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Abstract 

P2-type Layered oxides have attracted increasing attention recently as the cathode materials 

for Na-ion batteries with promising cyclability and good specific capacity. In this work, 

structural, electrical, and electrochemical properties of P2-type Na0.70Ni0.20Cu0.15Mn0.65O2 

(NNCM) ceramic fabricated via a sol-gel method were investigated. The Rietveld refinement 

of the room temperature XRD diffraction data confirmed the formation of a single P2-type 

phase with space group P63/mmc for the powder calcined at 850 ℃. Complex impedance 

spectroscopy was used to deconvolute the contributions of grains and grain boundaries to the 

overall conduction inside the sample. The room temperature conductivity of the grains and 

grain boundaries calculated for the NNCM ceramic sintered at 950 ℃ were estimated to be 

(5.25 ± 0.03) ´ 10-5 Scm-1 and (4.70 ± 0.05) ´ 10-6 Scm-1, respectively.  The respective 

activation energies for the grain and grain boundary conduction were 0.189 ± 0.008 eV and 

0.22 ± 0.01 eV, respectively. Moreover, NNCM exhibited a sodium-ion transference number 

of » 0.86, suggesting that the conduction in this material is dominated by the Na-ions. The 

conduction mechanisms and related relaxations were also investigated using the dielectric 

and ac conductivity formalisms. NNCM showed specific capacities of 99 mAh/g and 74 

mAh/g at 0.1C and 1C discharge rates, respectively, between 2 – 4.25 V (vs Na/Na+) with 

95% capacity retained after 300 cycles at 1C. 

Keywords: sol-gel process; X-ray methods; ionic conductivity; impedance; batteries 

1. Introduction 

As the world switches to greener means of energy production to tackle the issue of climate 

change, the availability of a cheaper and sustainable means of energy storage has become the 

need of the hour [1, 2]. The scarcity of lithium [3] (about  0.06% of the earth's crust), and the 

non-feasibility of its recycling combined with the environmental impacts of lithium mining 
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[4] have pushed the world to find better alternatives to Li-ion batteries. Sodium is a naturally 

abundant resource [3] (about 2.9% of the earth's crust), its extraction is environmentally 

benign, and since batteries based on Na-ions share similar manufacturing processes as that of 

Li-ion, these would be easier to integrate into the industrial eco-systems [5, 6].  This makes 

Na-ion batteries a promising alternative to lithium-ion-based energy storage systems to meet 

future demands [7-9]. The challenges for integrating Na-ions into batteries come from their 

bigger size, higher mass, and lower potential compared to Li-ion [10]. These factors would 

result in Na-ion batteries having lower energy capacity and poor rate performance than the 

conventional Li-ion batteries. Accordingly, the crystal structure, microstructure, and Na-ion 

dynamics inside the cell need to be optimized to ensure better electrochemical performance. 

Cathodes being the primary source of Na-ions in a battery predominantly determines its 

overall performance, and, accordingly, have been the topic of intensive research over the last 

decade [9].  

The family of cathode materials under extensive investigation for sodium-ion batteries study 

can broadly be classified into 3 types: NASICON, Prussian blue, and layered oxides. 

NASICON stands for NA Super-Ionic CONductor, cathodes based on these materials show 

high voltages above 3.5 V and have good cyclabilities. Prussian blue is a novel material 

based on cyanides which are known to have capacities above 120 mAh/g [11]. Layered 

oxides are considered the most attractive cathode materials for commercial Na-ion batteries 

because of their higher specific capacity, cyclability, and easier synthesis compared to their 

competitors [12, 13]. As most of the cathode materials used in commercial Li-ion batteries 

are based on the same structure, certain aspects of the research and development of these 

materials can be translated to the advancement of Na-ion batteries. Layered oxides (LOs) 

based on Na have a basic formula of NaxTMO2; 0	≤ x ≤ 1, where TM is a transition metal 

cation or a mixture of multiple cations. These oxides are primarily found to exist in 4 phases 
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(named based on the nomenclature developed by Delmas et al. [14]) O2, O3, P2, P3. Most 

studies on LOs concentrate on O3 and P2 materials. P2 and P3 phases are generally found in 

LOs when x < 0.8 while the O3 phase has x almost equal to 1. O2, on the other hand, has x < 

0.2. O3 and P2 can also reversibly transform to P3 and O2 phases, respectively, and vice 

versa during the de-intercalation and intercalation of Na-ions [15]. P2-type materials are seen 

as better electrode materials compared to O3 because of larger interlayer spacing and close-

packed prismatic sites forming lower diffusion barriers leading to faster Na-ion conduction 

[16, 17]. O3 type layered oxides, on the other hand, have a larger concentration of Na ion, 

resulting in a better specific capacity.  

