase had transformed into a P2 phase at 850 °C. Since the main aim of this study was to
investigate the structural, electrical, and electrochemical properties of the biphasic P2/P3
system, further characterization of the 5% additional Na samples were not carried out.
Detailed investigations involving the effects of Na content in NNM on the structural,

electrical, and electrochemical properties will be reported in a future study.

The local structure around the transition metal ions in P3 type NNM-750 and P2 type NNM-
850 were probed using fitting of EXAFS data at Mn and Ni K-edge. Figure 2(a-d) represents
the . The peaks representing (Mn/Ni)-O and (Mn/Ni)-TM co-ordinations are also marked in
the figures. The (Mn/Ni)-O bond lengths obtained from the fit for P2 and P3 type phases
matched with those obtained from the Rietveld refinement of XRD data and put the bond
lengths at ~2 A The distance between the transition metal ions obtained from the fit in both

P2 and P3 type structures were estimated to be around 2.88 A.
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Fig. 2 (a-b) Mn-K edge and (c-d) Ni K edge EXAFS spectra of NNM-750 and NNM-850
samples. SEM micrographs of (€) NNM-750, (f) 780, and (g) 850, along with (f1-4)

elemental maps depicting the distribution of the Na, Mn, Ni, and O in NNM-780



Table 1. Lattice parameters of NNM-x samples obtained from the Rietveld refinement of

room temperature XRD data.

Sample Phase a (A) c(A) V (A%) Reliability
(Fraction) Factors
NNM-750 P3 (100%) 2.8866 16.792 121.18 Rey: 2.00
+0.0001 +0.002 +0.01 Rup: 2.72
P2 (O%) _ _ _ Rp: 2.12
GOF: 1.14
NNM-765 P3 (76.7%) 2.8879 16.636 121.07 Rexp: 2.00
+0.0001 +0.002 +0.02 Rup: 2.72
P2 (23.3%) 2.8864 11.144 80.41 Rp:2.12
+0.0001  +0.002 +0.01 GOF: 1.14
NNM-780 P3 (48.3%) 2.8895 16.771 121.26 Rexp : 2.35
+0.0003 +0.002 +0.03 Rup : 2.68
Ry :2.12
P2 (52.7) 2.8874 11.154 80.54 GOF  1.14
+0.0001 +0.001 +0.01
NNM-800 P3 (28.4%) 2.8887 16.744 121.01 Rexp : 2.11
+0.0003 +0.002 +0.03 Rup :2.72
R, :2.06
P2 (81.6%) 2.8880 11.1493 80.53 GOF : 1.28
+£0.0001  +0.0006  +0.09
NNM-850 P3 (0%) - - - Rexp : 2.85
pr :2.15
P2 (100%) 2.9041 11.1485 80.33 Rp :2.19
+0.0007  +0.0004  +0.01 GOF : 1.32

The morphology and microstructure of the NNM-x samples were studied using FESEM. The
representative SEM micrographs of NNM-750, 780, and 850 are displayed in Fig. 2(e-g), and
that of NNM-765 and 800 are presented in Fig. S3. The figures show agglomerated and fused
particles for samples calcined at 800 °C and 850 °C. In contrast, the samples calcinated at

temperatures below 800 °C have smaller particles with better-defined contours and facets.



The elemental map of NNM-780 portrayed in Fig. 2(fl1-f4) shows the homogeneous

distribution of all the constituent elements.

The microstructure of a cathode material is a significant factor in determining its GCD rate
performance. Samples with smaller and lesser agglomerated particles usually show higher
specific capacities (especially at higher discharge rates) than those with larger and fused
particles. This is because liquid electrolytes typically have much higher ionic conductivities
than cathode materials; hence, a porous cathode layer with smaller particles effectively
provides a shorter diffusion path for Na-ions than a cathode with larger and highly
agglomerated particles [44, 45]. The effect of particle sizes is not so apparent at low
discharge rates (~ 0.1C) but becomes a deterministic factor in boosting specific capacity at
higher discharge rates. Hence, even though the available literature on layered oxides suggests
a higher value of Na" diffusion coefficient for P2-type materials compared to P3-types, the
higher concentration of fused particles observed in the P2-dominated NNM-800 and NNM-
850 samples could lower their specific capacities at high discharge rates (inferior rate

performance) compared to the P3 dominated samples NNM-750 and 780 samples.

