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NewP2 -Na 0.70 Mn 0.60 Ni 0.30 Co 0.10 O 2 Layered Oxide as Electrode Material for Na-Ion Batteries

Sodium layered oxide, Na 0.70 Mn 0.60 Ni 0.30 Co 0.10 O 2 , with a P2-type structure was synthesized by a co -precipitation method and characterized as positive electrode of sodium batteries. The P2-Na x Mn 0.60 Ni 0.30 Co 0.10 O 2 electrode delivered a high specific capacity of 185 mAh/g in the 1.5-4.3 V range at 1 st cycle at C/20 rate; however, rapid capacity decay is observed. In the 1.7-4.0 V range the capacity is equal to 125 mAh/g with a fading considerably reduced. The rate capability is reasonably good. According to the electrochemical profile, a potential plateau around 4.2 V vs. Na + /Na, meaning a bi-phasic domain, and several voltage drops that could be related to single phase domains in a narrow sodium content range are observed. Even if the capacity decreases when the battery is cycled above 4.0 V, there is no irreversible structural change.

Owing to abundant sodium resource and therefore the low price of sodium compounds, sodium-ion batteries are thought to be one of favorite future batteries for hybrid vehicles (HVs). Recently, a rapid expansion of the HVs market is inducing to grow lithium consumption. Therefore, to face lack of lithium resource problem, it is necessary to develop sodium-ion battery technology. Concerning positive electrode materials, Na x MO 2 layered type phase have been studied for a long time. They were first studied in the 80's by Delmas et al. [1][2][3] Layered Na x MO 2 are classified into several groups denoted such as P2 or O3. The letter indicates the site environment of sodium with oxygen (prismatic or octahedric) and the number indicates the number of MO 2 slabs within the hexagonal cell. 4 For instance in the P2 type structure, we focus on in this study, sodium ions are in trigonal prismatic sites between two MO 2 slabs with different orientations. In the 2000's many studies were performed in Dahn's group on P2-Na 2/3 Ni 1/3 Mn 2/3 O 2 phases and their cobalt substituted derivatives. [5][6][7][8] These authors characterized these materials and used them as precursors for the syntheses of new lithium phases obtained by exchange reactions. For several years, thanks to the potential interest of sodiumion batteries, a huge number of researches are carried out on layered sodium oxides and in particular on P2 type phases. [9][10][11][12] The higher ion diffusivity in trigonal prismatic environment vs. octahedral one 13 led several researchers to report that P2-type structure leads to higher capacity and cyclability than the O3 one. Yabuuchi et al. reported that P2-Na 2/3 Fe 1/2 Mn 1/2 O 2 exhibits a capacity for the first cycle of 190 mAh/g, which was higher than that of reported O3 ( 100-110 mAh/g). 14 Some of us discussed electrochemical performances between P2 and O3 structure types for Na x Mn 1-y Fe y O 2, and they deduced that those of P2-type material were better than those of O3-type one. 15 Other authors reported on different phases with P2-type structure: Na x Fe y Mn 1-y O 2 , 16 23 have been investigated in order to improve the electrochemical performances by analogy with lithium-based materials as LiMn 1/3 Ni 1/3 Co 1/3 O 2 . 24 Yuan et al. recently reported on a Na 0.67 Mn 0.65 Fe 0.20 Ni 0.15 O 2 material, which delivers a high specific capacity of 208 mAh/g in the 1.5-4.3 V range vs. Na + /Na. 25 In this work, we focus on the Na 0.70 Mn 0.60 Ni 0.30 Co 0.10 O 2 composition obtained by a co-precipitation method. Its crystal structure and morphology are characterized using X-ray diffraction (XRD) and scanning electron microscopy (SEM); electrochemical properties were also examined in Na cells.
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Experimental

