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Abstract 

O3-type layered oxides are being actively investigated as potential positive electrodes for Na-

ion batteries due to their high specific capacity. In this work, the role of synthesis conditions 

on the phase formation in NaNi1/3Mn1/3Al1/3O2 (NMA111) sample was investigated, and an 

O3-type phase (R3"m), along with a minor b-phase (Pn21a), was obtained in the pellet (covered 

with a sacrificial powder) heated at 850 °C. NMA111 exhibited a mixed conducting behaviour 

at room temperature, with ionic and electronic conductivities estimated to be ~5.82 ´ 10-6 S 

cm-1 and ~2.15 ´ 10-6 S cm-1, respectively. The oxidation states and local structure of Mn and 

Ni were confirmed by X-ray photoelectron spectroscopy (XPS) and X-ray absorption 

spectroscopy studies. The electrochemical behaviour of NMA111 was also investigated using 

the GCD, CV, GITT, and in-situ EIS techniques. The cathode showed an initial discharge 

capacity of ~87 mAh g-1 (which corresponds to 0.33 Na-ions reversible intercalation) at 0.1C 

in the 2.0 to 4.0 V range, and the voltage profile suggested a solid-solution type insert 

mechanism. A discharged capacity of 70 mAh g-1 at 2C (~80 % of the initial capacity at 0.1C), 

and a capacity retention of 70% after 100 cycles at 0.3C were obtained in the NMA111 

cathode. The ex-situ XPS measurements confirmed that the Ni2+/3+ redox couple is responsible 

for the charge compensation in NMA111 during the charge-discharge process.  
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1 Introduction 

Na-ion batteries (NIBs), which have a working mechanism similar to Li-ion batteries (LIBs), 

have attracted considerable attention from academia and industry due to the abundance of 

sodium precursors [1-3]. Nevertheless, limitations in the specific energy and rate performance 

of Na-ion batteries arise from the heavier Na-ion and lower electrode potential of Na/Na+. 

Accordingly, a lot of research focus has been on developing novel cathode compositions [4-7]. 

Sodium transition metal oxides, with the general formula NaxMO2 (M is typically a 

combination of redox-active elements), are especially attractive due to their flexibility in 

accommodating various cations at transition metal sites and varied Na content in the Na-O2 

layers [8-10]. The compositional diversity in these materials also leads to the formation of 

various phases, classified in P and O types depending on the coordination of the sodium cation 

in the crystal structure. While P2-type layered oxides offer fast Na-ion transport due to the 

larger bottleneck area of prismatic sites, O3-type phases have the important advantage of 

having comparatively higher specific capacity due to the higher initial Na content in the 

structure (x is often 1) [11-13]. 

During the charge-discharge process, the removal of Na-ions from the O3-type crystal structure 

creates an increasing number of prismatic vacancies, which often lead to a series of complex 

phase transitions. These transitions are caused by Na-ions/vacancies ordering, the Jahn-Teller 

distortion, transition metal ordering, sliding of the MO2 layers, migration of transition metal 

ions, etc., and often involve large volume changes and may even be irreversible [14-16]. The 

resultant structural instability causes capacity degradation and adverse effects on the cycling 

performance of O3 cathodes. Substitution and doping of different elements at the M and Na 

sites have been shown to be effective in alleviating some of these adverse issues [17-23]. In 

general, binary and ternary metal systems (i.e., 2 and 3 metal cations at the M site) have better 

electrochemical performance than corresponding unary systems. For instance, the presence of 

Ni in the NaxMnO2 system (both as P2- Na0.67Mn0.67Ni0.33O2 or O3- NaMn0.5Ni0.5O2) improves 

the cyclability and average discharge voltage [24-29].  

Recently, there has been a focus on incorporating multiple cations in the transition metal layers 

[30, 31]. The random distribution of these cations at the Wyckoff position introduces an 

increase in configurational entropy. The enhanced entropy and mixed cation doping effect 

create charge disorder that suppresses the Na+/vacancy and honeycomb ordering, as well as 

facilitates the faster Na diffusion [32-36]. Al doping has been demonstrated to enhance the 

electrochemical performance of various sodium-layered oxide cathodes. For instance, in the 



 
 

 

compound NaNi1/3Mn1/3-xFe1/3AlxO2, 0.5% Al substitution led to an initial discharge capacity 

of 115.1 mAh g⁻¹ at 1C, and an impressive capacity retention of ~88% after 200 cycles [37]. 

Similarly, Na(Ni1/3Mn1/3Fe1/3)0.95Al0.05O2 cathode showed an initial capacity of 145.4 mAh g⁻¹ 

at 0.1 C, with a reversible capacity of 128.4 mAh g⁻¹ after 80 cycles at 0.2 C [38]. Al doping in 

Na0.67Al0.10Fe0.05Mn0.85O2 also resulted in an exceptional initial capacity of 202 mAh g-1 in the 

2.0-4.0 V range,  81% capacity retention after 600 cycles, and good rate performance with 

capacities reaching 122 mAh g-1 at 1200 mA g-1 [39]. Further, Al incorporation in 

Na0.75(Mn,Ni)O2 showed improved rate performance, better cyclability, and suppression of 

phase transitions in P2 and P3 phases [17, 40]. These studies have shown that the presence of 

earth-abundant Al in layered oxides improves cyclability and rate performance by stabilizing 

the structure and modifying the interlayer spacings. However, stabilizing the O3-type phase 

remains challenging because of sodium volatilization and competing P2-phase formation 

during high-temperature synthesis.  

This study explored the synthesis and characterization of a promising O3-type 

NaNi1/3Mn1/3Al1/3O2 layered oxide (denoted hereafter as NMA111). The crystal structure of the 

sample was elucidated by the Rietveld refinement of X-ray diffraction (XRD) data, selected 

area electron diffraction pattern (SAED), and high-resolution transmission electron microscopy 

(HRTEM). The calcination conditions were found to greatly affect the nature of the phase(s) 

formed. NMA111 exhibited a reversible specific capacity of ~87 mAh g-1 at 0.1C, which was 

attributed to the Ni2+/3+ charge compensation.  