XPS spectra of the NNM-750, and 850 samples were acquired to determine the valence states
of their constituent elements and are shown in Fig. 3, along with the fitted data. The Ni 2p
spectra show 2 coupled peaks at 854.26 and 871.75 eV, which suggests the presence of Ni**
ions [23, 46, 47]. The O 1s spectra show the presence of adsorbed CO: along with bonded
oxygen in the LO. The Mn 2p XPS spectra can be deconvoluted into 4 peaks: at 641.8 &
653.2 eV belonging to Mn3", 643.2 & 654.7 €V corresponding to Mn*', indicating a mixed
valence state of Mn-ions in 3+ and 4+ oxidation states in these samples [23, 46, 47]. The X-
ray absorption near edge structure spectra (XANES) of NNM-750 and 850 at Mn and Ni K-

edge, depicted in Fig. S4, also show similar energy levels for Mn and Ni ions for both



samples. The XANES and XPS spectra of both samples are almost identical, suggesting that
Na volatilization during the NNM-x series synthesis was negligible. This also indicates that
the phase transformation of NNM from a P3-type to a P2-type upon increasing the calcination
temperature from 750 °C to 850 °C is not guided by the starvation of Na-ion within the
structure (due to Na volatilization) and both the P3 and P2 type cathodes contained a similar

concentration on Na-ions.

Ols

NNM-850

c=0

NNM-750

528 532 536 540
Mn 2p Ni 2p

NNM-850
2py

Intensity (arb.units)

NNM-850
¢

¢ — Satellite peaks

NNM-750

NNM-750

640 645 650 655 854 861 868 875 882
Binding Energy (eV)
Fig. 3 XPS spectra of NNM-750 and NNM-850.

3.2. Electrochemical Characteristics

The electrochemical characterization of NNM-x samples was evaluated in a coin cell

configuration, cycled between 1.5 and 4.2 V. Figure 4 shows the cyclic voltammograms of



NNM-750, 780, and 850 and the same for NNM-765 and NNM-800 are displayed in Fig. S5.
The redox peaks observed below 3 V in the cyclic voltammograms are attributed to the
Mn3"4 redox process [48, 49], while the peaks in 3.0 V — 3.5 V and 3.5 V - 4.0 V ranges
indicate the activity of Ni>"”3* and Ni**#* couples, respectively [50, 51]. Interestingly in the
NNM-750 sample, containing a pure P3 phase, the CV curve shows only 3 pairs of distinct
peaks at 2.35/1.79 V, 3.50/3.00 V, and 3.92/3.35 V. An increased number of peaks are
observed in the CV curves for P2 dominated NNM-800, 850 samples, possibly due to Na*
vacancy ordering in P2-type materials as reported in the literature [48, 52]. The relatively
lower concentration of Na-ion vacancy ordering peaks in the other P3 dominant samples
points to an innate ability of the P3-type phase to suppress Na-ion vacancy ordering. This
could reflect higher rate performance and cyclic stability in the P3 dominant samples, as
ordering of Na-ion vacancies is known to induce severe structural transitions that degrade

electrochemical performance.
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Fig. 4 Cyclic voltammograms of NNM-750, 780; and 850 samples.

The galvanostatic charge-discharge curves of NNM-x half cells obtained at different C rates

are displayed in Fig. 5(a). As expected, the GCD curves for all the samples show multiple



plateaus relating to different redox couples at voltage ranges identified in their respective
cyclic voltammograms. To further analyze the charge/discharge performance of the cathodes,
the dQ/dV vs. voltage (V) plots were obtained for all samples at 0.1C. The dQ/dV vs. V plots
(Fig. 5(b)) reveal an interesting trend: AV between corresponding oxidation and reduction
peaks decreases from ~ 0.2 V for NNM-750 (with a single P3 phase) sample to ~ 0.05 V for
NNM-780 (with a biphasic P2/P3 structure). This could be due to the multiple phase
transformations occurring in the cathode which lowers diffusion coefficient of Na-ions and
increases the polarisation voltage. With the introduction of the P2 phase in the NNM-760 and
NNM-780 samples AV reduces considerably suggesting better stabilisation of the structure in
the biphasic cathodes. In contrast, a higher AV of almost 0.15 V in P2 phase dominant NNM-
800 and NNM-850 samples may result from their particle morphologies (fused and
agglomerated particles, as reported in the microstructural section). The lower polarisation
potentials of biphasic cathodes also enabled higher energy efficiencies of ~85% compared to
~75% in the P3-type cathodes. This is depicted in the GCD curves of the NNM-750 (Fig. S6),

with the portion shaded in red representing energy loss.

