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Abstract 9 

The development of mixed structures is increasingly becoming an efficient way to improve the 10 

performance of layered oxide cathodes for sodium-ion batteries. Herein, the 11 

Na0.8Mn0.6Ni0.3Cu0.1O2 (NMNC) cathodes with varying fractions of P2/O3-type phases are 12 

prepared by adjusting the calcination conditions. The Rietveld refinement of X-ray diffraction 13 

(XRD) data confirms the increase in O3 phase fraction from 7% to 27% with the increase in 14 

calcination temperature from 850 °C to 950 °C. The sample prepared at 850 °C (NMNC-850) 15 

exhibits the highest specific capacity (139 mAh g-1, 100 mAh g-1, and 80 mAh g-1 at 0.1 C, 1 16 

C, and 4 C, respectively) and best rate performance among all samples in addition to an 17 

excellent cyclability with capacity retention of ~ 85% after 100 cycles in 1.5 - 4.2 V range.  18 

The increase in the O3 phase fraction leads to a drastic degradation of rate performance. The 19 

galvanostatic intermittent titration technique confirms a diffusion coefficient of 5.1310-13 – 20 

5.2510-10 cm2 s-1 in biphasic NMNC-850 sample. Ex-situ XRD studies confirm a reversible 21 

P2/O3 → P2/P3 → P2/O3 transformation in NNMC-850 during cycling. The improved 22 

electrochemical performance is attributed to the presence of non-identical neighboring phases 23 

in suppressing the phase transformations during cycling.  24 

Keywords: Energy storage; Biphasic cathodes; Phase transformation; X-ray diffraction; 25 

Diffusion coefficient. 26 

mailto:sunil@iiti.ac.in


 2 

1. Introduction 27 

Energy storage is required to overcome the variations in power supply and demand by 28 

providing voltage support and levelling the output fluctuations by renewable energy sources. 29 

Among the various available energy storage mechanisms, the electrochemical energy storage 30 

systems are dominant owing to their high-efficiency level, fast response time, and low self-31 

discharge [1, 2]. Lithium-ion batteries (LIBs) are a primary example of an electrochemical 32 

energy storage system that has been extensively used to meet today’s market requirements. 33 

However, the uneven and scarce distribution of Li reserves has led to a surge in the 34 

manufacturing cost of LIBs and raises sustainability-related issues. This has motivated the 35 

scientific community to explore alternative battery technologies [3-5]. Due to the similarity in 36 

the working mechanisms of sodium-ion batteries (NIBs) and LIBs, and the relative abundance 37 

of Na, NIBs have emerged as a favorable candidate for stationary storage applications [6-9]. 38 

The cathode material primarily limits the performance of NIBs, so the development of stable 39 

and efficient cathodes is crucial for their commercialization [10-12]. 40 

Cathode materials based on layered oxide structures (LOs) (NaxTMO2, x  1 and TM stands 41 

for transition elements Ti, V, Cr, Mn, Fe, Co, Ni, Cu, etc.) have been investigated extensively 42 

because of their facile synthesis, tuneable structural properties, and high specific capacity [13-43 

15]. Depending on the number of oxide layers and the location of Na atoms, the LOs are mainly 44 

categorized into P2-type, P3-type, and O3-type [16]. Here, the P2-type oxides have adjacent 45 

triangular prismatic sites where sodium ions are present, and the O3-type oxides have 46 

octahedral geometry around the Na-ions. The larger triangular prismatic sites of P2-type oxides 47 

provide wider transport channels to facilitate the diffusion of Na+, resulting in a better rate 48 

capability. In contrast, the higher sodium-ion concentration in O3-type oxides increases their 49 

specific capacities [17-19].  50 
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Among the transition metal combinations explored in P2 and O3-type layered oxides, Mn-51 

based materials (manganese being an earth-abundant resource) have received the most 52 

attention. The Na-Mn-O system of cathodes is known to have specific capacities upwards of 53 

190 mAh g-1 [13, 20]. However, due to lower reduction potentials of Mn3+/Mn4+ redox couple 54 

(typically in the range of 2 – 3 V), these materials exhibit low open circuit voltages (~3 V). 55 

Moreover, the presence of Jahn-Teller active Mn3+ induces distortions and phase 56 

transformations at lower voltages leading to poor cyclic performance of these cathodes [21, 57 

22]. Elements such as Ni and Cu have been substituted for Mn in the NaxMnO2-based cathodes 58 

to minimize the structural distortions during cycling. Although the 2+ oxidation states of Ni 59 

and Cu ions force Mn3+ to Mn4+ transformations during synthesis, the reduction in specific 60 

capacity is compensated by Ni2+/Ni4+ redox couple, which is a 2-electrons transfer in contrast 61 

to the Mn3+/Mn4+ redox couple with just one-electron transfer. Other properties of the material, 62 

such as moisture stability, cyclability, nominal voltage, etc., are also reported to be enhanced 63 

by the inclusion of Cu ions [23-25]. Recently, certain compositions in the Nax(Mn-Ni-Cu)O2 64 

system have exhibited a specific capacity of 90 mAh g-1 with a nominal voltage of 3.4 V 65 

and excellent capacity retention of ~ 80% after 200 cycles at 0.1 C [24, 26, 27]. 66 