2 Experimental Section 

2.1 Synthesis of NMA111 

Layered oxide with the nominal stoichiometry of NaNi1/3Mn1/3Al1/3O2 was prepared by the 

sol−gel method using NaNO3, C4H6MnO4·4H2O, C4H6NiO4·4H2O, and Al(NO3)3·9H2O as 

precursors in the molar ratio 1:0.333:0.333:0.333, respectively. The precursors were dissolved 

in deionized water (DI) and stirred using a magnetic stirrer for homogeneous mixing. Ethylene 

glycol and citric acid were added (molar ratio 1:2) to the solutions to form a gel, followed by 

drying the gel by heating it at 120 °C. The resultant 10 g powder was heated at 650 °C for 12 

h. Finally, 4 g powder was compacted in cylindrical pellets using a uniaxial hydraulic press in 

a 12 mm (diameter) stainless die under 150 MPa. To minimize the sodium volatilization at high 

temperatures, the pressed pellet was buried in sacrificial powder of the same composition in a 

platinum crucible and calcined at various temperatures (850 to 1000 °C for 12 h) in a muffle 



 
 

 

furnace. Upon cooling to 150 °C, these samples were transferred into an Argon atmosphere 

glovebox (MBraun; O2 and H2O levels < 0.1 ppm). NMA111 sample calcined at 850 °C in 

pelletized form is labelled as ‘Pellet-850’, and the covering sacrificial powder sample is 

labelled as ‘Powder-850’. NMA111 powder calcined at 1000 °C is labelled as ‘Powder-1000’. 

2.2 Characterizations 

To confirm the phase formation, powder x-ray diffraction (XRD) was performed on pellets and 

sacrificial powder samples heated at various temperatures using an Empyrean diffractometer 

from Malvern Panalytical (Cu-Kα radiation wavelength λ ≈ 1.54 Å). The TOPAS academic 

software was used to perform the Rietveld refinement of powder XRD data. The morphology 

and elemental mappings of the synthesized powders were studied using a scanning electron 

microscope (FESEM model JEOL-7610). The applied voltage was 15 kV, and images were 

captured at about 17000X magnification and a working distance of ~9 mm. For selected area 

electron diffraction (SAED) patterns and transmission electron microscopy (TEM) imaging, a 

JEOL-2100 microscope was used. A Thermofisher Scientific Naxsa instrument with a 1486.6 

eV Al-Kα x-ray source was employed to record the x-ray photoelectron spectra (XPS). The 

elemental compositions of NMA111 pellet and powder samples were determined using an 

Agilent 5800 inductively coupled plasma optical emission spectrometer (ICP-OES).  

For the electrochemical measurements, half-cells in CR2032 configuration employing the 

NMA111 cathodes (Powder-850 and Pellet-850) were assembled using sodium metal as the 

anode, glass fiber (Whatman G/D) as the separator, and 1M NaClO4 in a 1:1 solution of EC:PC 

(ethylene carbonate and polypropylene carbonate) as the electrolyte. The cathode slurries were 

prepared using the NMA111 powder, PVDF (Polyvinylidene fluoride) as the binder, and 

Ketjen Black as the conducting carbon in the ratio 75:15:10. N-methyl-2-pyrrolidone was used 

as the solvent for the slurry, which was stirred for 10 h and then coated on aluminum foil using 

an automatic film coater. After drying in a vacuum oven overnight, the coated cathode was 

punched into 14 mm diameter discs. The mass loading for the active material was ~3 mg cm-2. 

A Neware battery tester (model CT-4008) was used for the GITT (galvanostatic intermittent 

titration technique) and galvanostatic charge-discharge (GCD) behaviors at various C-rates (1C 

current was taken 130 mA g-1). The impedance data for the NMA111 pellet and half-cell 

employing NMA111 as the cathode were collected using the Biologic electrochemical 

workstation (model: SP-50e) in the 10 mHz to 100 kHz frequency range. The same 

electrochemical workstation was also used for cyclic voltammetry (CV) and 



 
 

 

chronoamperometry studies. Conductive silver paint was used as the ion-blocking electrodes 

on either side of the polished pellet for the impedance and chronoamperometry measurements.  

3 Results  

3.1 Crystal structure  

The sintered pellets were ground using a pestle and mortar for powder XRD studies. The room 

temperature XRD patterns of the NMA111 pellet and sacrificial powder calcined at 850 °C for 

12 h in the 2q range of 10° to 70° are shown in Fig. 1. While all major peaks in the XRD pattern 

of the NMA111 pellet heated at 850 °C (labelled Pellet-850) match with those of the O3 phase 

reported in the literature, the XRD pattern of the NMA111 powder sample (Powder-850) is 

drastically different. Along with the O3 phase, peaks belonging to the P2 phase are clearly 

visible. Minor impurity peaks (at ~20° and 30°) belonging to the typical b-phase of layered 

oxides are also observed in both samples [41]. Such a variation in the phase structure of powder 

and pellet samples confirms the role that Na volatilization plays in the P2 and O3 phase 

formation. Volatilization of Na from the sodium transition metal layered oxide increases the 

oxygen-ion repulsion in the Na-O2 layers and pushes the adoption of prismatic coordination of 

the Na-sites [42]. 

The XRD pattern of the NMA111 powder heated at 1000 °C shows no peak corresponding to 

the O3 phase. This contrasts with other reports where the O3 phase formation is dominant at 

higher temperatures in Na0.8Mg0.06Ni0.34Mn0.54Ti0.06O2 prepared by the solid-state reaction 

method using Na2CO3 [43]. Recently, it has been shown by Mariappan et al. that suppression 

of the Na-volatilization during calcination at higher temperatures is crucial for the formation 

of a pure O3 phase [44]. The amounts of constituent elements in NMA111 Pellet-850 and 

Powder-850 samples, estimated using the inductively coupled plasma optical emission 

spectrometer, are provided in Table S2. The calculated amounts of various elements confirm 

higher Na volatilization in the sacrificial powder (0.18 Na loss in Powder-850 sample) than in 

the buried pellet (0.05 Na loss in Pellet-850). This corroborates the XRD results, where a 

significant amount of P2 phase is observed in the XRD pattern of the Powder-850 sample. 



