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Abstract 

Herein we report a study on P-type layered sodium transition metal-based oxides with general 

formula NaxMO2 (M=Ni, Fe, Mn). We synthesize the materials via co-precipitation followed by 

annealing in air and water rinsing process and examine the electrodes as cathodes for sodium-ion battery 

using a propylene carbonate (PC) based electrolyte. Following, we fully investigate the effect of Ni to 

Fe ratio, annealing temperature and sodium content on the electrochemical performances of the 

electrodes. The impact of these parameters on the structural and electrochemical properties of the 

materials is revealed by X-ray diffraction, scanning electron microscopy and cyclic voltammetry, 

respectively. The suitability of this class of P-type materials for sodium battery application is finally 

demonstrated by cycling tests revealing an excellent electrochemical performance in terms of delivered 

capacity, i.e. of about 200 mAh g-1, and charge-discharge efficiency, approaching 100 %. 
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Introduction 

Nowadays, energy conversion and storage is one of the great challenges of mankind. Hence, efficient, 

safe, low cost and environmentally friendly storage systems are required in response to the modern 

society needs. Li-ion batteries (LIBs) are considered one of the promising systems to fulfill these 

requirements. In fact, they represent the most widespread secondary battery for consumer and portable 

electronics and are also considered very promising candidates for power hybrid and electric vehicles.1,2 

Nevertheless, the market as well as the application for rechargeable batteries are highly diversified and 

various requirements have to be fulfilled. Stationary energy storage in contrast to high energy 

applications is mainly driven by cost efficient energy storage, which already points out that alternative 

battery chemistries complementary to and not competing with the lithium-ion battery technology are 

necessary.3,4 Sodium-ion batteries have the potential to fulfill this criteria and match the economic and 

environmental issues due to the high abundance and low cost of the employed materials.5,6 

Research on sodium-ion based batteries has been conducted in parallel with lithium systems at the 

beginning of the 1980’s7-10, however the superior electrochemical performances led to a focus on LIBs. 

New Na-ion systems has attracted the interest of the broad scientific community again, with particular 

attention devoted to the study of intercalation and insertion materials. Indeed, suitable, high performance 

cathodes and alternative anodes instead of the reactive metallic sodium have been discovered.11-15 

Considering the large ionic radius of sodium and its preference for 6-fold coordination, like octahedral 

or prismatic, poly-anionic networks and layered oxides so far appeared to be the most appropriate positive 

active materials so far. Research on the intercalation chemistry of sodium into layered oxides with the 

general formula NaxMO2 (M=transition metal) started around 198016, in which also the classification of 

the structure according to the stacking arrangement of the metal oxide layers was developed17. These 

layered materials consist of MO6 edge-sharing octahedral units forming (MO2)n sheets, in between which 

the sodium cation is coordinated octahedral (O), tetrahedral (T) or prismatic (P). O-type layered oxides 



comprise sodium ions in octahedral sites, while P-type materials accommodate the alkali ions in prismatic 

sites. The most common structures for layered sodium-based transition metal oxides are of O3, P2 and 

P3-type, whereby the number indicates the number of transition metal layers in the repeating cell unit.16,17 

Transition metal layered oxides have attractive properties as cathode materials for sodium-ion batteries, 

such as the ease of the synthesis and the high feasibility and reversibility of the sodium shuttling process, 

thus, allowing a good overall electrochemical performance.18  

Among the cathode candidates, single transition-metal layered oxides NaxMO2 (M=V, Cr, Mn, Fe, 

Co, Ni)19-23 have been studied although the initial investigations resulted in poor specific capacity and 

low retention. It has been demonstrated that nanostructured materials in combination with proper 

electrolyte solutions may be a valid approach to overcome the above mentioned issues.24-27 Furthermore, 

it has been reported that the intermixing of transition-metals in the MO2-sheets improves the structural 

stability and electrochemical cycling performance. Indeed, these substituted layered sodium-based 

oxides represent suitable electrode materials for the use in sodium-ion batteries.28-30 Manganese and iron 

based materials are of particular interest due to the high elemental abundance and low cost, as well as 

the promising performance of the electrodes including them as doping elements. In addition, also nickel 

is known to be very beneficial for the electrochemical performance, e.g., due to the Ni2+/ Ni4+ redox 

process30 but, yet, no detailed study has been performed on how its content affects the electrochemical 

properties of NaxMO2 (M=Ni, Fe, Mn). Herein, we present a comparative study on the impact of the 