However, to improve the practical applicability of Nax(Mn-Ni-Cu)O2, cyclability and rate 67 

performance should be enhanced further. One typical method to solve this problem includes 68 

lowering the cut-off voltage for charging, which prevents the phase transitions from occurring 69 

at high voltages at the expense of the specific capacity [28]. A minor inert-ion substitution 70 

(such as Mg [29, 30], Li [31, 32], Zn [33, 34], etc.) is another strategy for structural stabilization 71 

during the charge-discharge cycle. This helps in subduing the irreversible phase transitions and 72 

Na-vacancy ordering with improved air stability [35, 36]. Recently, the intergrowth of multi-73 

phase structures has emerged as an alternative strategy to improve electrochemical 74 

performance without compromising on specific capacity [37-39]. The synergy between P2 and 75 
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O3 phases enhances the electrochemical performance of the biphasic cathodes compared to the 76 

single-phase cathodes [40-42]. The composite structures can be tailored by employing 77 

numerous strategies, such as tuning different stoichiometric ratios of raw materials, ions 78 

substitution, and varying synthesis parameters (calcination temperature, reaction time, sodium 79 

content, etc.) [35, 43, 44]. Presently, substituting metal cations in LOs is a popular method to 80 

prepare composite layered oxides [45]. For instance, Li+/Ti4+ co-substituted P2/O3-81 

Na0.67Li0.11Fe0.36Mn0.36Ti0.17O2 showed excellent cyclability in the voltage range of 2.0- 4.2 V 82 

[41]. A P2/O3-Na0.8Mn0.55Ni0.25Fe0.1Ti0.1O2 cathode material was prepared by adjusting the 83 

ratio of Ni and Mn, which showed improved rate capability than that of the original P2 and O3 84 

phases [39]. In addition to the composite structure, the variable stoichiometric ratios of the 85 

constituent elements also contribute to the electrochemical enhancement of the ion-substituted 86 

biphase materials. However, the independent impact of the biphase structure on the 87 

electrochemical performance is yet to be elucidated.  88 

Herein, biphasic Na0.8Mn0.6Ni0.3Cu0.1O2 (NMNC-T) materials with varying P2/O3 phase 89 

fractions are successfully obtained by tuning the calcination temperatures in 800 to 950 °C 90 

range, and their impact on the electrochemical behavior is systematically investigated. To the 91 

best of our knowledge, the Na0.8Mn0.6Ni0.3Cu0.1O2 composition with varied P2/O3 phase 92 

fractions is extensively investigated as a potential cathode material for sodium-ion batteries for 93 

the first time. This study confirms that the synergistic effects of the composite structure 94 

improve the specific capacity and cyclability by reducing the lattice strain during the charge-95 

discharge process via the interlocking effect of the phase boundaries; however, the increase in 96 

the O3 phase fraction has a determinantal effect on the C-rate performance. Unlike many other 97 

single-phase materials in the Na-Ni-Mn system, biphasic Na0.8Mn0.6Ni0.3Cu0.1O2 composition 98 

exhibits much-improved cyclability even in the Jahn-Teller active 1.5 – 4.2 V range. 99 

2. Experimental  100 
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2.1. Synthesis  101 

A simple sol-gel technique was used to synthesize the biphasic Na0.8Mn0.6Ni0.3Cu0.1O2 102 

materials. Stoichiometric amounts of manganese (II) acetate tetrahydrate, nickel acetate 103 

tetrahydrate, copper (II) nitrate trihydrate, and sodium carbonate were mixed in deionized 104 

water followed by stirring for 8 h. To this, citric acid and ethylene glycol were added in 105 

appropriate amounts and stirred for another 12 h to obtain a uniform solution. This solution 106 

was heated at about 80 °C to form a gel. The dried gel was ground before heat-treating at 550 107 

°C for 12 h. The resultant powders were ground and calcined in air at various temperatures in 108 

the 800 - 950 °C range for 12 h in air to get the final product. These calcined 109 

Na0.8Mn0.6Ni0.3Cu0.1O2 powders were labeled as NMNC-T; here, T denotes the calcination 110 

temperature = 800 °C, 850 °C, 900 °C, and 950 °C. 111 

2.2. Characterization  112 

An Empyrean, Malvern Pananalytical diffractometer with Cu-Kα radiation source was used to 113 

perform powder X-ray diffraction (XRD) within the 2θ range of 10°- 80° at room temperature. 114 