 
 

 

Fig. 1. (a) Room temperature powder XRD patterns for NMA111 pellet (Pellet-850) and 

sacrificial powder calcined at 850 °C (Powder-850), along with the powder heated at 1000 °C 

(Powder-1000). (b) The magnified view of patterns in the 15-17° range demonstrates the 

presence of P2 and O3 phases in the sacrificial powder. 

To further analyze the NMA111 crystal structure, XRD data of the pelletized sample heated at 

850 °C (Pellet-850) was refined based on the Rietveld method using the TOPAS academic 

software (Fig. 2). A combination of the O3-type (R3"m), P2-type (P63/mmc), and orthorhombic 

b-type (Pn21a) structures was used for fitting, and the results are shown in Table S1. The 

refined pattern showed an excellent agreement with the experimental pattern. The lattice 

parameters obtained from the refinement are given in Table 1. The O3 phase proportion in this 

sample is ~87.8% with a minor (~3.5%) P2-type phase, and the rest 8.7% is b phase. For O3-

type materials, the M-O2 interlayer spacing (SO-M-O) and Na-O2 interlayer spacing (SO-Na-O) are 

given by the following equations: 

𝑆!"#"! = 	2𝑐 ($
%
− 𝑂&+         (1) 
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where c is the lattice parameter of the O3-type unit cell and Oz is the fractional coordinate of 

the oxygen ion along the z-axis. The calculated values of SO-Na-O and SO-M-O in NMA111 O3 

phase were 3.170 Å and 2.185 Å. A schematic of the O3-crystal structure of NMA111 is shown 

in Fig. S1.  

The Rietveld refinement profiles of the Powder-850 and Powder-1000 samples are shown in 

Fig. S2 and S3, respectively. The calculated lattice parameters, phase fractions, and other 

structural information are provided in Tables S3-S6. The P2 phase fraction in the sacrificial 

powder is 32% along with 6.1% NiO and 6.9% b-type phases. Further, the lattice parameter c 

of the O3 phase increases from 16.066 Å for the Pellet-850 sample to 16.085 Å for the Powder-

850 sample.  

Fig. 2. Rietveld refinement profile for the NMA111 sample (Pellet-850). 

A similar increase in the c of the P2 phase from 11.020 Å (Pellet-850) to 11.114 Å (Powder-

850) is also noticeable (Table S3). This difference in the value of c for the Pellet-850 and 

Powder-850 is consistent with the ICP-OES data, confirming the different Na contents in these 

samples. A decrease in Na+ content in Na-O2 layers weakens the shielding effect, causing an 

increase in O2−– O2− repulsion and increasing the lattice parameter c. A similar impact of 

increased Na volatilization in the Powder-1000 sample on the c is observed, where its value 

increases further to 11.2160 Å (Table S5). The NMA111 Powder-1000 sample also contains 

higher fractions of b (11%) and NiO (19%) phases. 



 
 

 

Table 1: Refined structural parameters for NaMn1/3Al1/3Ni1/3O2 pellet calcined at 850 °C.  

Sample O3 phase P2 phase b phase  

Crystal system Rhombohedral Hexagonal  Orthorhombic 

Space group R3"m P63/mmc  Pn21a 

Phase fractions 87.8% 3.5% 8.7% 

Cell Parameters, Å    

 a = 2.9402(2) a = 2.896(1) a = 5.3852(7) 

 b = 2.9402(2) b = 2.896(1) b = 5.2165(4) 

 c = 16.066(6) c = 11.020(8) c = 7.032(9) 

Cell Volume V, Å3 120.278(4) 80.06(6) 197.54(4) 

Z 3 2 4 

Phase density (g/cm3) ~4.219 ~4.224 ~3.42 

 

3.2 X-ray photoelectron spectroscopy 

Fig. 3(a) depicts the X-ray photoelectron spectra of Na 1s, Ni 2p, Mn 2p, Al 2p, and O 1s for 

the NMA111 sample to ascertain the oxidation states of constituent elements. Two 

characteristic peaks at binding energies of ~854.9 eV (Ni 2p3/2) and ~872.5 eV (Ni 2p1/2), along 

with two much broader satellite peaks (~860.8 & 879.4 eV), are visible in the Ni 2p spectra 

(Fig. 3a). The Ni 2p spectra confirm the 2+ oxidation state of Ni in the NMA111 sample. The 

Mn 2p spectrum has two prominent peaks at ~641.1 and ~652.8 eV, which are attributed to the 

Mn 2p3/2 and Mn 2p1/2 doublet, suggesting that Mn is in a 4+ oxidation state. Another broad 

peak at ~644.5 eV observed in Mn 2p has been attributed to being a satellite peak [45, 46] or 

due to the unresolved multiplet splitting [47].  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. (a) Fitted XPS data for NMA111 sample. XANES spectra at the b) Mn K-edge and c) 

Ni K-edge of the pristine NMA111 sample. EXAFS spectra at the (d) Mn K-edge and (d) Ni 

K-edge for the NMA111 powder. 

Na 1s (at ~1070.7 eV) and Al 2p (at ∼73.4 eV) peaks are consistent with the presence of Na+ 

and Al3+ in oxide materials. The O 1s spectrum shown in Fig. 3a has three peaks at ~529.7 eV, 

~531.0 eV, and ~535.4 eV. The peak at 529.7 eV corresponds to lattice oxygen, whereas the 

other two peaks are attributed to the surface oxygen and Na Auger peak [48-50]. 

3.3 X-ray absorption spectroscopy 

To further confirm the oxidation states and coordination structures of the NMA111 sample, 

synchrotron x-ray absorption spectroscopy was employed, and the resulting x-ray absorption 

near-edge structure (XANES) spectra at Mn and Ni K-edges are illustrated in Figs. 3b and 3c. 