Ni:Fe ratio, annealing temperature and stoichiometric sodium content during synthesis on the structural, 

morphological and electrochemical properties of various layered compounds of the type NaxMO2 (M=Ni, 

Fe, Mn). Target of this study is to reveal how the parameter affect the materials properties or, by 

implication, how different materials can be synthesized by varying these parameters, which is valuable 

for the development of the synthesis and the design of layered cathode materials for SIBs. 

 



Experimental 

Material synthesis and characterization 

All the samples were synthetized by a solid-state reaction between sodium hydroxide (NaOH pellets 

Sigma Aldrich > 98%) and nickel-iron-manganese precursors. The precursors were prepared by co-

precipitation method.30 Accordingly, stoichiometric proportions of NiSO4·6H2O (Sigma Aldrich, ACS 

reagent 99%), FeSO4·7H2O (AnalaR NORMAPUR, analytical reagent), and MnSO4·5H2O (AnalaR 

NORMAPUR, analytical reagent) were dissolved in water according to the desired Ni/Fe ratio content. 

An aqueous solution of NaOH (50% excess) was added drop-wise in order to obtain the precursors. After 

extensive washing with distilled water, the precursors [NixFeyMnz](OH)2 were dried over night at 120°C. 

After grinding, the precursors were mixed with 0.685 equivalents of sodium precursor (NaOH powder 

from grinded NaOH pellets). The mixtures were pre-annealed in air atmosphere at 500°C for 5 hours 

(5°C/min). All materials have been subjected to a final thermal treatment at 900°C  for 5 hours (5°C/min) 

followed by a water rinsing process. The layered compounds general formula was NaxNiyFezMn0.66O2, 

and the materials were differing by Ni/Fe ratio. Following these conditions, five materials have been 

characterized, i.e. Na0.6Ni0.22Fe0.11Mn0.66O2, Na0.6Ni0.155Fe0.155Mn0.66O2, Na0.5Ni0.11Fe0.22Mn0.66O2, 

Na0.5Ni0.05Fe0.255Mn0.66O2 andNa0.4Fe0.33Mn0.66O2. 

Additionally, Na0.6Ni0.22Fe0.11Mn0.66O2, was prepared at annealing temperature of 900 °C, 850°C and 

800 °C, in order to check the influence of the thermal treatment on the material structure. The synthesis 

of the Na0.6Ni0.22Fe0.11Mn0.66O2 at 800 °C was repeated also by changing the amount of initial sodium 

precursor from 0.685 equivalent to 1eq. Afterward, all the materials (NFMs compounds) were subjected 

to a water treatment (1 g of material was stirred in 100 mL of distilled water at 25°C for 5 min).29,30 

Finally, all the obtained materials were dried at 120°C for 24 hours, grinded and stored under inert 

atmosphere. We may assume, considering the synthesis conditions (high temperature in air atmosphere) 

and literature data that the oxidation state of the transition metals are (+II), (+III) and (+IV) respectively 



for Ni, Fe and Mn. The sodium content and the transition metal ratio in the samples were detected by 

inductively coupled plasma optical emission spectrometry with a Spectro ARCOS ICP-OES (Spectro 

Analytical Instruments, Kleve, Germany) instrument with axial plasma viewing. 

The crystalline structure of the samples was detected by X-ray diffraction (XRD, Bruker D8 Advance, 

Germany) using the Cu Kα radiation in the 2θ range from 10° to 90°.  

Field emission scanning electron microscopy analysis (FE-SEM, Zeiss Auriga) was performed to get a 

morphological overview.  