TOPAS Academic (version 6) software package was used to perform Rietveld refinement of 115 

the XRD data to calculate the crystallographic parameters of all samples [46]. The morphology 116 

and elemental distribution in powder samples were investigated using a field emission scanning 117 

electron microscope (SEM) (model JEOL-7610) equipped with energy-dispersive X-ray 118 

spectroscopy (EDS). A Thermofisher Scientific (Naxsa base) having a 1486.6 eV (Al Kα) X-119 

ray source was used to take X-ray photoelectron spectroscopy (XPS) measurements to ascertain 120 

the oxidation states of various elements present in NMNC samples. 121 

For electrochemical studies, CR-2032 coin cells were fabricated using Na metal as the counter 122 

electrode, Whatman GF/D as the separator, and 1 M NaClO4 in ethylene carbonate – propylene 123 

carbonate (EC-PC) in the volume ratio of 1:1 as the electrolyte. The cathode was prepared by 124 
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mixing 80 wt.% active material, 10 wt.% Ketjen black, and 10 wt.% PVDF binder in N-125 

Methylpyrrolidone (NMP) solvent. The slurry was then coated on an Al current collector, dried 126 

at 120 °C for 8 h in a vacuum oven, and punched into 16 mm disks. The active material mass 127 

loading was ~ 3-4 mg cm-2, and an apparent active mass density of ~ 1.5-2.0 g cm-3. A Keithley 128 

source meter unit (Model 2450-EC) was employed to perform cyclic voltammetry (CV) on the 129 

coin cell between 1.5 V and 4.2 V with a scan rate of 0.1 mV s-1. A Landt battery testing system 130 

(LANHE CT, 2001A) was used for Galvanometric charge-discharge (GCD) tests on the coin 131 

cell within 1.5 V – 4.2 V. The rate performance of the cathode was evaluated at 0.1 C, 0.2 C, 132 

1 C, 2 C, and 4 C, while the cyclability tests were performed at 0.2 C for 100 cycles between 133 

1.5 V and 4.2 V. Calculation of C-rates was done by assuming a specific capacity of 170 mAh 134 

g-1. The galvanostatic intermittent titration technique (GITT) was used to calculate the sodium-135 

ion diffusion coefficient of the half-cells using a Neware Battery Tester (Model no.CT-4008T). 136 

3. Results and discussion 137 

3.1. XRD  138 

The XRD patterns of the NMMC-T samples calcined at various temperatures (T = 800 °C - 139 

950 °C) are depicted in Fig. 1. Preliminary analysis of the XRD data shows the existence of a 140 

biphasic system consisting of P2 and O3 phases for NMMC-850, NMMC-900, and NMMC-141 

950 samples, whereas, additional peaks belonging to P3 and other impurity phases are visible 142 

in the pattern for the sample NNMC-800. Accordingly, the NNMC-800 sample was not 143 

characterized further in this work. It is clear from Fig. 1 that with the increase in calcination 144 

temperature, the peak intensity of the O3 phase shows a continuous upward trend indicating an 145 

increase in the O3 phase fraction, which is reported to be more stable at higher temperatures 146 

[47]. The crystal structure and P2/O3 phase fractions for the as-prepared NMNC samples were 147 

ascertained by performing Rietveld refinement of the powder XRD data. The refinement 148 
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profiles for the samples (T = 850 °C, 900 °C, and 950 °C) and their corresponding phase 149 

fractions are shown in Fig. 2 (a-c) and Fig. 2(d), respectively. The calculated structural 150 

parameters are given in Table 1.  151 

 152 

Fig. 1. (a) XRD patterns showing the simultaneous existence of P2 and O3 phases and their 153 

phase evolution with calcination temperature in NMNC–T (T = 800 °C, 850 °C, 900 °C, 950 154 

°C). Magnified view of (a1) (002) peak of P2 phase and (003) peak of O3 phase, (a2) (004), 155 

(100), (101), (102), (103), (104), (006) of P2 phase and (104) of O3 phase. 156 

The refinement of the XRD data confirms that all three samples crystallize in a biphasic P2 157 

(P63/mmc space group) and O3-type (R3̅m space group) structure with hexagonal symmetries. 158 

The ordering of Na-ion vacancies induces superlattice reflections which can be observed as 159 

two minor peaks at ~ 27.2° and 28.3° (marked by * in Fig. 1) in the XRD patterns [48-50]. The 160 

various crystallographic parameters of all samples calculated from the Rietveld refinement of 161 

the XRD data are depicted in Tables S1-S3 (Supplementary Material).  162 
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VESTA software was employed to visualize the XRD refinement data, and it showed a 163 

decrease in the volume of Na-O6 prisms with the increase in calcination temperature. The c-164 

lattice parameter of the P2 phases of the NMNC-T sample decreases marginally on the rise in 165 