The absorption edge energies of Mn and Ni K-edges are in similar ranges to those of standard 



 
 

 

MnO2 and NiO. The slight variations in the edge energies are due to the obvious differences in 

the crystal structures of NMA111 and MnO2 & NiO. The XPS and XANES results confirm 

that the valencies of Mn and Ni atoms in NMA111 are +4 (for Mn) and +2 (for Ni). The 

extended x-ray absorption fine-structure (EXAFS) plots at Mn and Ni K-edges are given in 

Figs. 3d and 3e, respectively. The spectrum reveals that the scattering peak in the Mn K-edge 

spectrum at ~1.46 Å results from Mn−O interaction, and the peak at ~2.44 Å corresponds to 

the Mn−M (M: next-nearest metal ions). In the Ni K-edge spectrum, the peaks correspond to 

the scattering from the nearest oxygen anions (Ni−O) and the next-nearest metal ions (Ni−M) 

are at slightly larger distances at ~1.61 Å and ~2.53 Å, respectively.  

3.4 Microstructure 

The morphology of as-prepared NMA111 samples was characterized by scanning electron 

microscopy and transmission electron microscopy. Fig. 4a shows the SEM image of the 

NMA111 Pellet-850 sample and agglomerated irregularly shaped particles with an average 

particle size of ~ 0.86 ± 0.26 µm. Elemental mappings recorded using the energy dispersive X-

ray spectroscopy (Fig. 4b1-b5) confirm the uniform distribution of the Na, Mn, Ni, and Al in 

the powder sample, and no segregation is apparent in NMA111. This suggests that the b-phase 

has a chemical composition similar to the major O3 phase. The SEM image of the Powder-850 

sample, given in Fig. S4, shows a morphology similar to the Pellet-850 sample, suggesting that 

any differences in the electrochemical performance between these samples are driven by the 

phase structure. The high-resolution TEM (HRTEM) image (Fig. 4e shows the regular lattice 

fringe with a spacing of 2.55 Å, which matches well with the {100} planes of O3 NMA111. 

The bright spots seen in the selected area electron diffraction (SAED) recorded along the [331] 

zone axis are indexed to the representative reflections based on the O3 layered structure (Fig. 

4d). 

 



 
 

 

Fig. 4. SEM images of (a) NMA111 (Pellet-850) and (b) secondary electron (SE) image and 

EDS elemental mappings of (b1) Na, (b2) O, (b3) Al, (b4) Mn, and (b5) Ni in the NMA111. 

Bright-field TEM image (c), SAED pattern recorded along the [331] zone axis (d), and 

HRTEM images of the NMA111 sample along [001] axis (e). 

3.5. Electrical properties 

To study the transport behavior of NMA111, impedance measurements were performed on the 

pelletized sample, and the room temperature Nyquist plot (-Z′′ versus Z′), along with the 

equivalent circuit fitting profile, is plotted in Fig. 5a. The equivalent circuit used to model the 

impedance data is shown as the inset. The two fitted semicircular arcs in higher and 

intermediate frequency regions correspond to the grain and grain boundary contributions to the 

overall impedance in the material. An inclined straight line feature at lower frequencies in the 

Nyquist plot confirmed the substantial Na-ion conduction in NMA111. The conductivity values 

were calculated using the fitted values of RG & RGB and the sample dimensions, and the values 

of the grain and grain boundary conductivities are ~2.59 ´ 10-6 S cm-1 and ~3.41 ´ 10-6 S cm-

1, respectively. It is important to mention that the NMA111 pellet used in this test (sintered at 

850 °C) had a relative density (measured using the pellet′s weight and dimensions) of only 

~55%. Accordingly, the bulk (within-grain) conductivity value was corrected to account for 

the porosity using the Bruggeman model as given by Eq. 3, 

𝜎* = 𝜎+ (1 − %
,
𝑝+           (3) 



 
 

 

where 𝜎* is the measured conductivity of the sample from the impedance data, 𝜎+ is the 

conductivity of the NMA111 sample with 0% porosity, and p (= 0.45) is the fraction of the 

pores.

Fig. 5. (a) Nyquist plot of NMA111 pellet at room temperature (25 °C). The data was fitted 

using the equivalent circuit shown as the inset. (b) Chronoamperometry curve under 100 mV. 

The corrected value of the grain conductivity at room temperature is ~ 7.97 ´ 10-6 S cm-1. For 

cathode materials, both electronic and ionic conductivities are crucial in determining the rate 

performance of the cathode. To evaluate the contributions of Na-ions and electrons to the total 

conductivity, a polarization study under an applied DC voltage of 100 mV was conducted. The 

current value decreased from ~6.3 µA at the start of the experiment (I0) to ~1.7 µA once the 

steady-state (Ie) is achieved, indicating a Na-ion transference number of about 0.73 (Fig. 5b). 

Thus, the values of room temperature bulk sodium-ion (𝜎-./) and electronic (𝜎0") 

conductivities for the NMA are estimated to be ~5.82 ´ 10-6 S cm-1 and ~ 2.15 ´ 10-6 S cm-1, 

respectively. The ionic conductivity of NMA111 is close to the values reported for other 

layered oxides such as Na[Li0.05(Ni0.25Fe0.25Mn0.5)0.95]O2, Na0.67Mn0.55Ni0.25Ti0.2–xLixO2, etc. 

[51, 52]. 

3.4 Cyclic voltammetry  

Cyclic voltammetry (CV) measurements were done on the NMA111 cathode in a half-cell 

configuration in the 1.5-4.0 V range. Fig. 6a shows the CV plots of the first two cycles at a 

scan rate of 0.1 mV s-1. 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Cyclic voltammograms of NMA111 within the voltage range of 1.5–4.0 V (a) first 2 

cycles at 0.1 mV s-1 and (b) at various scan rates from 0.1 to 0.5 mV s-1. (c) Linear 

relationship of peak currents with the square root of scan rate for oxidation (O1, O2), and 

reduction (R1, R2) peaks. 