Another striking feature of GCD curves (Fig. 5(a)) is the decrease in the specific capacity of
the NNM-x cathodes with an increase in P2 concentration at a charge/discharge rate of 0.1C.
The specific capacity decreases from 190 mAh g! in the NNM-750 to 180 mAh g'! in NNM-
765, 172 mAh g! in NNM-780, and further to 155 mAh g! for the NNM-850. This
corresponds to the extraction/insertion of about 0.8 Na-ions in the monophasic P3 sample,
which drops to 0.65 Na-ions in the NNM-850 cathode. The higher amount of Na-ions
required during cycling of the P3 type cathode is obtained from the Na metal anode during
the discharge process. It is important to keep in mind that the as-synthesized NNM-750
contains only 0.75 Na-ions per formula unit cell, assuming a final concentration of

Nao.15sMno.75Nio2502 at the end of charging, a deficiency of 0.25 Na ions need to be



compensated to obtain a capacity of 190 mAh/g. Hence, in a full-cell configuration, the P3-
type cathode cannot deliver the same specific capacity. Accordingly, other synthesis
techniques should be explored to stabilize Na-rich P3-type structures. The decreasing trend in
specific capacity with the increase in P2 concentration is also expected. It confirms often
theorized speculations in the literature about a thermodynamically synthesized P3-type phase
being able to accommodate higher amounts of Na ions within its structure than its P2
counterpart. With the increase in C rate (Fig. 5(c)), the P3 dominant samples start to
underperform, losing about 60% of their capacity at 0.1C to reach about 74 mAh g at 1C,
which then lowers to only ~ 5 mAh g! at 6C. In contrast, NNM-765 and 780 cathodes show
incredible rate performance, with their specific capacities reaching 122 mAh g-'and 130 mAh
gl at 1C, representing a fading of only about 32% and 23% of their capacities at 0.1C. Even
with a charge/discharge rate of 6C, these cathodes exhibited a capacity of about 82 mAh g-!
and 97 mAh g!, respectively. Such high-rate performance makes these samples attractive for
stationary and portable storage applications. The lower rate performance of the P3 represents
a poor Na-ion diffusion coefficient of the material, possibly due to rapid phase conversions
that do not support a fast transport of Na-ions. Incorporating a P2 phase may have been
responsible for opening up better Na® conducting pathways within the material and
preventing unwanted phase transitions resulting in greater extraction of Na* even at high C
rates in the NNM-765&780 cathodes. On the other hand, the lower rate performance
observed for NNM-800 and NNM-850 samples (where specific capacities drop from around
155 mAh g!' at 0.1C to about 74 mAh g and 64 mAh g at 1C, respectively) could be
resulting from agglomerated & fused particle morphologies caused by higher calcination

temperatures that increase the overall diffusion path for Na-ions in cathode layer.
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Fig. 5 (a) GCD curves of NNM-x series of cathode materials at different C rates. (b)
dQ/dV vs. voltage (V) plots of NNM-x cathodes at a discharge rate of 0.1C. (c) Rate

performance and (d) cyclic stability of NNM-x cathodes at a discharge rate of 1C.

Figure 5(d) illustrates the cyclic performance of the NNM-x cathodes at a charge/discharge
rate of 1C between 1.5 V - 4.2 V. The cyclic data indicates the monophasic P3 cathode to
have the highest capacity retention of ~ 90% after 200 cycles. On the other hand, the high-
performing NNM-765 and 780 show a specific capacity of 97 mAh g! and 104 mAh g’!,
respectively, after 200 cycles which is close to 83% and 80% of their initial capacity at 1C.
The poor cyclic performance of the NNM-800 & NNM-850 cathodes (only 65 % capacity
retention after 200 cycles) was expected as the detrimental effects of activating Mn*"#* on the
P2 structure in the Na-Mn-Ni system is well reported in the literature due to the presence of
Jahn-Teller active Mn** below 2 V [38, 53]. Early signs of structural instability in these

compounds with the introduction of Mn** can be inferred from their GCD curves (Fig. 5(a)),



where a notch-like feature caused by the sudden change in slope is visible at 1.7 V. The
Nyquist plots of NNM-750, 780 and 850 cells illustrated in Fig. S7 also concur with the
cyclic data where after 200 charge/discharge cycles NNM-850 cell showed an increased

resistance of 1150 Q, which is almost twice as that of the 550 Q in NNM-780.