Synthesis methods.-A co-precipitation method is used to make the aimed compound. Two solutions, one made of Co(NO 3 ) 2 • 6H 2 O, Ni(NO 3 ) 2 • 6H 2 O and Mn(NO 3 ) 2 • 4H 2 O (one mole/l of the transition metal ions with the selected composition), and another one made of Na 2 CO 3 (one mole/l) , were simultaneously dropped into a beaker with 450 ml of distilled water by using a syringe pusher with a flow of 50 ml/min, with stirring at 700 rpm and keeping at 50 • C. Therefore, all along the precipitation the target material stoichiometry and the pH was maintained. The precipitate thus formed was washed with distilled water 5 times, and dried at 80 • C for two days. The dried powder was mixed with Na 2 CO 3 in a glove box filled under argon to reach the Na 0.70 Mn 0.60 Ni 0.30 Co 0.10 O 2 composition. A 10 wt% excess of Na 2 CO 3 was added to compensate its volatility at high temperature. The mixture was calcinated at 600 • C for 6 hours, and then heated at 900 • C for 12 hours in air or in oxygen. Finally, it was quenched in air down to room temperature. Preliminary experiments have shown that there is no difference either from a structural nor an electrochemical point of view when the syntheses were realized under air or oxygen.

Characterization.-Powder XRD patterns were recorded on a powder diffractometer (D5000, Bruker or Enpyrean, Panalytical) equipped with a Cu target (Cu kα 1, 2 ). The measurement was carried out from 10 • to 80 • with steps of 0.02 • ; the total acquisition time was 14 h 30. To prevent the effect of water, all the XRD experiments were done in a homemade air-tight sample holder. The cell parameter refinement was performed with LeBail method in FullProf program. 26 Morphological images were observed on a Hitachi S4500 field emission scanning electron microscope (SEM) with an accelerating voltage of 3.0 kV. Gold coating was implemented before the observations. The electrochemical performances were evaluated in two electrodes configuration using metallic sodium as the counter electrode in Swagelok or coin type cells. The positive electrode was a mixture containing 88 wt% of the active material, 10 wt% of carbon black as electronic conductor and 2 wt% of polytetrafluoroethylene (PTFE) as binder. The electrolyte was 1 M NaPF 6 (Alfa Aesar 99%) in propylene carbonate (Sigma Aldrich anhydrous 99%) with 2 wt% of fluoroethylene carbonate (FEC) as additive. Galvanostatic performances were evaluated at the C/20 current rate at 25 • C. All cell voltages are given vs Na + /Na redox couple.

Results

Material syntheses and characterization.-A systematic study of several compositions was made to obtain P2 type phases with the Na x (Mn,Ni,Co)O 2 formula. The amount of sodium was selected equal to 0.70 that is the classical sodium amount to obtain this structural type; this leads to an average transition metal oxidation state equal (i) Mn 3+ and Ni 3+ cannot be simultaneously present as Mn 3+ + Ni 3+ gives spontaneously Mn 4+ + Ni 2+ via an internal redox reaction, (ii) Co 4+ is no longer stable in front of Ni 2+ . All tests with various compositions satisfying the previous requirements, but containing Ni 3+ were unsuccessful whatever the experimental conditions; NiO was present in all samples. Table I gives a summary of the various experiments which have been done. It clearly appears that when the theoretical amount of Ni 3+ decreases the amount of NiO experimentally found in the sample as an impurity decreases. In the literature, all P2 type materials with general formula Na x (Mn,Ni,Co)O 2 satisfy the previous requirements. They can contain Mn 3+ , Mn 4+ Co 3+ and Ni 2+ ; but never Ni 3+ . 7,8,23 Therefore, we selected compositions with no trivalent Ni 3+ with general formula: Na 0.70 Mn 0.3+x Ni x Co 0.7-x O 2 . In this case, materials with the P2 type structure were obtained as pure phases. This behavior seems to be related to the stability of the P2 structure as in the case of the lithium O3 phases, Ni 3+ and Ni 2+ can be simultaneously present (Li 1.12 Mn 0.37 Ni. 0.37 Co 0.13 O 2 for example). 27 Further studies are required to understand this behavior. Among all possible compositions we focused our study on the Na 0.70 Mn 0.60 Ni 0.30 Co 0.10 O 2 composition which contains a small amount of expensive cobalt. This phase was obtained in air at 900 • C as described in the experimental part. Its XRD powder pattern is shown in Fig. 1. The profile was refined in the hexagonal system with the classical space group of the P2 type phase (P6 3 /mmc). All diffraction lines are indexed that shows that no impurities can be detected by XRD. The cell parameters are a hex. = 2.8842(1) Å, and c hex. = 11.089(1) Å. Images of the particles are given in Fig. 2. They illustrate that average diameter of primary and secondary particles are around 1-2 μm and 60 μm, respectively. The primary particles have hexagonal shape, which is typical in the layered materials. 3a. The specific capacity is equal to 185 mAh/g at the 1 st cycle when the battery is cycled in the 1.5-4.3 V range. A small shift is observed between the first and the second charge that may result from electrolyte oxidation in relation with the formation of the solid electrolyte interphase (SEI) involving the FEC additive. 28 The effect of the upper and lower voltage cut-off values has been also studied. As shown in Fig. 3b and3c, cycling the battery in the 1.5-4.0 V and 1.7-4.0 V voltage ranges limits significantly the capacity fading in comparison to that in the 1.5 V-4.3 V range. Fig. 4 shows the comparison of the discharge capacity evolutions along with the cycling number. It can be noticed that the capacity retention given in the 1.7-4.0 V range is approximately 94%, which is higher than those in the other voltage ranges (82% in 1.5-4.0 V, 58% in 1.5-4.3 V). In the 1.7-4.0 V range the shape of the curve is not modified at all that emphasizes the reversibility of the intercalation/deintercalation reaction in this voltage range.