 
 

 

Four redox peaks are observed at ~3.01/2.39 V, ~3.29/3.14 V, ~3.56/3.41 V, and ~3.72/3.55 V 

in Fig. 6a. These four features are attributed to the Ni2+/3+ redox activity, as reported in the 

literature. An additional peak at ~2.2 V during the reduction scan is observed for the scan rate 

0.5 mV s-1. Interestingly, out of the four peaks, the O1/R1 redox peaks showed the largest 

polarization, indicating sluggish kinetics for this redox process. CV plots for NMA111 at 

various scan rates from 0.1 to 0.5 mV s-1 are shown in Fig. 6b, and the peak currents (ip) increase 

with the increase in the scan rate. Further, there is a shift in the oxidation peaks to higher 

voltages with increasing scan rate. Randles–Ševčík equation (Eq. 4) is often used to estimate 

the Na-ion diffusion (DNa+) coefficients using the peak current versus the square root of scan 

rate (n0.5) of the cyclic voltammograms at various scan rates.  

𝑖1 = 2.69 × 102𝑛%/,𝑆𝐶8𝐷-./𝜈	                                         (4) 

Here, n, S, and C represent the number of electrons transferred in the redox process, the 

electrode area (cm2), and the concentration of Na (mol/cm3) in the electrode, respectively. The 

linear fittings of the ip versus n0.5 for peaks O1/R1 and O2/R2 are shown in Fig. 6c, whereas 

those for O3/R3 and O4/R4 are provided in Fig. S5. A good linear relationship for all peaks 

suggests diffusion-controlled Na+ extraction and insertion behaviour in NMA111 [53-55]. The 

calculated values of the diffusion coefficient for all four oxidation peaks for NMA111 are 

similar (in ~1.3 ´ 10-11 cm2 s-1 to 1.0 ´ 10-11 cm2 s-1 range), while those for reduction peaks are 

slightly lower, with values lying in the 4.3 ´ 10-12 cm2 s-1 to 2.5 ´ 10-12 cm2 s-1 range. 

3.5 Electrochemical Behaviour 

The electrochemical properties of the NMA111 sample were investigated in Na-half cells 

cycled at 0.1C (1C = 130 mAh g-1) in two different voltage windows, 2.0–4.0 V and 1.5–4.2 

V. The first galvanostatic charge–discharge (GCD) curves of NMA111 in both voltage 

windows are shown in Fig. 7a. With the upper cut-off voltage of 4.0 V, the NMA111 shows a 

charging specific capacity of ~97 mAh g-1. Upon discharging to 2.0 V, the observed reversible 

capacity is ~87 mAh g-1 (average voltage of 2.92 V), which corresponds to the insertion of 0.33 

Na-ions per formula unit from the Ni2+/Ni3+ redox process. The low Columbic efficiency 

(~89%) in the first cycle could be due to the electrolyte decomposition, formation of electrode-

electrolyte interphase layers, etc. [56-58]. On charging the cell to 4.2 V, the specific capacity 

improved to ~129 mAh g-1; however, only a capacity of ~96 mAh g-1 is reversible when 

discharged to 1.5 V in the first cycle. The first two GCD cycles of NMA111 cell discharged at 



 
 

 

0.1C in 2.0-4.2 V are given in Fig. S6 and confirm only a partial reversibility of the capacity 

plateau above 4.0 V. Due to the poor Coulombic efficiency of the NMA cell when charged to 

4.2 V, the upper cut-off voltage for the rate performance and the cyclability studies was limited 

to 4.0 V. The irreversible capacity loss above 4.0 V is attributed to the irreversible anionic 

redox and associated phase transitions reported in various Mn/Ni-based layered oxides [59-

62]. The discharge profile of NMA111 (Fig. 7) does not show prominent plateaus above 2.5 V, 

which are seen in GCD profiles of NaMn0.5Ni0.5O2 and Na0.67Mn0.67Ni0.33O2 [60, 63-65]. This 

sloping-curve type profile is indicative of disorder induced by the Al3+ in NMA111.  

 

Fig. 7. GCD behaviour of NMA111: (a) first cycle GCD curves of NMA111 in 2.0-4.0 V and 

1.5-4.2 V ranges. Corresponding dQ/dV vs. V plots (b) 2.0-4.0 V range and (c) 1.5-4.2 V 

range. (d) Rate performance, (e) GCD curves for selected cycles at 0.3C, and (f) cyclability. 



 
 

 

The differential capacity (dQ/dV) vs. voltage (V) curves in Fig. 7b,c display four redox peaks 

in the 2.0–4.0 V range, whereas an additional redox peak appears when the cell is charged to 

4.2 V. This peak in the dQ/dV vs. V plot and the corresponding plateau in Fig. 7a are attributed 

to the anionic redox process that has been reported in many Mn/Ni-based layered oxides. This 

redox process seems to be only partially reversible. The peaks in the 2.0–4.0 V range are 

attributed to Ni redox activity during phase transitions and/or Na-ion/vacancy ordering. The 

rate performance of the NMA111 cathode at different currents cycled in the 2.0-4.0 V range is 

illustrated in Fig. 7d, and it shows a specific capacity of ~87, ~72, and ~40 mAh g-1 at 0.1C, 

1C, and 10C, respectively. The long-term cyclability of NMA11 (Pellet-850) at 0.3C is shown 

in Fig. 7f, and the voltage profiles of selected cycles are shown in Fig. 7e. The initial discharge 

capacity for this sample is ~79 mAh g-1, which reduces to 55 mAh g-1 after 100 cycles, 

indicating a capacity retention of ~70%. Interestingly, the additional peak observed at ~2.2 V 

in the CV reduction curve recorded at 0.5 mV s-1 is also reflected in the GCD data at higher C-

rates (0.5C and above) as a small plateau in the discharging curve at a similar voltage. As this 

anomaly is not observed at low C rates and is prominent only at higher current densities, it 

suggests that a larger Na-ion concentration gradient in the cell might be inducing either the side 

reactions or some phase transition in the NMA111 cathode. Additional studies are needed to 

probe the mechanism behind this anomalous plateau in the discharge curve at higher C rates.  