Compared to the P2 phase, the P3 structure seems to be resilient to the structural distortions
induced by the Mn**. The resilience of the P3-type structure in maintaining its structural
integrity even after undergoing multiple phase transitions may have also been aided by its
smaller particle size and lower degrees of agglomeration, allowing each particle to expand
and contract freely without generating a high degree of stress. Further, the widely reported
synergistic effects found in biphasic layered oxides prevent each other from undergoing
structural transformations during cycling and may have also contributed to the higher cyclic

stability of NNM-780 [26, 27, 31, 32].

The Na-ion diffusion kinetics for the NNM-x samples were investigated using the
galvanostatic intermittent titration technique (GITT) between 1.5 to 4.2 V. The technique
involves applying a constant current pulse for 10 minutes, followed by a dwell time, during
which the cell is allowed to reach a quasi-equilibrium state. This process is repeated till the
cut-off voltages are reached. Figure S8 shows the GITT charge-discharge curves for the
NNM-x samples. The Na* diffusion inside the cathode material is assumed to obey Fick’s

first law, and the Na" diffusion coefficient (D ,+) can be calculated using the following Eq.1.
D = (22" (2 |

Na* Tt MpS AE; ( )
Here, Mgz and V},, represent the molar mass and molar volume of the cathode material, mp is

the mass of active material, t is the time of a single constant current pulse, and S denotes the

active surface area of the electrode. AEs and AE, represent the change of the steady-state



voltage and the voltage change during the constant current pulse, respectively. Figure 6
shows the variation of Dna" of NNM-x with voltage. Unsurprisingly NNM-765 and 780
cathodes showed the highest diffusion coefficient of 1 x107'° and 7.6 x10° cm?s,
respectively, while the NNM 750 & 850 showed the lowest diffusion coefficients close to 4
x101% cm?s’!. All NNM-x cathodes show slow diffusion kinetics at the start of a charge and
discharge process. The lower diffusion coefficients at the outset of the charging are due to a
larger concentration of Na-ions within the structure, causing starvation of Na-ion vacancies.
In contrast, a higher number of Na-ion vacancies may have led to sluggish Na-ion diffusion
kinetics at the initial phase of the discharge process. The Na-ion diffusion coefficient also
shows lower variations in the P2 type structure which points to its excellent structure stability
throughout the charge-discharge process, while larger variations in the P3 containing
cathodes, especially at voltages where a peak is observed in their corresponding dQ/dV vs. V
plots, may be due to structural variations within the P3 type structure. Nevertheless, the
decline in the intensity of these variations and higher diffusion coefficients in NNM-765 and
NNM-780 cathodes aligns with the observations from the GCD rate performance curves on

the importance of the P2 phase enhancing Na* diffusion through the material.
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Fig. 6 Variation of diffusion coefficients of NNM-x cathodes during charging and

discharging.

3.3. Operando Synchrotron XRD studies

Many of the speculations regarding the varied electrochemical performance of the P3-type
NNM-750 and other biphasic cathodes can be confirmed through the operando synchrotron
XRD studies of NNM-750 (Fig. 7) and NNM-780 (Fig. S9) cathodes. The operando SXRD
patterns of NNM-750 portray the structural evolution of the P3 phase during a
charge/discharge cycle. Apart from the apparent shifting of the P3 (003) peak (Fig. 7(b))
towards higher angles during discharge and the appearance of an O3 phase at lower voltages
(~ below 2.5 V), the emergence of a new but subtle O'3 phase in P3-type NNM-750 at
voltages below 3.6 V (Fig. 7(bl)) is an important development [32, 50, 51]. This phase
appears at about ~3.6 V during the discharge cycle and persists throughout the discharge

process, even after the entire P3 is converted into an O3 phase (at about 2 V, as shown in Fig.