T, whereas the lattice parameter a increases (Table 1). The rectangular bottleneck area for the 166 

sodium ion diffusion in the P2 phase is found to decrease from ~ 10.2609 Å2 to ~ 10.1537 Å2 167 

with an increase in temperature from 850 °C to 950 °C (Fig. 2 (e)). Moreover, the O3 phase 168 

fraction increases from ~ 7% for NMNC–850 to ~ 13 % for NMNC–900 and then to ~ 27% for 169 

NMNC–950 samples. It is well-known that Na-ion diffusion in O3-type layered oxides is 170 

sluggish compared to their P2-type counterparts as Na-ion moves across adjacent octahedra via 171 

a narrower triangular face bottleneck in the former (Fig. 2(f)). Consequently, the Na-ions 172 

migration in the NMNC-850 sample is expected to be better than the other samples due to a 173 

higher fraction of the P2 phase. 174 

Sample Phase a (Å) c (Å) V (Å3) 

Rexp, Rwp, Rp, 

GOF 

T = 850 

°C 

P2 

2.89169 ± 

0.00007 

11.1374 ± 

0.0006 

80.653 ± 

0.006 2.23, 3.38, 

2.44, 1.51 

O3 

2.9308 ± 

0.0005 

16.258 ± 

0.005 

120.94 ± 

0.05 

 

T = 900 

°C 

P2 

2.89323 ± 

0.00006 

11.1356 ± 

0.0005 

80.798 ± 

0.005 3.25, 3.25, 

2.44, 1.49 

O3 

2.9343 ± 

0.0002 

16.232 ± 

0.002 

121.04 ± 

0.02 

 P2 

2.89383 ± 

0.00005 

11.1340 ± 

0.0004 

80.784 ± 

0.005 

2.21, 2.96, 

2.30, 1.33 
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T = 950 

°C 

O3 

2.9272 ± 

0.0001 

16.327 ± 

0.001 

121.17 ± 

0.01 

Table 1 Lattice parameters of P2/O3 NMNC – T samples obtained from Rietveld refinement 175 

of XRD data. 176 

 177 

Fig. 2. Rietveld refinement profiles of XRD data for NMNC samples calcined at (a) T = 850 178 

°C, (b) T = 900 °C, and (c) T = 950 °C. (d) Schematic of phase fractions at different 179 

temperatures. Na+ migration pathways (represented by arrows) in (e) prisms of the P2 phase 180 

through a rectangular (highlighted in cyan color) box directly entering the adjacent prisms 181 

and (f) octahedron of the O3 phase through a triangular face (highlighted in cyan color) in a 182 

tetrahedron between adjacent two octahedra. 183 

3.2. SEM 184 
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The SEM micrographs of NMNC-T samples are shown in Fig. 3, along with the representative 185 

elemental map for NMNC-850. The images show that the hexagonally shaped particles of 186 

NMNC-850 have an average particle size of 2.4 ± 0.8 µm, lesser than NMNC-900 and NMNC-187 

950 (with an average particle size of 2.9 ± 0.7 and 4.6 ± 1.3 µm, respectively), which could be 188 

attributed to the difference in calcination temperature. The comparatively lower surface energy 189 

of the (00l) surface in contrast to (h00), (0k0), and (hk0) surfaces can be used to explain the 190 

hexagonal plate-like morphology of the NMNC-T samples [19, 51, 52]. Therefore, the (00l) 191 

surface will dominate the equilibrium shape of NMNC-T crystals. The EDS mapping of the 192 

NMNC-850 sample (Fig. 3(d1-5)) confirms that the distribution of Na, Mn, Ni, Cu, and O is 193 

uniform throughout the sample without any evident segregation. Fig. S4 (a-e) shows the 194 

magnified SEM images of NMNC-T samples.  It can be seen that the surface of all particles is 195 

smooth, and particles are agglomerated. This confirms that the chelating agent does not affect 196 

the surface smoothness of the individual particles. 197 

 198 

Fig. 3. SEM images of (a) NMNC-850, (b) NMNC-900 (c) NMNC-950. (d1)-(d5) EDS 199 

spectra of NMNC-850 indicating uniform distribution of constituent elements. 200 

3.3. XPS 201 

Oxidation states of the constituent transition metals of NMNC-T samples were confirmed by 202 

X-ray photoelectron spectroscopy. Fig. 4. depicts the XPS spectra of Cu 2p, Mn 2p, and Ni 2p 203 
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from different samples. The Ni 2p spectrum shows four characteristic peaks that can be 204 

assigned to Ni 2p3/2 (~ 854 eV), Ni 2p1/2 (~ 872 eV), and their corresponding satellite peaks. 205 

This suggests a 2+ oxidation state for Ni-ions in the materials [27, 53, 54]. In the Cu 2p spectra, 206 

the two peaks at ~ 932 eV (2p3/2) and ~ 952 eV (2p1/2) confirm the presence of Cu2+  [27, 53, 207 