Electrochemical characterization 

Electrodes were prepared by mixing the active material (85 wt. %) with carbon black (Super C65, 

TIMCAL, 10 wt. %) and polivinylidene fluoride PVdF, (6020 Solef, Arkema Group, 5 wt. %). The 

slurries were made by adding appropriate amount of N-methyl-2-pyrrolidone (NMP). After 2 hours of 

intimate mixing, the resulting slurry was cast onto Al foil and dried at 120 °C. Punching and pressing of 

the electrodes (12 mm diameter) has followed. The mass loading of the electrodes was about 3mg cm-2 

(2.55mg cm-2 active material). Sodium metal was used as counter and reference electrodes. The sodium 

was cut from sodium pieces (99.8%, Acros Organics), pressed and finally punched on the current 

collector.  

The electrodes were assembled into Swagelok-type sodium cells with 1M NaPF6 in PC as electrolyte 

solution, which was soaked into a glass fiber (Whatman) separator. Cells were assembled in an argon-

filled glove box with a H2O and O2 content lower than 1 ppm. Cyclic voltammetry tests were performed 

using a scan rate of 0.1 mV s-1 in the 4.6V-1.5V (vs Na/Na+) potential range at 20°C±2°C using a VMP 

multichannel potentiostatic-galvanostatic system (Biological Science Instrument, France). The cells were 

cycled galvanostatically at 15 mA g-1 within 4.6V-1.5V voltage range at 20°C±2°C using Maccor series 

4000 battery tester (U.S.A). 

 



Result and discussion 

Figure 1 gives an overview on the structural and morphological properties of the five NFM 

samples with different Ni:Fe ratio via X-Ray Diffraction (XRD) and Field Emission Scanning Electron 

Microscopy (FE-SEM). The X-ray diffraction patterns reveal that all materials are characterized by a 

layered, P2-type structure belonging to the hexagonal P63/mmc space group (ICSD-93469). The patterns 

corresponding to Na0.6Ni0.22Fe0.11Mn0.66O2, Na0.6Ni0.155Fe0.155Mn0.66O2 and Na0.5Ni0.11Fe0.22Mn0.66O2 in 

Fig.1 (a), (b) and (c), respectively, reveal the absence of crystalline impurities. Further decrease of nickel 

content, with corresponding increase of the iron content, is accompanied by the appearance of a reflection 

at lower angles in the patterns of Na0.5Ni0.05Fe0.255Mn0.66O2 and Na0.4Fe0.33Mn0.66O2, reported in figure 

1(d) and (e), respectively. These peaks can be attributed to the presence of the hydrated phases caused 

by the water rinsing process, intend to dissolve sodium carbonate impurities formed during the annealing 

process but also leading to a partial chemical de-sodiation. In fact, it has been demonstrated that water 

can intercalate into the layered structure, which is leading to an increase of the interlayer distance and 

causing a shift of the (00l) reflections to lower angles. Accordingly, the two diffraction peaks at 14° and 

28°, which are marked by asterisks in Figure 1(d) and (e), may be indexed as (002’) and (004’), 

respectively.31,32 The presence of intercalated water can be explained considering the lower amount of 

sodium within compounds with higher content of Fe.  

Indeed, a lower amount of sodium results in increased repulsion of neighbouring oxygen layers. 

Water intercalation during the rinsing process takes place to reduce the overall energy. The water 

intercalation, however, is not energetically favoured for larger sodium contents. Furthermore, it cannot 

be excluded that the absence of shifted reflections in the samples with increased Ni content (XRD in 

Fig.1a, b and c) may be attributed to the Ni-superlattice ordering action that hinders the water 

intercalation upon rinsing.31,33 The FE-SEM images reported as insets of the X-ray diffractograms in Fig. 

1, clearly show the well-defined morphology typical of layered structure, characterized by a series of 



planes forming a single particles with an average dimension ranging from 1 to 2 µm. The figure shows 

the presence of trace impurities of sodium carbonates, minor differences in particle size and negligible 

effects of the intercalated water in the samples with lower Ni content. Furthermore, the above-mentioned 

Ni-superlattice ordering effect (samples in Fig. 1a, b and c) allows a well-defined layered structure, more 

pronounced in respect to the other samples.  