Na0.67Ni0.20 Cu0.15Mn0.67O2, a P2 type layered oxide based on Ni and Cu, has been reported to 

exhibit a high capacity of 90 mAh/g with more than 80 % of capacity retained after 1000 

cycles at C/10 rate [18]. Recently Nax(Ni–Cu–Mn)O2 system has shown an improved 

capacity of 120 mAh/g with an average potential of 3.4 V [19, 20]. Substituting Ni with Cu 

indubitably decreases specific capacity as some of the Ni2+/Ni3+ redox couples are replaced 

by Cu2+/Cu3+ redox couples. However, the presence of Cu2+ has been found to improve the 

structural stability of the material by preventing the ordering of Na ion vacancies which could 

lead to structural transformations during cycling [12, 21, 22]. For instance, P2 to O2 

structural transformation is reported at 4.2 V in the undoped Na0.70Ni1/3Mn2/3O2 samples, 

while the Cu doped samples show the same transformation at 4.4 V and with improved 

cyclability [19-21]. 

The present study aims to further investigate the electrical properties of the Na0.70Ni0.20 

Cu0.15Mn0.65O2 (NNCM) cathode material using impedance spectroscopy. Complex 

impedance spectroscopy is a versatile technique that is used to characterize a variety of 

materials in terms of their electrical behaviour by measuring the impedance over a wide range 

of frequencies, typically ranging from 10-2 to 107 Hz [23, 24].  This helps in mapping the 
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sample based on their electrical conduction and identifying the dominant resistive component 

in the sample. The contribution of the dominant conducting species towards overall 

conduction can then be ascertained through chronoamperometry which isolates electronic 

conduction from ionic conduction [25]. The information regarding the ionic conduction 

inside the sample is particularly important in the case of batteries employing solid 

electrolytes. Unlike conventional liquid electrolyte cells where the electrolyte can wet the 

active material particles inside the porous cathode layer and aids the ion conduction process, 

solid electrolytes are only in contact with the topmost particles of the cathode layer. 

Accordingly, much of the sodium-ion diffusion is expected to be through solids (intra- and 

inter-particle of active materials) [26]. Therefore, understanding the conduction mechanisms 

and various contributions to overall conduction becomes vital in this regard.  

2. Experimental 

2.1. Synthesis 

Na0.70Ni0.20Cu0.15Mn0.65O2 (NNCM) powder was synthesized through the sol-gel route. 

Stoichiometric amounts of nickel acetate tetrahydrate, copper (Ⅱ) nitrate trihydrate, 

manganese (Ⅱ) acetate tetrahydrate, and sodium carbonate were dissolved in distilled water 

and were then stirred for 5 h. Appropriate amounts of citric acid & ethylene glycol were 

added to the solution. The mixed solution was further stirred for another 10 h followed by 

heating at 100 °C to make a gel. The gel was dried at 150 °C and ground using a pestle and 

mortar. The resulting powder was calcinated at 550 °C for 12 h and ground again. 

Subsequently, the ground powder was calcined at different temperatures (700 °C, 800 °C, 

850 °C, and 950 °C) for 12 h in air and cooled to room temperature in the same furnace.  

2.2. Characterization 
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Powder X-ray diffraction (XRD) was conducted on the ground samples with a Cu-Ka 

radiation using a Bruker D2-Phaser diffractometer in 2θ ranges from 10°- 70° with a step size 

of 0.02°. The morphology of the powder and pelletized samples was studied using a field 

emission scanning electron microscopy (model JEOL-7610) equipped with an energy-

dispersive x-ray spectroscopy (EDS) detector. 