54]. The two peaks at ~ 641 and ~ 652 eV in the Mn 2p spectra are assigned to 2p1/2 and 2p3/2, 208 

respectively, signifying the existence of Mn as Mn4+ in the materials [27, 53, 54]. The XPS 209 

data suggests the independence of oxidation states of the constituent elements with temperature 210 

in the cathode materials.  211 

 212 

Fig. 4. XPS spectra of NMNC–T samples (T = 850 °C, 900 °C, and 950 °C). 213 

3.4. CV 214 

Cyclic voltammetry (CV) tests were performed on the prepared cathode materials to study their 215 

redox activity. Fig. 5 shows the CV profile of NMNC-850 half-cells between a voltage window 216 

of 1.5 - 4.2 V at a scan rate of 0.1 mV s-1, and the cyclic voltammograms of NMNC-900 and 217 

NMNC-950 are provided in Fig. S1. During oxidation-reduction cycle, the series of 218 

oxidation/reduction peaks between 3.0 and 3.9 V can be ascribed to the Ni2+/Ni4+ redox reaction 219 

and the Na+/vacancy ordering mechanism  [55, 56]. The peak at about 3.9 V in the CV curves 220 

indicates the activation of the Cu2+/Cu3+ redox pair [24-26]. Although Mn is in an 221 



 12 

electrochemically inactive 4+ oxidation state in the as-prepared material, a small peak in the 222 

CV plot suggests minor Mn redox activity in the 1.5 - 2.0 V range [57-59]. This can be 223 

attributed to the Na-ion insertion process below the open circuit voltage against Na/Na+, which 224 

triggers the reduction of some Mn4+ into Mn3+ [59-61]. The similarity in the CV curves of the 225 

second and third cycles for all cathodes indicates that all redox processes are reversible. 226 

 227 

Fig. 5. Cyclic voltammogram of NMNC-850 sample at a scan rate of 0.1 mV s-1. 228 

3.5. GCD 229 

To further probe the influence of different phase compositions on the electrochemical 230 

performance, the cathodes were tested in a half-cell configuration between 1.5 V to 4.2 V, and 231 

the results are shown in Fig. 6. The galvanostatic charge-discharge (GCD) voltage profiles of 232 

the NMNC-T cathodes at different C rates are given in Fig. 6(a)-(d) and Fig. S5-S7 depicts the 233 

first galvanostatic charge/discharge cycles of NMNC–T samples at 0.1 C in 1.5-4.2 V. 234 

The samples calcined at 850 °C, 900 °C, and 950 °C deliver specific capacities of  139 mAh 235 

g-1, 119 mAh g-1, and 107 mAh g-1 at 0.1 C, respectively. The NMNC-850 sample shows a 236 

specific capacity of ~ 116 mAh g-1 and 100 mAh g-1 at 0.2 C and 1 C, respectively (Fig. 6. (d)). 237 
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Even at 4 C, the sample calcined at 850 °C retains a capacity of 80 mAh g-1, while the other 238 

samples show almost negligible capacities. These phenomena demonstrate the higher structural 239 

reversibility of NMNC-850. This is attributed to the higher percentage of the P2 phase in the 240 

sample, with a larger conduction pathway, as indicated in the XRD section. This allows the 241 

Na-ions to move swiftly during charge-discharge, allowing for greater and more efficient Na-242 

ion extraction, resulting in better rate performance. Although increasing the O3 phase 243 

percentage with temperature is expected to result in high specific capacity, the agglomeration 244 

of particles at higher treatment temperatures could hinder the Na-ion extraction and lead to a 245 

reduction in specific capacity at high C rates. In Fig. 6, the Ni2+/Ni3+ and Ni3+/Ni4+ redox 246 

couples result in plateaus above 3.0 V, while the Cu2+/Cu3+ redox couple gives rise to the 247 

plateau above 3.75 V [24, 62, 63]. 248 

 249 
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Fig. 6. Galvanostatic charge-discharge curves of NMNC–T samples (T = 850 °C, 900 °C, and 250 

950 °C) at (a) 0.1 C, (b) 0.2 C, (c) 1 C, and (d) P2/O3 NMNC–850 sample at different C 251 

rates. (e) Rate performance and Coulombic efficiency of the NMNC–T samples. (f) Cycle 252 

performance of P2/O3 NMNC–T at 0.2 C. 253 

The cycling performance of NMNC–T cathodes was evaluated at a 0.2 C rate between 1.5 V 254 

and 4.2 V, as shown in Fig. 6. (f). After 100 cycles, NMNC-850 has the most consistent cycling 255 

performance, with a capacity retention of  85% of the initial capacity. In contrast, the capacity 256 

retention of NMNC-900 and NMNC-950 is only ~ 70% and ~ 54%, respectively. Table 2 257 