 

 

Figure 1. XRD patterns and FE-SEM images (insets) of P2-type NFM compounds with different Ni to 

Fe ratio. (a) Na0.6Ni0.22Fe0.11Mn0.66O2, (b) Na0.6Ni0.155Fe0.155Mn0.66O2, (c) Na0.5Ni0.11Fe0.22Mn0.66O2, (d) 

Na0.5Ni0.05Fe0.255Mn0.66O2, (e) Na0.4Fe0.33Mn0.66O2. 



Figure 2a reports the cyclic voltammetry tests (CV) of the various NaNFM samples in sodium 

half cells, performed to study the influence of the Ni/Fe ratio on the electrochemical behaviour of the 

electrode. The voltammogramms show the typical peaks associated to the electrochemical sodium 

(de)intercalation process into the layered structure, involving reversible processes in the 2V-4V potential 

region and phase change at the higher potential values. All samples exhibit a reversible redox process at 

about 2.0V vs. Na/Na+, i.e. higher sodium contents, due to the Mn4+/Mn3+ redox process and 

corresponding structural rearrangement of the layers34,35 and the two-phase oxidation reaction associated 

with the formation of the O2-phase, resulting from the gliding of the layers at very low sodium content 

(4.2 V vs. Na/Na+).13 The sample with the higher nickel content (Na0.6Ni0.22Fe0.11Mn0.66O2 in panel I) 

shows the reversible peaks between 3.2 V and 3.9 V vs. Na/Na+, attributed to the Ni2+/Ni4+ redox couple, 

with a double-electron process involving changes in the layer alignment in the material and structural 

reorganization due to sodium vacancy ordering, with consequent change in the peak shape and final 

stabilization upon cycling (see region marked by the green circle in panel I). Following, panels II, III and 

IV evidence that the progressive increase of the Fe content, and the corresponding decrease of the Ni 

content, leads to the shift of the peaks associated to the above mentioned Ni2+/Ni4+ redox process to lower 

voltage (see region  marked by the green dotted-line in panel I to IV). As expected, the Ni-free sample 

(Na0.6Fe0.33Mn0.66O2 in panel V) does not show peaks in the 3.2-3.9V potential region but the appearance 

of reversible peaks at lower voltage, i.e. around 3V, most likely due to the Fe2+/Fe3+ redox couple (see 

regions marked by the red circle in panel V and by the corresponding red dotted-line). Furthermore, the 

voltammograms reveal that an increasing Fe content leads to an increase of the intensity and a slight shift 

to lower voltages of the peak corresponding to the Mn4+/Mn3+ redox process at 2V. This is due to the 

charge compensation which implies an increased amount of redox active manganese at lower Ni2+ 

contents. We can reasonably assume that Ni doping stabilizes the material due to a minor Mn3+ formation 

with consequent improvement of the energy efficiency of the (de)-sodiation process. The suitability of 



the P2-NFMs as cathode materials is verified in terms of galvanostatic cycling in sodium metal half cells. 

Figure 2 (b) reports the voltage profiles and cycling behavior of the different materials (in insets). All 

materials deliver high capacities, typical for P2-type layered compounds. Ni-rich, 

Na0.6Ni0.22Fe0.11Mn0.66O2 material reveals a first discharge capacity of 205 mAh g-1 and 178mAh g-1 after 

30 cycles, corresponding to a capacity retention of about 86%. Similarly, Ni-free Na0.4Fe0.33Mn0.66O2 

shows a first delivered capacity of about 200 mAh g-1 and of 174 mAh g-1 after 30 cycles with a capacity 

retention of about 87%. Hence, the most relevant difference between the various samples in figure 2 

seems to be the energy efficiency or potential at which the capacity is delivered, i.e. moving to higher 

values by increasing the Ni-content, thus suggesting that the Ni-rich sample Na0.6Ni0.22Fe0.11Mn0.66O2 to 

provide higher energies.  The cycling behaviour of the different materials in the first 30 cycles is similar 

to our previous observations for the long-term cycling of Na0.5Ni0.23Fe0.13Mn0.63O2   at higher C-rate 

suggesting for similar long-term cyclability.30 

 

 



 

 

Figure 2. (a) Cyclic voltammetry test performed using P2-type layered materials obtained at 900 °C in 

sodium cells. (I)Na0.6Ni0.22Fe0.11Mn0.66O2, (II)Na0.6Ni0.155Fe0.155Mn0.66O2, (III)Na0.5Ni0.11Fe0.22Mn0.66O2, 