The cyclability plot for the Pellet-850 cathode at 1C and 3C (Fig. S7) shows that the capacity 

retention at higher current is quite poor, with only ~22% capacity available after 100 charge-

discharge cycles at 3C. The capacity retention after 100 cycles at 1C is ~67.1%. Higher charge-

discharge currents are known to cause larger strain in the cathode material and may cause larger 

volume changes during phase transitions, particle cracking, and exfoliation of cathode particles 

from the current collector. This would explain the comparatively poorer cyclability of 

NMA111 at high C rates. The average discharge voltage at 0.3C decreases from 2.87 V during 

the first cycle to 2.72 V in the 100th cycle (Fig. S8); whereas, the average charge voltage 

increased from 3.15 V to 3.30 V after 100 cycles. Such capacity fading and increased 

polarization during cycling could be attributed to the particle cracking as a result of structural 

degradation, increased side reactions causing interphase growth, and Na+ kinetic limitations 

[65, 66]. The GCD curves for the NMA111 cathode prepared using the sacrificial powder 

(Powder-850) at various C-rates are provided in Fig. S9, and the long-term cyclability at 0.3C 

is plotted in Fig. S10. This sample shows a lower specific capacity (~74.8 mAh g-1 at 0.1C and 

55.1 mAh g-1 at 1C) as compared to the Pellet-850 sample. Similarly, the capacity retention for 



 
 

 

the Powder-850 cathode is inferior (~57.8%) to that of the Pellet-850 cathode (70%) after 100 

cycles at 0.3C. The reason behind the poor performance of the NMA111 cathode prepared from 

sacrificial powder could be due to the creation of oxygen vacancies or a partial change in Ni 

oxidation state from +2 to +3 for charge balancing as a consequence of Na loss during 

calcination. As the capacity in NMA111 is predominantly due to the Ni2+/3+ redox, any increase 

in Ni3+ concentration will decrease the capacity. Moreover, this sample has a higher fraction of 

undesired phases (Fig. S2 and Table S3), which would also cause poor electrochemical 

performance.  

To confirm the charge compensation mechanism, ex-situ XPS measurements were performed 

on the NMA111 cathode (Pellet-850) samples charged to 4.0 V and discharged to 1.5 V. Fig. 

S11 shows the Mn 2p and Ni 2p spectra. The Mn 2p spectrum for both states of charge is 

similar to that of the pristine powder sample, suggesting that there is no change in the oxidation 

state of Mn during the charge-discharge process. Ni 2p spectrum for the sample charged to 4.0 

V, on the other hand, showed a shift in the peak position as well as peak broadening as 

compared to the spectrum of the cathode discharged to 1.5 V. These results thus confirm that 

only Ni2+/3+ redox activity is responsible for the capacity observed in the NMA111 sample 

when cycles between 1.5 V and 4.0 V. 

3.6 GITT 

To determine the value of the room temperature diffusion coefficient of Na-ions for the 

NMA111 sample, the galvanostatic intermittent titration technique (GITT) was carried out. 

Fig. 8 represents the resultant voltage profile and the diffusion coefficient (DNa+) values at 

different states of charge after the formation cycle. A constant current pulse of 13 mA g-1 (0.1C) 

was applied for a duration of 10 minutes, then 30 minutes were given for the relaxation (no 

current applied), and the steps were repeated during the charge-discharge process (1.5-4.0 V). 

Equation 5 was used for the calculation of the DNa+. 
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Here, ΔEτ and ΔES correspond to the change in the voltage during the current pulse and the 

equilibrium value for the cathode. The molar density, surface area, mass loading for the active 

material, and duration of the constant pulse (10 minutes) are denoted by ρ, S, mB, and τ, 

respectively. 



 
 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Na+ diffusion coefficients (DNa+) and GITT curves of NMA111 during the charge-

discharge process at 0.1C. 

NMA111 exhibits the diffusion coefficients in the range of 5.29 × 10-10 to 8.80 × 10-12 cm2 s-1. 

During the charging process, comparatively lower values of DNa+ are observed when the cell 

voltage is below 2.7 V, and then gradually increase to higher values reaching 1.85 × 10-10 cm2 

s-1 due to the faster Ni2+/3+ redox kinetics in the 2.7-3.5 V range. The value of DNa+ starts 

decreasing when the cell is charged above 3.5 V, reaching a minimum value of 9.47 × 10-12 

cm2 s-1 at 4.0 V. At the onset of discharging, the value of the diffusion coefficient reaches its 

maximum of 5.29 × 10-10 cm2 s-1, decreases marginally till the cell voltage reaches 2.5 V, and 

then decreases significantly. These variations in the Na-ion diffusion coefficient could be due 

to the Ni-redox kinetics and the phase transformations during the charge-discharge process. 

Further, DNa+ values estimated from GITT and CV fitting are of a similar order. 

3.7 Electrochemical impedance spectroscopy 

In situ electrochemical impedance spectroscopy (EIS) measurements were performed to 

further explore the Na-ion kinetics in the NMA111 cathode. These measurements were carried 

out on the half-cell during charging after the formation cycle in the 100 kHz to 10 mHz 

frequency range. For the formation cycle, the cell was charged to 4.0 V and then discharged to 

1.5 V at 0.1C. The cell was allowed to rest for 2 h to achieve the equilibrium OCV at each 

SOC before conducting the EIS measurement. The Nyquist plots of the NMA111 cell showed 



 
 

 

overlapped semi-circular arcs in the high-frequency region and a straight line in the low-

frequency region at all voltages (Fig. 9a). Usually, the impedance response of such cells has 

contributions from the electrolyte resistance, the interphase layers formed on electrode 

surfaces, the charge-transfer process, and the Na-ion diffusion in electrodes [67-69]. 

Deconvoluting these processes from the Nyquist plots using equivalent circuit modeling is 

often challenging due to their intertwined responses in the medium-high frequency region [70, 

71].  

Fig. 9. (a) Nyquist plot of NMA111 half-cell during in situ EIS measurements. The 

corresponding DRT transformations are plotted in (b).  