summarizes the reported capacity retention of various cathodes for sodium-ion batteries in a 258 

wide voltage window [43, 64]. It is evident that the single-phase cathode materials have limited 259 

capacity retention (≤ 50 cycles). Even the materials with pillar ions, such as Mg, Fe, Li, etc., 260 

which are meant to support the structure and alleviate the adverse effects of phase 261 

transformations, have shown only moderate improvement in cyclability. The coexistence of P2 262 

and O3 phases in the Na0.8Mn0.6Ni0.3Cu0.1O2 structure hinders the phase transformation induced 263 

by Jahn-Teller active Mn3+. This allows us to utilize the voltage range of 1.5 to 2.0 V for 264 

electrochemical studies, which was forbidden, as reported previously [65-70]. 265 

Material Phase 

Voltage 

Range (V 

vs. Na/Na+) 

Current 

rate 

Capacity 

Retention 

Ref. 

Na0.67Mn0.8Ni0.1Mg0.1O2 P2 1.5 - 4.2 V 0.1 C 

79% 

50 cycles 

[67] 

Na0.67Fe0.20Ni0.15Mn0.65O2 P2 1.5 - 4.3 V 0.1 C 

55% 

30 cycles 

[66] 

Na0.67Mn0.6Ni0.2Cu0.1Mg0.1O2 P2 1.5 - 4.5 V 0.2 C 

75% 

24 cycles 

[70] 
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NaLi0.1Ni0.35Mn0.55O2 O3 1.5 - 4.3 V 0.1 C 

83% 

30 cycles 

[68] 

NaNi0.32Fe0.13Co0.15Mn0.40O2 O3 1.5 - 4.3 V 0.1 C 

85% 

50 cycles 

[65] 

NaNi0.65Co0.08Mn0.27O2 O3 1.5 - 4.1 V 0.5 C 

77% 

50 cycles 

[69] 

Na0.67Li0.15Ni0.18Mg0.02Mn0.8O2 P2/O3 1.5 - 4.2 V 0.1 C 

70%, 100 

cycles 

[71] 

Na0.67Li0.2Fe0.2Mn0.6O2 P2/O3 1.5 - 4.5 V 0.1C 

85%, 60 

cycles 

[40] 

Na0.73Ni0.4Mn0.4Ti0.2O2 P2/O3 1.5 - 4.4 V 0.5 C 

81%, 50 

cycles 

[72] 

Na2/3Li0.18Fe0.2Mn0.8O2 P2/O3 1.5 - 4.2 V 0.1 C 

69%, 100 

cycles 

[73] 

Na0.67Ni0.4Co0.2Mn0.4O2 P2/O3 1.5 - 4.2 V 0.1 C 

81%, 100 

cycles 

[74] 

Na0.8Mn0.6Ni0.3Cu0.1O2 P2/O3 1.5 - 4.2 V 0.2 C 

85% 

100 cycles 

This 

work 

Table 2 Comparison of capacity retention in a wide voltage range of various cathode 266 

materials for sodium-ion batteries 267 

3.6. GITT 268 

The diffusion kinetics of Na+ in the biphasic NMNC is investigated by employing the 269 

galvanostatic intermittent titration technique (GITT) in the 1.5 - 4.2 V voltage range, and the 270 

results are shown in Fig. 7. and Figs. S2-S3. In this method, the cell is subjected to a 271 



 16 

galvanostatic process for a definite time interval followed by a rest period. Here, GITT was 272 

used on the cell after cycling it two times. A constant current pulse was applied for 10 minutes, 273 

followed by 30 minutes relaxation of the cell to reach a quasi-equilibrium state.  274 

 275 

Fig. 7. (a) GITT profile of NMNC-850 electrode. (b) A single titration unit in GITT. (c) 276 

Diffusion coefficient of Na+ at different stages during charge-discharge. 277 

The diffusion of Na-ions into the cathode material is assumed to obey Fick’s first law and can 278 

be calculated using the following Eq. 1. [75] 279 

𝐷𝑁𝑎+ =
4

𝜋𝜏
(

𝑚𝐵𝑉𝑚

𝑀𝐵𝑆
)

2

(
∆𝐸𝑆

∆𝐸𝜏
)

2

         (𝑡 ≪ 𝐿2 ∕ 𝐷)                          (1) 280 

Here,  corresponds to the time of a single constant current pulse, 𝑚𝐵 represents the mass of 281 

active material, 𝑉𝑚 and 𝑀𝐵 represent the molar volume and molar mass of cathode material, 282 

and 𝑆 is the active surface area of the electrode. ∆𝐸𝑆 and ∆𝐸𝜏 denote the change of the steady-283 
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state voltage and the voltage change during the constant current pulse, respectively. Na+ 284 

diffusion coefficients (DNa
+) of NMNC-850 are in the range of 5.1310-13 – 5.2510-10 cm2 s-285 