(IV)Na0.5Ni0.05Fe0.255Mn0.66O2 and (V)Na0.4Fe0.33Mn0.66O2. Tests performed using a scan rate of 0.1 mV 

sec-1 within the 1.5–4.6 V potential range. Counter and reference electrode of Na. Temperature: 

20°C±2°C. Electrolyte: 1M NaPF6 in PC. (b) Cycling performances of the above mentioned electrodes 

in sodium cells in terms of voltage profiles and cycling behavior (inset). Tests run at 15 mA g-1 within 

the 1.5–4.6 V voltage range. Counter and reference electrode of Na. Temperature: 20°C±2°C. 

Electrolyte: 1M NaPF6 in PC. 

 

Figure 3 reports the effect of annealing temperature (either 800°C, 850°C or 900°C) on the 

structural and electrochemical characteristics of the sample with the most promising performance, i.e. 

Na0.6Ni0.22Fe0.11Mn0.66O2.  The XRD pattern in Figure 3a, reveals the material prepared at 900 °C to be 
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of P2-type layered structure (space group: P63/mmc). The Rietveld refinement using the hexagonal unit 

cell leads to an intra-layer distance (M-M) of a=2.88Å and inter-layer distance of c=11.2 Å. The FE-

SEM image reported as inset in Fig. 3a clearly shows the platelet like micrometric morphology, 

characterized by a sequence of smooth facets. The XRD pattern of the sample prepared at 850 °C is 

reported in Figure 3b and reveals that the lower annealing temperature induces the formation of a new 

phase, i.e. P3. Indeed, the Rietveld refinement of the pattern indicates a mix of P2 and P3 phases, with 

about 40% content of the former phase. The material with P2-P3 structure reveals a different morphology, 

including the particle size. The FE-SEM image reveals a smaller sub-micrometric particles size for the 

mixed P2-P3 phase in comparison with the pure P2 phase. The NaNFM samples prepared at 800 °C 

(Figure 3c), shows that a further decrease of the annealing temperature of 50 °C leads to the formation 

of a pure P3-type structure with R3m space group. The latter may be refined using the rhombohedral unit 

cell leading to an intra-layer distance (M-M) of a=2.88Å and inter-layer distance of c=16.9 Å, while the 

FE-SEM inset of Fig. 3c reveals nano-metric particle size. 

The potential profiles of the first cycle as well as the capacities and corresponding coulombic 

efficiencies obtained during galvanostatic cycling are shown in Figure 3d for the different 

Na0.6Ni0.22Fe0.11Mn0.66O2 samples. The Na0.6Ni0.22Fe0.11Mn0.66O2 samples prepared at 800 °C, 850 °C and 

900 °C reveal only a minor difference in terms of the first charge capacity (121 mAh g-1, 110 mAh g-1 

and 113 mAh g-1, respectively). However, in the subsequent discharge process the delivered capacity 

differs significantly (234 mAh g-1, 216 mAh g-1 and 205 mAh g-1, respectively). These results might 

suggest the P3-type structured material, synthesized at the lower temperature, to exhibit the best overall 

electrochemical performance. However, the cycling behaviour reported as inset in Fig.3d clearly 

evidences the contrary. After 30 cycles a discharge capacity of 176 mAh g-1, 129 mAh g-1 and 178 mAh 

g-1 is delivered for the pure P3-type (800 °C), mixed P2-P3-type (850 °C) and P2-type (900 °C) material, 

corresponding to a capacity retention of 75%, 60% and 87%, respectively. These results clearly indicate 



that the higher initial capacity is also interconnected with a higher capacity fade. Consequently, the most 

stable cycling behaviour is achieved by the P2-type structured layered oxide. The different 

electrochemical performances of the samples are most probably not originating from the different 

structure but rather induced by the morphological features and, in particular, the particle size. The P3 

phase, characterized by remarkably smaller particles, shows a high initial capacity but pronounced fading 

upon cycling as well as lower efficiency (99.2%), while the P2 phase, characterized by bigger particles, 

evidences lower initial capacity, greater stability and higher efficiency (99.7%). In fact, it has been 

reported that the low stability of the P3 phase may be attributed to a more pronounced manganese 

dissolution, a phenomenon often present in Mn based layered materials and further accelerated by the 

presence of very small or nanosized particles.36 Nevertheless, although this explains the different 

performance of the pure P2-type and P3-type phase, the mixed structure is clearly not revealing an 

intermediate but a much lower cycling stability, indicating a continuous active material degradation 

process to be present. In fact, this observation is in line with the results reported for mixed P2/P3-type 