For impedance measurements, the ground powder after calcination was pressed into a pellet 

and was sintered at 950 ℃ for 12h. The polished sample was then painted with a conductive 

silver paste on either side to act as the ion-blocking electrode and cured at 650 ℃ for 10 min. 

Impedance measurements were performed using a computer-controlled LCR meter (model: 

ZM 2376, NF Corp.) over a frequency range of 1 Hz – 1 MHz. Temperature-dependent 

measurements were performed using a LakeShore Cryotronics temperature controller (model: 

325) between 290 – 325 K. Chronoamperometry was performed to estimate Na+ transference 

number (tNa) using the Keithley Source Meter Unit (model 2450-EC) with an applied voltage 

of 1 V. X-ray photoelectron spectroscopy (XPS) measurements were taken using SPECS 

Surface Nano Analysis GmbH, Germany make spectrometer, with an Al Kα X-ray source 

(1486.6 eV). 

For electrochemical measurements, CR-2032 coin cells were fabricated with 1M NaBF4 in 

tetraethylene glycol dimethyl ether (tetraglyme) as the electrolyte, Na metal as the counter 

electrode, and Celgard 2400 as the separator. The cathode slurry was prepared by mixing the 

active material, Ketjen Black, and CMC binder in DI water in the ratio 85:5:10. The slurry 

was then coated on an Al current collector and dried at 100 °C for 8 h in a vacuum oven. The 

galvanostatic charge-discharge tests were carried out using a Landt battery testing system 

(LANHE CT, 2001A) 

3. Results and Discussion 
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3.1. Structural properties 

Figure 1 shows the phase evolution of NNCM with calcination temperature. P2 materials 

show their strongest peak at ~ 15.8°. The presence of this peak in the XRD pattern for the 

sample calcined at 550 ℃ indicates the presence of a P2 phase in the sample along with other 

peaks corresponding to unreacted precursors & intermediate phases. At higher calcination 

temperatures intensity of the peaks related to P2 is observed to increase while peaks 

corresponding to other impurity phases disappear. A single P2-type phase is obtained for the 

sample calcined at 850 ℃. Two minor peaks in the vicinity of 2θ ≈ 28° in the XRD pattern 

for this sample (denoted by *) suggest the ordering of Na+ vacancies in 

Na0.70Ni0.20Cu0.15Mn0.65O2 [27-29]. 

Rietveld refinement of the room temperature x-ray diffraction data for the sample sintered at 

950 ℃ was carried out using the software package TOPAS Academic (version 6) [30]. 

Refinement profile, as shown in Fig. 2, confirms a single P2 phase based on a hexagonal 

symmetry with P63/mmc space group for NNCM. A low-intensity peak observed at ~ 39° 

suggests the presence of minor CuO impurities. The fraction of this impurity was estimated to 

be less than 1 % of the sample. The difference between the calculated and observed data is 

plotted as a dark grey line at the bottom in Fig. 2. The low intensity of the difference profile 

along with small values of reliability factors (GOF = 1.77, RWP = 19.2, RP = 15.1, and REXP = 

10.8) suggest the high accuracy of the refined crystal structure parameters and the choice of 

structure model. The lattice parameters for the hexagonal unit cell obtained after refinement 

were a = 2.8896 ± 0.0007 Å, and c = 11.1803 ± 0.0005 Å. The cell volume V was calculated 

to be 81.850 ± 0.005 Å3. These values concur with the data reported in the literature for other 

P2-type layered oxides such as Na0.75Cu0.15Ni0.20Mn0.65O2 (a = 2.887 Å, c = 11.078 Å), 

Na0.75Cu0.33Mn0.77O2 (a = 2.850 Å, c = 11.188 Å), Na2/3Ni1/3Mn5/9Al1/9O2 (a = 2.869 Å, c = 

11.124 Å), etc.  [18, 20, 22, 31]. The crystallographic unit cell of the P2-type layered oxide 
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based on the data from Rietveld refinement of the XRD pattern (see Table 1) is shown in Fig. 

3. Software package VESTA was used to generate these images [32]. The volume of TM - O6 

octahedron for NNCM is calculated to be 9.678 Å3, whereas the Na - O6 prism volume is ~ 

12.958Å3. The area of the square bottleneck for the sodium intercalation at the Na-1 site (Fig. 