1, while the DNa
+ of NMNC-900 and NMNC-950 ranges between 1.1710-13 – 6.4510-11 cm2 286 

s-1 and 9.4310-14 – 3.7010-11 cm2 s-1, respectively. Comparing the DNa
+ of the cathodes, 287 

NMNC-850 has slightly higher diffusion coefficients than the other two samples, which could 288 

be attributed to the larger Na+ migration channel in NMNC-850, as confirmed by the XRD 289 

analysis. It can be observed that the diffusion coefficient undergoes a drop at higher voltages 290 

signifying that the electrochemical kinetics is relatively slow when the structure has a smaller 291 

number of Na+ cations [76]. Similarly, during discharging to lower voltages, when the cathode 292 

is saturated with Na+, the diffusion coefficient drops rapidly, signifying poor diffusion kinetics. 293 

Further, electrochemical impedance spectroscopy (EIS) was carried out on half-cells 294 

employing cathode materials calcined at different temperatures. Fig. S9 shows the room 295 

temperature Nyquist plots for all cells and the equivalent circuit (inset) used to fit the 296 

impedance data. The overall resistance of the NMNC-850 cell is ~ 183 Ω, which is much lower 297 

when compared to NMNC-900 (~ 646 Ω) and NMNC-950 (~ 1850 Ω) cells. These results 298 

confirm that the relatively higher diffusion coefficient of NMNC-850 facilitates sodium ion 299 

conduction through the material, leading to improved electrochemical performance at higher C 300 

rates.  301 

3.7. Ex-situ XRD 302 

Ex-situ XRD experiments on the NMNC-850 and NMNC-900 samples at various states of 303 

charges (charged and discharged to different voltages) were conducted to study the change in 304 

structural parameters during cycling, and the results are shown in Fig. 8 and Fig. S8, 305 

respectively. During charging, the (002) and (004) peaks of P2 in the biphase material gradually 306 
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shift towards a lower  2 (Fig. 8(a)). This indicates an increment in the repulsive forces among 307 

TMO2 layers, which increases the interlayer spacing with the Na+ extraction [33, 77, 78].  308 

 309 

Fig. 8. Ex-situ XRD patterns of NMNC-850 sample at different states of charge between 1.5 310 

and 4.2 V during charging (ch) and discharging (dis) at 0.1 C and (a1), (a2) showing the 311 

enlarged view of patterns of P2-(002) and P2-(004) peaks. The peaks denoted by  represent 312 

O3 characteristic peaks returning to their initial state during discharge. The Al peaks (denoted 313 

by ◆) belong to the Al current collector. (b) Corresponding crystal structure evolution of the 314 

material during charge-discharge. 315 

During charging, the characteristic (003) and (104) diffraction peaks of the O3 phase disappear, 316 

indicating the transformation of the O3 phase to the P3 phase. The sample discharged to 1.5 V 317 

has a certain offset angle from the as-prepared sample. This is due to the higher amount of Na 318 

in the 1.5 V discharged sample, increasing the screening effect on oxygen atoms of TMO2 319 

layers and causing the c-lattice parameter to shrink. It is important to note that the Na+ 320 
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extraction has only caused a shift in the position of the (002) peak of the P2 phase and indicates 321 

the suppression of the destructive phase transition from P2 to O2. The ex-situ XRD data 322 

suggests that the structure of NMNC-850 is converted in a reversible process to P2/O3→P2/P3 323 

and then P2/P3→P2/O3 (Fig. 8(b)), indicating remarkable structural stability. During the 324 

intercalation and deintercalation of Na+, each structure in NMNC-850 is expected to undergo 325 

P- to O-type or O- to P-type transformations by the gliding of TMO2 layers along the c-axis. A 326 

different phase in the adjacent structure inhibits this gliding of TMO2 layers. This synergistic 327 

interaction between the different phases produces an interlocking effect, which reduces the 328 

lattice mismatch and creates a structural constraint effect. Therefore, the gliding of transition 329 

metal slabs is mitigated, facilitating the improvement in the electrochemical performance [41, 330 

79].  331 

4. Conclusions 332 

In summary, P2/O3 Na0.8Mn0.6Ni0.3Cu0.1O2 biphase cathode materials were synthesized with 333 

different phase fractions by varying the calcination temperature (800 to 950 °C) to study the 334 

effect on structural and electrochemical properties. The XRD patterns confirmed the 335 

coexistence of P2 and O3 phases in all samples. Rietveld refinement of XRD data showed that 336 

the Na0.8Mn0.6Ni0.3Cu0.1O2 sample calcined at 850 °C (NMNC-850) has the P2:O3 phase 337 

fraction of 0.93:0.07 and the largest bottleneck area for facile sodium-ion conduction. The 338 

larger Na+ migration channel in NMNC-850 was confirmed by a higher Na+ diffusion 339 

coefficient. NMNC-850 showed a specific capacity of 139 mAh g-1 at a 0.1 C rate between 1.5 340 

to 4.2 V. The sample also showed a superior rate performance with a discharge capacity of ~ 341 