NaxNi0.22Co0.11Mn0.66O2, in which a strong manganese dissolution was present in organic carbonate based 

electrolytes.36 This somewhat indicates mixed P2/P3-type structured materials not being suitable active 

materials in this electrolytic solution. 

 

 

 

 

 

 

 

 



 

 

 

Figure 3. Experimental (black line) and calculated (red line) XRD diffraction patterns of a 

Na0.6Ni0.22Fe0.11Mn0.66O2 material prepared using the annealing temperature of (a) 900 °C (pure P2), (b) 

850 °C (mixed P2-P3) and (c) 800 °C (pure P3). Figure insets report the respectively Field Emission 

Scanning Electron Microscopy (FE-SEM) images. (d) Comparison of the first charge-discharge voltage 

profile (and inset of cycling behavior and efficiency) of sodium cells using the NFM compounds prepared 

at 900 °C, 850 °C and 800 °C, respectively. Tests run at 15 mA g-1 within the 1.5–4.6 V voltage range. 

Counter and reference electrode of Na. Temperature: 20°C±2°C. Electrolyte: 1M NaPF6 in PC. 

 

The samples reported in figures 1, 2 and 3 were prepared by using a stoichiometric sodium content 

of 0.685 eq. during the synthesis. The stoichiometries of the final compounds, as detected by ICP, 

indicate a sodium content varying from 0.6 to 0.4 equivalent, suggesting partial loss of Na during the 
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temperature annealing and water rinsing processes. Figure 3 demonstrated the annealing at 900 °C to 

lead to the P2-type phase while annealing at 800 °C results into the P3 structure. However, in the 

following we demonstrate that a P2-type structure phase can be also obtained at the lower temperatures 

via increasing the stoichiometric sodium content. Figure 4 reports the measured and calculated XRD 

patterns of the layered NaxNi0.22Fe0.11Mn0.66O2 materials annealed at 800 °C and using either 0.685 eq. 

(a) and 1.0 eq. (b) of sodium. The sample prepared with lower sodium content crystallizes into a P3- 

structure (space group R3m), while the material using an excess of sodium reveals the typical P2- 

structure with space group P63/mmc. Figure 4 (c) and (d) illustrate the potential profiles, capacities and 

efficiencies obtained during galvanostatic cycling of the P3-NaNFM and P2-NaNFM electrodes, 

respectively. The P3-NaxNi0.22Fe0.11Mn0.66O2 electrode delivers 121 mAh g-1 during the first charge and 

234 mAh g-1 in the following discharge, while the P2-NaxNi0.22Fe0.11Mn0.66O2 exhibits lower capacities 

of 113 mAh g-1 and 208 mAh g-1 during the first charge and discharge, respectively. Both materials show 

a good overall cycling behavior, but the better performance is evidenced by the P2-type layered electrode, 

as already demonstrated by figure 3 reporting the samples synthesized at various temperatures. In more 

detail, the P2-type material exhibits a slightly better energy efficiency of the (de-)sodiation process, 

higher coulombic efficiencies (99.3 vs. 99.1% for the P3-type analogue) and a much better capacity 

retention upon cycling (82.1% vs. 75.5% after 30 cycles). Thus, a higher sodium content in the synthesis 

allows a reduction of the annealing temperature, while still the P2-type material with the better intrinsic 

electrochemical properties can be obtained. This represents a remarkable results which might enable a 

further cost reduction for the synthesis of layered materials, as cost represents such an important issue 

for SIBs. The cathode materials here reported show an issue associated with sodium deficiency that may 

lead to sodium-ion full cell balance. This drawback may be mitigated by chemical or electrochemical 

activation process before the use of the electrodes in a full cell. Possible pre-activation of the anode 



material leading to an extra amount of sodium may be performed by chemical sodiation procedure 

involving direct contact of the anode with sodium metal wet by the electrolyte prior its use in full cell.37  