3) is ~ 10.353 Å2. Na-O and effective TM-O bond lengths are 2.448 ± 0.005 Å and 1.947 ± 

0.004 Å, respectively. 

The SEM image of the powder sample calcined at 850 ℃ is shown in Fig. 4(a). The 

powdered sample shows hexagonal plates with well-defined facets indicating good 

crystallinity (Fig. 4(a)). The particles were observed to have an average size of 1.9 µm  ±  0.4 

µm and an average thickness of about 0.25 µm. This corresponds to a typical aspect ratio of ~ 

8. The (100), (010), (110), (1$00), (01$0), (1$1$0) planes in NNCM hexagonal lattice have higher 

surface energies as compared {001} planes. Accordingly, the equilibrium shape of the 

NNCM crystal as predicted by Wulff plots is hexagon-type flakes with dominant {001} 

surfaces. The cross-sectional SEM image of fractured surface of pellet sintered at 950 ℃ for 

12 h (Fig. 4(b)) exhibits randomly oriented and tightly packed grains. The calculated relative 

density of the pellet was ~ 90 ± 2 %. Elemental mapping performed using EDS (shown in 

Fig. 4(c)) points to a uniform distribution of Na, Ni, Mn, Cu, and O elements throughout the 

sample. The segregation of Cu seen in Fig. 4(c1) is due to minor CuO impurities in the 

sample. 

3.2. XPS 

The oxidation states of the transition metals in NNCM were verified using X-ray 

photoelectron spectroscopy. The XPS spectra of Mn-2p, Ni-2p, Cu-2p, and Na-1s are 

displayed in Fig. 5. In the Mn-2p spectra, the peaks centred at 643 eV (Mn 2p3/2) and ~ 654 

eV (Mn-2p1/2) confirm the existence Mn4+ ions in the samples [33, 34]. The four 
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characteristic peaks in the Ni-2p and Cu-2p spectra are attributed to Ni-2p3/2 (~ 855 eV), Ni-

2p1/2 (~ 872 eV), Cu-2p3/2 (~ 933 eV) and Cu-2p1/2 (~ 953 eV) and their respective shake-up 

satellite peaks indicating that Ni and Cu maintained a +2 oxidation state in the sample [33, 

34]. In the Na spectrum, the peak at ~ 1071 eV indicating the 1+ oxidation state of Na ions 

[33, 34], is quite broad and can be deconvoluted into 2 peaks pertaining to 2 different 

crystallographic sites for Na in the NNCM unit cell [18]. 

3.3. Electrical properties 

To study the transport behaviour of NNCM, temperature-dependent impedance 

measurements were performed on the pelletised sample sintered at 950 °C for 12 h. Nyquist 

plots (-Z′′ versus Z′) plotted at various temperatures in the 300 – 325 K range are shown in 

Fig. 6. The plots show two semi-circular arcs at higher and intermediate frequencies, which 

are typically attributed to the contributions of grain and grain boundary towards overall 

impedance in the material. The third linear tail component seen at lower frequencies is due to 

sodium-ion blocking at the silver electrodes which suggests substantial ionic conduction in 

NNCM. With the increase in temperature, the intercepts of the semi-circular arc on the x-axis 

shift towards lower values (Figs. 6(a) & 6(b)). To deconvolute the contributions from grains, 

grain boundaries, and sample-electrode interface, the impedance is usually analyzed through 

equivalent circuit modeling. Equivalent circuits consist of a combination of resistive elements 

(R), inductors (L), and reactive elements such as capacitors (C) or constant phase elements 

(CPE) connected in series or parallel [23, 24, 35, 36]. Each component in the circuit is 

representative of a different physical process inside the sample [24]. CPEs are regarded as 

leaky capacitors or capacitors with a resistive component and represent deviations from an 

ideal capacitive behavior [37-40]. The impedance of the constant phase element is given by  

                                                           𝑍!"#∗ =	 %
&(())!

                                                               (1) 
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Where A and n are constants and j = √−1. ‘n’ in formula 1 varies between 0 and 1 with 0 

representing a pure resistor and 1 an ideal capacitor.  