7(bl & c). However, during the charging cycle, the O'3 peaks coalesce with the existing P3
peaks. The emergence of the O'3 phase at 3.6 V during discharge and its coalescence with the
P3 phase at 3.2 V would explain the increase in polarisation potential observed from the
dQ/dV vs. V plots, especially at higher voltages, where Ni**3* and Ni3"4" redox couples are
active. During the charging cycle, the Na ions are extracted from a pure P3 phase at the
characteristic oxidation potential of Ni** to 3+ & 4+ oxidation states, which will be vastly
different from the potential required to reduce the Ni*" to 2+ oxidation state in the P3/0’3
biphasic system developed during the discharge process, widening the potential gap between
the two redox processes. The existence of the O'3 phase alongside the P3 and O3 phases for
extended voltage windows could also explain the poor rate performance exhibited by NNM-
750, as the distorted monoclinic O'3 phase shows slower Na ion transport properties. In
comparison, the number of structural transformations in the biphasic NNM-780 sample
appears to be limited. The operando SXRD patterns do not show any changes to the P2 type
structure throughout the discharge process, while only a partial conversion of the P3 to O3
phase conversion is observed, possibly due to the synergetic effect of the P2/P3 system [26,
27, 31, 32]. No evidence of the P2 — OP4 phase transformation (often reported in the
literature) during charging (in the 2.0 to 4.2 V range) or the P3—O'3 transformation is
observed in the SXRD plots, suggesting high structural stability of the material. The
endurance of its structure towards phase transformations and the coexistence of highly
conducting P2 & P3 phases throughout most of its charge-discharge process has resulted in

the superior cyclic stability and rate performance exhibited by NNM-780.
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Fig. 7 (a) Operando Synchrotron x-ray diffraction patterns of NNM-750 obtained during

galvanostatic charge/discharge process at 0.1C with (b-d) displaying zoomed views in the

vicinity of the marked regions.
4. Conclusions

Room temperature XRD plots of the NNM-x series of cathodes have demonstrated the
dependence of P2 and P3 phase fractions on the synthesis temperature. P3 phase formation
was found to occur at around 700 °C while the P3 to P2 transformation process was observed
at calcination temperatures above 750 °C. This was exploited to obtain a series of cathode

materials based on Nao.7sMno.75Nio2s02 with varying P2/P3 phase concentrations. The



conversion of P3 to P2-type single phase upon increasing the calcination temperature from
750 °C to 850 °C, with P2/P3 biphasic structures at intermediate temperatures, was confirmed
by the Rietveld refinement of the x-ray diffraction (XRD) data. SEM micrographs of the
materials revealed that the lower calcination temperatures of P3 dominant NNM-750, 765,
and 780 were beneficial in preventing particle agglomeration, which was later confirmed to
play a key role in enhancing their rate performance and cyclic stability. Electrochemical tests
on the NNM-x series of cathodes showed specific capacity peaking at 190 mAh/g in NNM-
750 (pure P3-type cathode) and steadily degrading with the increasing P2 concentration,
reaching 154 mAh/g in NNM-850 (the pure P2-type cathode) in an electrochemical window
of 1.5 - 4.2 V. In terms of rate performance, NNM-780 and 765 cathodes exhibited specific
capacities close to 97 mAh/g and 82 mAh/g at 6C. The monophasic NNM-750 and the
biphasic NNM-765 & 780 also showed superior cyclic stability by retaining about 90% and
80% of their initial specific capacity after 200 cycles at a discharge rate of 1C between 1.5 -
4.2 V, which makes them ideal for stationary storage applications. Operando SXRD studies
on NNM-750 showed that the cathode material underwent multiple phase transitions from a
P3 to O'3+03 phase during the charge/discharge cycle, which may have limited its rate
performance. The operando SXRD plots of NNM-780, on the other hand, showed only a
partial conversion of the P3 phase to the O3 phase at lower voltages with little to no changes
in the P2 structure during cycling. The excellent structural stability of the biphasic cathode
material is attributed to the synergistic effect of the coexistence of the P2 and P3 phases. The
superior rate performance exhibited by these cathodes is also owed to the ability to retain

highly conducting P2 and P3 phases for most of the charge/discharge process.
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Fig. S1: Rietveld refinement profiles of XRD data of NNM-765 and 800 samples.
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Fig. S2: Room temperature XRD patterns of NNM-750, 765, and 850 synthesized with 5%
extra Na2COs.



Fig. S3: SEM images of (a) NNM-765 and (b) NNM-800.
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Fig. S4: Normalized XANES spectra of NNM-750 and 850 at Mn and Ni K edges along with

related reference compounds.
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Fig. S6: GCD curves of NNM-750, 765, 780, and 850 depicting energy loss and energy

recovered during discharge.
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Fig. S7: Nyquist plots of half-cells with NNM-750, 780 and 850 cathodes (a) before and (b)

0 100

after cycling. The impedance data in Fig. S7 was fitted using the equivalent circuit shown in

the figure insets.
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Fig. S8: GITT curves of NNM-x series of cathodes.
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Fig. S9: (a) Operando SXRD patterns of NNM-780 with (al) depicting the zoomed portion

between a 20 range of 8° to 9°.