 

 

 

Figure 4.  XRD diffraction patterns of NaxNi0.22Fe0.11Mn0.66O2 obtained at 800 °C with different amount 

of Na equivalent, i.e. 0.685 (a) and 1 (b). Voltage profiles and, in inset, cycle life of  sodium cells using 

a NaxNi0.22Fe0.11Mn0.66O2 electrode obtained at 800 °C using  0.685 eq. Na (c) and 1eq. Na (d). Tests run 

at 15 mA g-1 within the 1.5–4.6V voltage range. Counter and reference electrode of Na. Temperature: 

20°C±2°C. Electrolyte: 1M NaPF6 in PC. 

 

 

15 30 45 60 75 90

 P3 phase calculatedIn
te

n
s
it
y
 (

a
.u

.)

2 CuK / degree

(a)
 NFM prepared using 0.685 eq Na

 

15 30 45 60 75 90

 P2 phase calculated

 

(b)

2 CuK / degree

In
te

n
s
it
y
 (

a
.u

.)

 NFM prepared using 1 eq Na

 

 

0 10 20 30
0

100

200

300

0 30 60 90 120 150 180 210 240
1

2

3

4

5

6

7

8

 Charge 

 Discharge

E
ffic

ie
n
c
y
 / %

Cycle 

C
a

p
a

c
it
y
 /

 m
A

h
 g

-1

0

50

100

Efficiency

 

30
th

20
th

 
10

th
 

5
th

 

1
st

 

15 mA g
-1

V
o
lt
a
g
e
/ 
V

Specific capacity / mAh g
-1

(c)

0 10 20 30
0

100

200

300

0 30 60 90 120 150 180 210 240
1

2

3

4

5

6

7

8

C
a

p
a

c
it
y
 /
 m

A
h
 g

-1
 Charge 

 Discharge 

E
ffic

ie
n
c
y
 / %

Cycle 

0

50

100

 

Efficiency

(d)

5
th

 

10
th

 

20
th

 
30

th
 

1
st

 

15 mA g
-1

V
o

lt
a

g
e

/ 
V

Specific capacity / mAh g
-1



Conclusion 

In this work we reported a deep study on layered transition metal oxides NaxMO2 (M=Ni, Fe, 

Mn) for their use as cathode materials in sodium-ion batteries. The materials have been prepared through 

an optimized synthetic route involving co-precipitation method, an annealing process in air and a water-

rinsing process. The effect of the Ni to Fe ratio, the annealing temperature and stoichiometric sodium 

content during the synthesis have been investigated as parameters affecting the electrochemical 

properties of the prepared oxides. We demonstrated via a comparative study that these factors play a 

crucial role for the materials structure and morphology, thus leading to a different electrochemical 

behavior. The data indicated that higher annealing temperatures (900°C, 0.685 eq. Na+), as well as 

stoichiometric sodium content employed during the synthesis (800°C, 1.0eq. Na+), promote P2-phase 

formation, while lower temperatures and lower sodium amount enable the formation of P3-type phase 

(800°C, 0.685 eq. Na+). The reported results indicated that different Ni to Fe ratio only slightly affects 

the good electrochemical behavior of the P2-type layered electrodes in terms of delivered capacity, while 

the nickel content remarkably influences the working potential. Moreover, we demonstrated that 

increased Ni content in the transition metal layers can improve the energy efficiency of the (de)sodiation 

process and, finally, hinder the Mn dissolution. It has been demonstrated that P-type layered oxides, in 

particular Ni-rich ones, are suitable cathode materials for sodium-ion batteries in view of the high 

delivered capacities of about 200 mAh g-1. Furthermore, the data evidenced that the well-defined 

structure and the favorable morphological properties of the P2-layered electrode allow better 

electrochemical performances in terms of cycling stability compared with the P3-type electrode. 
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