The equivalent circuit shown as the inset of Fig. 6(c) was employed to analyze the impedance 

data for NNCM. The fitted values of circuit elements R1, R2, CPE1, CPE2, and CPE3 (Table 

3) confirmed that the large semi-circle seen in the Nyquist plots with large capacitive and 

resistance values corresponds to grain boundaries. The poorly resolved arc in higher 

frequency regions arises from grains. Therefore, the parallel combination of R1 and CPE1 in 

the model represents the grains, R2 & CPE2 (Table 2) represent the highly resistive grain 

boundaries, and the element CPE3 represents the highly capacitive sample-electrode interface 

region.  Further, the values of n associated with the element CPE1 was ~ 0.97, and that for 

the element CPE2 was ~ 0.5 at all temperatures. This indicate that the conductivity relaxation 

in the grains has a comparatively much lesser deviation from the ideal Debye behaviour than 

that in grain boundary regions [40]. 

The values of room temperature DC conductivity of the grains and grain boundaries were 

calculated using the fitted values of R1, R2 and sample dimensions (s = t/(R´A); t is the 

thickness of pellet and A is the area of cross-section of the pellet) and were found to be about 

(5.25 ± 0.05) ´ 10-5 Scm-1 and (4.70 ± 0.03) ´ 10-6 Scm-1, respectively. The total conductivity 

of the sample was calculated to be about (4.28 ± 0.08) ´ 10-6 Scm-1. The DC conductivities of 

both grains and grain boundaries are temperature-dependent and show an increasing trend 

with the increase in temperature. Activation energies (EA) for grain and grain boundary 

regions, temperature-dependent conductivity values were fitted using the Arrhenius equation. 

                                                       𝜎(𝑇) = 𝜎+		𝑒
-("#$%)                                                             (2) 
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 where σ0 is the pre-exponential factor, k is Boltzmann's constant, and T is the absolute 

temperature (Fig. 7). All three DC conductivities (grain conductivity sG, grain boundary sGB 

and total conductivity stotal) show an almost linear trend in the Arrhenius plot confirming that 

the conduction process in NNCM is thermally activated. The RT values of activation energies 

along with the diffusion coefficients (D) estimated using the Nernst Einstein relation (eq. 3) 

are provided in Table 3.  

                                                         D = ./
01&

	𝜎2!                                                                     (3) 

Where N is the number density of charge carriers per unit volume of the unit cell and q is the 

elementary charge. The diffusion coefficients calculated through the galvanostatic 

intermittent titration technique (GITT) for different P2 type cathodes reported in the literature 

are shown in Table 4. 

To confirm the ion conduction indicated by the tail component in the Nyquist plots, 

chronoamperometry was performed on the sample at room temperature under an applied DC 

voltage of 1 V. As displayed in Fig. 8, the initial value of the current (I0) is around 126.6 µA 

and a steady current close to 16.6 µA is recorded after the exponential decay. While the 

initial current (I0) is attributed to the movement of Na-ions and electrons through the sample, 

only the latter contributes to the steady-state current (Iss) due to the Na-ions being blocked at 

the silver electrodes [25, 38]. The Na+ transference number (tNa) estimated using the formula 

tNa = (I0-Iss)/I0 is about 0.86. Such a high value of ion transference number coupled with the 

high value of room temperature conductivity (of order 10-4 S/cm) in grain region indicates 

facile sodium ion conduction in NNCM crystal structure. The room temperature grain 

electronic conductivity of NNCM is estimated to be about 7.35 ´ 10-6 S/cm.  
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To further elucidate the relaxations associated with the Na-ions in NNCM, frequency 

variation of real and imaginary parts of dielectric permittivity (calculated using equations (5) 

and (6) was studied. 