Accordingly, the distribution of relaxation time (DRT) technique was utilized to directly 

distinguish the timescale for these overlapping electrochemical processes, and the transformed 

response is shown in Fig. 9b [71, 72]. The peaks observed in this figure could be divided into 

the Na+ transport across the cathode interphase layers (CEI, in the range 10−4 to 10−3 s), charge 

transfer resistance (in the 10−3 to 10−1 s range), and Na+ diffusion (~10−1 to 100 s range) in the 

NMA111 particles [69, 73]. The impedance values associated with the processes are reflected 

by the relaxation‐based function γ for corresponding peaks. The peak height corresponding to 

the CEI response remains almost constant, and only a marginal change in relaxation time (t) 

is noticeable when the cell is charged to 3.0 V. This suggests a stable CEI formation in 

NMA111 at all voltages in the 1.5 to 4.0 V range. Similarly, the charge transfer and Na+ 

diffusion response show minimal variation below 2.5 V. However, upon charging the cell to 

3.0 V and above, the charge-transfer & Na+ diffusion peaks decrease drastically (also 

noticeable from the Nyquist plots) and the corresponding t shifts to lower values, indicating 

faster Na+ transport kinetics [73]. These results are consistent with the GCD behavior of 



 
 

 

NMA111. There is almost no capacity exhibited by the NMA111 below 2.5 V during charging, 

and the Ni2+ to Ni3+ oxidation reaction stabilizes only above ~2.7 V (Fig. 7).  

The SEM images of the NMA111 (Pellet-850) coated cathode harvested from the half-cell 

after 100 cycles at 0.3C are given in Fig. S12. While no clear cracks are visible in the SEM 

images of the post-cycled cathode particles, some amount of surface degradation is discernible. 

The in-situ EIS measurements (at 2.0 V, 3.0 V, and 4.0 V) were carried out for the NMA111 

(Pellet-850) half-cell charged-discharged for 100 cycles at 0.3C to probe the changes in the 

contribution of various components to the overall impedance. The analysis of the equivalent 

circuit fitted EIS results indicates that the overall cell resistance increased after cycling at all 

three voltages, the semicircular arcs in the mid-frequency range in the Nyquist plot of cycled 

cathodes become distinct, and with the increase in the cell voltage, the overall resistance of the 

cycled cell decreases from ~2956 W at 2.0 V to ~902 W at 4.0 V (Fig. S13). The equivalent 

circuit used for fitting the impedance data is shown in Fig. S12, rightmost panel. Further, the 

overall cell resistance increases from ~1724 W  to ~2956 W at 2.0 V, from ~715 W to 1535 W 

at 3.0 V, and from ~602 W to 902 W at 4.0 V after 100 cycles. This increase in cell resistance 

is contributed to by both the increased interphase layers’ resistance and the charge-transfer 

resistance. The increase in the resistance of the interphase layers formed on the electrodes’ 

surfaces is typically caused by the detrimental electrolyte-electrode reactions [46, 74, 75]. 

Further, the volume changes caused by the phase transformations during the charge-discharge 

process induce structural deformations that could lead to particle cracking and exfoliation of 

the cathode particles from the current collector or conductive carbon matrix [76, 77]. These 

phenomena hamper the Na-ion diffusion and lead to increased cell resistance and capacity 

decay with cycling.   

4 Conclusions 

In summary, an O3-type NaNi1/3Mn1/3Al1/3O2 (NMA111) was prepared by calcining the 

powder at 850 °C via a sol-gel route. Minimizing the Na volatilization by covering the 

pelletized sample with sacrificial powder of the same composition was crucial in suppressing 

the formation of the P2-type phase, as confirmed by XRD analysis. The NMA111 cathode 

delivered an initial discharge capacity of ~87 mAh g-1 at 0.1C in the 2.0 to 4.0 V range with 

an average voltage of ~2.92 V. Upon increasing the voltage to 4.2 V, the initial discharge 

specific capacity improved to ~96.6 mAh g-1, but the fading is severe. A mostly slanted 

voltage profile, albeit with a minor discharge plateau at ~2.5 V, suggested a solid-solution 



 
 

 

type (de)intercalation mechanism in NMA111. The charge compensation is via the activation 

of the Ni2+/3+ redox couple, as confirmed by the ex-situ XPS measurements showing Ni 2p 

shifts consistent with Ni²⁺/³⁺ redox. This study demonstrates a practical route to stabilize O3-

type layered cathodes for Na-ion batteries. 
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Fig. S1. Schematics of O3-type NMA111 structure. 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

Fig. S2. Rietveld refinement profile for the NMA111 sample calcined at 850 °C in powder 
form (Powder-850). 

 

Fig. S3. Rietveld refinement profile for the NMA111 sample calcined at 1000 °C in powder 
form (Powder-1000). 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S4. SEM images of NMA111 sacrificial powder heated at 850 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S5. Linear relationship of peak currents with the square root of scan rate for different 
peaks. 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. S6. 1st two charge-discharge cycles of NMA111 (Pellet-850) at 0.1C cycled between 2.0 
V and 4.2 V. 

 

 

 

 

 

 

 

 

 

 

Fig. S7: The cyclability of the NMA111 cathode (Pellet-850) at 1C and 3C. 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

Fig. S8. Median charging and discharging voltage of the NMA111 cathode (Pellet-850) for 
various cycles at 0.3C. 

 

 

 

 

 

 

 

 

 

 

Fig. S9. The GCD behavior of the NMA111 cathode prepared from sacrificial powder 
(Powder-850) at various C rates. 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

Fig. S10: The cyclability of the NMA111 cathode prepared from sacrificial powder (Powder-
850) at 0.3C. 

 

 

 

 

 

 

 

 

 

 

Fig. S11. Ex situ Ni 2p and Mn 2p XPS data for NMA111 cathode charged to 4.0 V and 
discharged to 1.5V. 

 

 

 

 

 



 
 

 

 

Fig. S12. The SEM images of the cycled NMA111 (Pellet-850) cathode at different 
magnifications. 

 

 

Fig. S13. Nyquist plot of NMA111 half-cell (Pellet-850 cathode) before and after cycling for 
100 cycles at 0.3C, along with the equivalent circuit used for fitting (shown in rightmost 

panel). The circuit element Rel represents the electrolyte resistance, R1 & R2 represent the 
interphase layers' resistance, R3 represents charge-transfer resistance, and Q4 reflects the 

diffusion process in solid cathode particles.  