116 and 100 mAh g-1 at 0.2 C and 1 C, respectively. Interestingly, at a high C rate of 4 C, this 342 

sample retained a specific capacity of 80 mAh g-1, whereas only a negligible capacity is 343 

observed for NMNC-900 and NMNC-950 samples. The synergistic interaction between 344 

different phases during the charge-discharge process hinders the detrimental effects of Jahn-345 
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Teller active Mn3+, and the NMNC-850 sample showed a remarkable improvement in 346 

cyclability with 85% specific capacity retention even after 100 cycles. These results signify the 347 

influence of calcination temperature on phase fraction in P2/O3 biphasic structures, which 348 

could be a practical approach to improving the electrochemical performance of cathodes in Na-349 

ion batteries. 350 
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Tables S1-S3. Crystallographic parameters of biphasic NMNC-T obtained from the Rietveld 

refinement of room temperature XRD data. 

S1: T = 850 °C 

O3 (Space Group: R𝟑̅m) 

Atom x y z Occupancy Site 

Na1 0 0 1/2 0.8 3b 

Mn/Ni/Cu 0 0 0 0.6/0.3/0.1 3a 

O 0 0 0.27 1 6c 

P2 (Space Group: P63/mmc) 

Atom x y z Occupancy Site 

Na1 2/3 1/3 1/4 0.3 2d 

Na2 0 0 1/4 0.5 2b 

Mn/Ni/Cu 0 0 0 0.6/0.3/0.1 2a 

O 2/3 1/3 0.090 1 4f 

S2: T = 900 °C 

O3 (Space Group: R𝟑̅m) 

Atom x y z Occupancy Site 

Na1 0 0 1/2 0.8 3b 

Mn/Ni/Cu 0 0 0 0.6/0.3/0.1 3a 

O 0 0 0.27 1 6c 

P2 (Space Group: P63/mmc) 

Atom x y z Occupancy Site 

Na1 2/3 1/3 1/4 0.3 2d 

Na2 0 0 1/4 0.5 2b 

Mn/Ni/Cu 0 0 0 0.6/0.3/0.1 2a 

O 2/3 1/3 0.092 1 4f 

S3: T = 950 °C 

O3 (Space Group: R𝟑̅m) 

Atom x y z Occupancy Site 

Na1 0 0 1/2 0.8 3b 

Mn/Ni/Cu 0 0 0 0.6/0.3/0.1 3a 

O 0 0 0.269 1 6c 

P2 (Space Group: P63/mmc) 

Atom x y z Occupancy Site 

Na1 2/3 1/3 1/4 0.3 2d 

Na2 0 0 1/4 0.5 2b 

Mn/Ni/Cu 0 0 0 0.6/0.3/0.1 2a 

O 2/3 1/3 0.092 1 4f 
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Fig. S1. Cyclic voltammogram of NMNC samples calcined at (a) T = 900 °C and (b) T = 950 

°C  at a scan rate of 0.1 mV s-1. 
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Fig. S2. (a) GITT profile of NMNC-900 cathode. (b) A single titration unit in GITT. (c) 

Diffusion coefficient of Na+ at different stages during charge-discharge. 
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Fig. S3. (a) GITT profile of NMNC-950 cathode. (b) A single titration unit in GITT. (c) 

Diffusion coefficient of Na+ at different stages during charge-discharge. 
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Fig. S4. SEM images of (a) NMNC-900, (b) NMNC-950, (c) NMNC-850. Figures 4(d) and 

4(e) are the magnified image of 4(a) and 4(b), respectively. 

 

Fig. S5. First and second galvanostatic charge/discharge cycle of NMNC–850 sample at 0.1 C 

in a wide voltage range of 1.5-4.2 V.  
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Fig. S6. First and second galvanostatic charge/discharge cycle of NMNC–900 sample at 0.1 C 

in a wide voltage range of 1.5-4.2 V.  

 

Fig. S7. First and second galvanostatic charge/discharge cycle of NMNC–950 sample at 0.1 C 

in a wide voltage range of 1.5-4.2 V.  
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Fig. S8. Ex-situ XRD patterns of NMNC-900 sample at different states of charge between 1.5 

and 4.2 V during charging (ch.) and discharging (dis.) at 0.1 C and (a1), (a2) showing the 

enlarged view of patterns of P2-(002) and P2-(004) peaks. The peaks denoted by  represent 

O3 characteristic peaks returning to their initial state during discharge. The Al peaks (indicated 

by ◆) belong to the Al current collector. 

 

Fig. S9. The Nyquist plots along with the equivalent circuit used for fitting (solid lines) for 

half-cells with cathode materials calcined at various temperatures .  