																																																									𝜀∗ = 𝜀′– 𝑗ε”                                                               (4) 

                                               ε′ = 3'

)!((3)
&43'&)

                                                                        (5) 

                                                ε″ = 3)

)!((3)
&43'&)

                                                                      (6)      

Where ε′ and ε′′ are the real and imaginary parts of the dielectric permittivity, j = √−1, 𝜔 

(2pf) is the angular frequency and C0 is the capacitance of the sample. e′ is representative of 

the capacitance and polarization in the sample while ε″ indicates dielectric loss and 

conductance within the sample [47]. The loss tangent (tan δ), given by ε″/ ε′ and the real part 

σ′ (= ωε0ε″) of the complex ionic conductivity have also been calculated and plotted against 

frequency (f) as shown in Fig. 9 (b). At 1 Hz, both ε′ and ε″ (Fig. 9 (a), at 300 K) show a 

value close to 108 which decreases exponentially with the increase in frequency. The high 

dielectric constant values at low frequencies are indicative of high space-charge polarization 

caused by the blocking of Na-ions at the sample - electrode interface [48]. The slope of ε″ 

versus f curve is almost equal to -1 at low and intermediate frequencies which suggests a high 

dc conduction through the sample [47, 49]. Further evidence for both the electrode 

polarization and dc conduction can be seen in the σ′ versus f plot (Fig. 9(b)). The decrease in 

ac conductivity values in the low-frequency regime (shown as 1) is attributed to the electrode 

polarization [49]. The deviation observed from the above-discussed trend in both the ε′ versus 

f and ε″ versus f curves at frequencies above 104 Hz is due to relaxation of Na+ ions in the 

grains which normally occurs at high frequencies due to their low resistance towards 

electrical conduction [23]. Typically, such relaxation causes step-like drop in the ε′ versus 
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frequency plot centered around a characteristic relaxation frequency which is accompanied 

with a peak in ε″ versus frequency plot at the same relaxation frequency. In NNCM, 

dominating effects of high values of dc conductivity and a strong electrode polarisation, 

especially at lower frequencies, suppress the grain boundaries relaxation related features in 

frequency variation of the dielectric permittivity. Accordingly, no peaks in ε″ versus 

frequency plot are apparent in Fig. 9. However, the peaks relating to grain (depicted as B in 

Fig. 9 (b)) and grain boundary (depicted as A) relaxations are clearly observed in the tan δ 

versus f curve in high and low frequencies regions, respectively [50]. 

3.4. Electrochemical properties 

The galvanostatic charge/discharge (GCD) profiles of the NNCM cathode cycled between 

2.00 – 4.25 V (vs. Na/Na+) at discharge rates of 0.1C, 0.2C, and 1C are displayed in Fig. 10 

(a). At a discharge rate of 0.1C, the sample showed a specific capacity of 99 mAh/g, which 

decreased to 74 mAh/g at 1C. All the profiles show a decreased slope between 3 – 4 V, while 

a higher slope is observed between 2 – 3 V. This is because the Ni2+/4+ and Cu2+/3+ redox 

couples are active between 3 – 4 V; hence the cell shows most of its capacity in this voltage 

range [51, 52]. In terms of cyclic performance, the cell retained 95% of its initial capacity 

after 300 cycles when cycled at 1C (Fig. 10(b)), making it an attractive material as cathode 

for Na-ion batteries for long-term stationary storage applications. 

4. Conclusions  

In summary, Na0.70Ni0.20Cu0.15Mn0.65O2 was successfully synthesized using a sol-gel route. 

Rietveld refinement of the powder XRD data shows a single P2 phase with a hexagonal 

lattice (P63/mmc space group). SEM analysis of the powder sample shows hexagon-like 

plates with an average particle size of ~ 2.14 µm. Elemental mapping confirmed the uniform 

distribution of the constituent elements throughout the sample. Impedance measurements 
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suggest the conductivity of Na-ions in NNCM ceramics is greatly influenced by the highly 

resistive grain boundaries. The conductivity of grain boundaries was found to be about 4.7 ´ 

10-6 Scm-1 while that of the grains was around 5.25 ´ 10-5 Scm-1 at room temperature. The 

values of activation energies (EA) were found to be 0.22 ± 0.01eV for grain boundary 

conduction, 0.189 ± 0.008 eV for grain conduction, and 0.21 ± 0.01 eV for overall 

conduction in NNCM ceramic sample. Chronoamperometry and dielectric response establish 

the dominance of Na-ions in the overall conduction of this material. The material showed a 

specific capacity of 99 mAh/g and 74 mAh/g at 0.1C and 1C, respectively, with 95% of its 

initial capacity retained after 300 cycles at 1C.    
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Figure1. XRD patterns of NNCM samples calcined at different temperatures. The * symbol 

indicates peaks related to superlattice reflections caused by Na+ vacancy ordering. 