 

 

 



 
 

Table S1: Various structural parameters obtained from the Rietveld refinement of room 
temperature powder x-ray diffraction data for the NMA111 pellet sample heated at 850 °C 
(Pellet-850). x, y, z — positional coordinates along with the fitness parameters (Rexp, Rwp, 
Rp, and goodness of fit – GoF).  

Rexp = 7.00 
Rwp = 9.54 
Rp = 7.24 
GOF = 1.36 

O3 

Atom x y z Occupancy 

Na 0 0 0.5 1 

Ni/Mn/Al 0 0 0 0.333/0.334/0.333 

O 0 0 0.265 1 

P2 

Nae 2/3 1/3 1/4 0.65 

Naf 0 0 1/4 0.35 

Ni/ Mn/ Al 0 0 0 0.333/0.334/0.333 

O 2/3 1/3 0.08 1 

b 

Na 0.416 0.520 0.142 1 

Ni/ Mn/ Al 0.060 0 0.141 0.333/0.334/0.333 

O1 0.05 0.678 0.08 1 

O2 0.380 0.080 0.128 1 

 

Table S2: The weight (%) of various elements in NMA111 samples determined from the ICP-
OES measurements. 

Sample Na 
(wt.%) 

Ni 
(wt.%) 

Mn 
(wt.%) 

Al 
(wt.%) 

Chemical Composition 

Expected  32.91 28.01 26.22 12.87 NaNi1/3Mn1/3Al1/3O2 

Pellet-850 31.82 28.21 26.81 13.17 Na0.95Ni0.330Mn0.335Al0.335O2 

Powder-850 28.77 29.14 28.08 14.00 Na0.82Ni0.325Mn0.335Al0.340O2 

 

 

 

 

 

 

 



 
 

 

 

Table S3: Refined structural parameters for NaMn1/3Al1/3Ni1/3O2 powder calcined at 850 °C 

(Powder-850).  

Powder-850 O3 phase P2 phase b phase  NiO Phase 

Crystal system Rhombohedral Hexagonal  Orthorhombic Cubic 

Space group R3"m P63/mmc  Pn21a Fm3"m 

Phase fractions 55% 32% 6.9% 6.1% 

Cell Parameters, Å     
 a = 2.9401(7) a = 2.8870(4) a = 5.3854(8) a = 4.1762(6) 

   b = 5.2190(5)  
 c = 16.085(1) c = 11.114(1) c = 7.037(1)  

Cell Volume V, Å3 120.42(1) 80.23(2) 197.80(4) 72.836(3) 

 

Table S4: Various structural parameters obtained from the Rietveld refinement of room 
temperature powder x-ray diffraction data for the NMA111 sacrificial powder heated at 850 °C 
(Powder-850). x, y, z — positional coordinates along with the fitness parameters (Rexp, Rwp, 
Rp, and goodness of fit – GoF).  

Rexp = 6.84 
Rwp = 15.01 
Rp = 10.96 
GOF = 2.19 

O3 

Atom x y z Occupancy 

Na 0 0 0.5 1 

Ni/Mn/Al 0 0 0 0.333/0.334/0.333 

O 0 0 0.259 1 

P2 

Nae 2/3 1/3 1/4 0.65 

Naf 0 0 1/4 0.35 

Ni/ Mn/ Al 0 0 0 0.333/0.334/0.333 

O 2/3 1/3 0.09 1 

b 

Na 0.415 0.520 0.108 1 

Ni/ Mn/ Al 0.090 0 0.144 0.333/0.334/0.333 

O1 0.049 0.57 0.08 1 

O2 0.362 0.080 0.188 1 

NiO 
Ni 0 0 0 1 

O ½ ½ ½  1 

 



 
 

Table S5: Refined structural parameters for NaMn1/3Al1/3Ni1/3O2 powder calcined at 1000 °C 

(Powder-1000).  

Powder-1000 P2 phase b phase  NiO Phase 

Crystal system Hexagonal  Orthorhombic Cubic 

Space group P63/mmc  Pn21a Fm3"m 

Phase fractions 70% 11% 19% 

Cell Parameters, Å    

 a = 2.876(1) a = 5.3722(1) a = 4.1767(8) 
  b = 5.2255(9)  

 c = 
11.2160(5) 

c = 7.0424(1)  

Cell Volume V, Å3 80.343(7) 197.70(7) 72.865(6) 

 

Table S6: Various structural parameters obtained from the Rietveld refinement of room 
temperature powder x-ray diffraction data for the NMA111 sample heated at 1000 °C in powder 
form (Powder-1000). x, y, z — positional coordinates along with the fitness parameters (Rexp, 
Rwp, Rp, and goodness of fit – GoF).  

 

Rexp = 2.47 
Rwp = 5.49 
Rp = 3.56 
GOF = 2.22 

 Atom x y z Occupancy 

P2 
(70%) 

Nae 2/3 1/3 1/4 0.65 

Naf 0 0 1/4 0.35 

Ni/ Mn/ Al 0 0 0 0.333/0.334/0.333 

O 2/3 1/3 0.078 1 

b 
(11%) 

Na 0.416 0.520 0.142 1 

Ni/ Mn/ Al 0.169 0 0.147 0.333/0.334/0.333 

O1 0.05 0.678 0.08 1 

O2 0.380 0.080 0.128 1 

NiO 
(19%) 

Ni 0 0 0 1 

O ½ ½ ½  1 
 

 

 

 

 



 
 

Table S7: The values of various parameters obtained from equivalent circuit modeling of 
impedance data for the NMA111 pellet (Pellet-850). 

 

Pellet-850 Fitted Value ± Error 

RG (kW) 57.9 ± 0.2 

RGB (kW) 44.0 ± 0.2 

QG 
Q (sn/W) (1.85 ± 0.07) ´ 10-9 

n 0.75 ± 0.01 

QGB 
Q (sn/W) (1.61 ± 0.08) ´ 10-7 

n 0.66 ± 0.02 

QEL 
Q (sn/W) (2.4 ± 0.2) ´ 10-5 

n 0.36 ± 0.08 
 