Figure 2. Rietveld refinement profile of room temperature XRD pattern of NNCM 

sample sintered at 950 ºC for 12 h. 
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Figure 3. Crystal structure of P2 type - NNCM sample visualized using VESTA. 

Figure 4. SEM image of NNCM (a) powder calcined at 850 °C (b) fractured surface of 

the pellet sintered at 950 °C (c) EDS maps of (c1) Na, (c2) Ni, (c3) Mn, (c4) Cu, and (c5) 

O for the sample surfaces shown in (b). 

 



24 
 

Figure 5. XPS spectra of as prepared NNCM sample. 

Figure 6. Nyquist plots of NNCM at different temperatures: (a) 300-310 K, (b) 315-325 K, 

and (c) 300 K. The impedance data was fitted using the equivalent circuit shown in Fig. 6(c) 

inset. The deconvoluted contributions of grain, grain boundary, and electrode interface to 

total impedance are depicted by the solid green line in Fig. 6(c). 
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Figure 7. Arrhenius plots showing temperature dependence of (a) grain conductivity sG (b) 

grain boundary conductivity sGB, and (c) total conductivity stotal. 

Figure 8. Variation of current with time under an applied potential of 1 V. 
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Figure 9. (a) ε′ and e″ versus frequency plot at 300 K. The dotted line represents a slope of -1 

(b) Conductivity (σ′) and tan δ versus frequency plots at 300 K. 

Figure 10. (a) Galvanostatic charge-discharge curves of NNCM samples at discharge rates of 

0.1C, 0.2C and 1C. (b) Cyclic performance of the NNCM samples at 1C for 300 cycles. 
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Table. 1. Crystallographic parameters of P2-type NNMC obtained from Rietveld refinement 
of room temperature XRD data. 

Atom x y z Occupancy Site 

Na1 2/3 1/3 1/4 0.45 2d 

Na2 0 0 1/4 0.25 2b 

Mn/ Ni/ Cu 0 0 0 0.65/0.20/0.15 2a 

O 2/3 1/3 0.089 1 4f 
 

Table. 2. Parameters obtained after fitting the impedance data of NNMC at 300 K.         

Component Resistance (in Ω) C for CPE (in F) n for CPE 

Grain 2425 1.00 ´ 10-10 0.97 

Grain Boundary 27790 9.96 ´ 10-8 0.55 

Interface - 1.00 ´ 10-4 0.31 
 

Table 3. DC conductivities, activation energies, and diffusion coefficients of grain, grain 
boundary, and overall sample (total) at room temperature (300 K). 

Component DC Conductivity 
(Scm-1) 

Activation 
Energy (eV) 

Diffusion Coefficient 
(m2s-1) 

Grain (5.25 ± 0.05) ´ 10-5 0.189 ± 0.008 4.91 ´ 10-14 

Grain 
Boundary (4.70 ± 0.03) ´ 10-6 0.22 ± 0.01 4.39 ´ 10-15 

Total (4.28 ± 0.08) ´ 10-6 0.21 ± 0.01 4.00 ´ 10-15 

 

Table 4. Na+ diffusion coefficients in various P2 type layered oxides. 

Compound 
Diffusion Coefficient 

(m2s-1) 
Ref. 

Na0.67Mn0.65Ni0.2Co0.15O2 1.0 ×10−18 [41] 

Na0.6Co0.1Mn0.9O2 1 ×10−17 [42] 
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Na0.67Mn0.55Ni0.25Li0.2O2 9.81 × 10−18 [43] 

Na2/3Ni1/3Mn5/9Al1/9O2 2.5 × 10−16 [31] 

Na0.5Mg0.02Ni0.15Mn0.83O2 5.4 × 10−14 [44] 

Na2/3Fe2/3Mn1/3O2 1.3 × 10−16 [45] 

Na2/3Cu1/12Ni1/4Mn2/3O2 1.0× 10−16 [46] 

Na0.70Ni0.20Cu0.15Mn0.65O2 4.9 ´ 10-14 This work 

 

 