The rate capability test was performed from C/20 to C during a cycling in the 1.7-4.0 V range. At each rate three cycles were done. At the end of the experiment, three cycles at C/20 were also done for comparison. As shown in Fig. 5 the capacity decreases from 120 mAh/g at C/20 to 80 mAh/g at C and return to 127 mAh/g when the rate comes back to C/20. A slight increases is even observed, which can result from an activation of the material. No material activation is observed during the C/20 cycling in the same voltage range. One can assume that at high rate, there are large concentration gradients that induce constraints within the particles. A chemical grinding of the primary particles or an increase of the porosity of the secondary particles could improve the reaction kinetics and therefore, increase the cell capacity.

The shape of the curve shows the existence on several parts separated by rapid changes in voltage. In a first step the battery was discharged to 1.5 V. This initial discharge profile, given in the inset of Fig. 3a, indicates that sodium ions can be inserted up to x = 0.90, not reaching the full occupancy for the sodium sites that is a general phenomenon occurring in layered materials. In this part of the discharge it is assumed that only the Mn 4+ /Mn 3+ redox couple is active: Mn 4+ ions are reduced to Mn 3+ to compensate Na + intercalation. Nevertheless, further experiments are required to prove that cobalt ions are not partially reduced to the divalent state as we have previously reported in the case of the P2-Na x Co 2/3 Mn 1/3 O 2 system. 19,29 During the battery charge above 2. ularly stable in a narrow sodium content range. It is assumed that these voltage drops are related to the occurrence of sodium / vacancy orderings between the MO 2 slabs. Such a behavior is generally not observed in a multication slab composition. In general, the cationic disorder within the slab prevents any sodium ordering in the interslab space. From the redox point of view it is assumed that for x < 0.7, Ni 2+ are oxidized to Ni 3+ in a first step then to Ni 4+ . Cobalt oxidation has also to be considered. In the case of P2-Na x CoO 2 system, Co 4+ ions are observed in the whole voltage range between 2.3-3.8 V range. 30 In addition, like in lithium systems, the oxidation of Mn 4+ is not expected. Furthermore, 0.35 Na + ions are deintercalated between 2.30 V and 3.75 V; this suggests that Ni 2+ to Ni 3+ oxidation is the main process in this composition range. The plateau around 4.2 V is identified with the occurrence of biphasic domain. Fig. 6 gives a comparison of the XRD patterns of the materials recovered after one charge of the cell at 4.0 V and 4.3 V, respectively. At 4.0 V the XRD pattern is characteristic of the P2 type structure, whereas the 4.3 V one is very different. Only two main lines are observed: (i) the first one is equal to the interslab distance (c hex. /n), (ii) the second one is characteristic of the classical intra-slab distance (a hex. ). Obviously, there is a change in the slab packing, but there is no enough data to identify the structural type. For intermediate sodium amounts in the 4.2 V plateau a mixture of both phases is observed on the XRD patterns. The length of the plateau continuously decreases upon cycling, while the capacity between 4.0 V and 2.0 V remains almost constant. In previous papers Lu et al. reported the possibility of the transition from P2 to O2 structure type for P2-Na 2/3 Ni 1/3 Mn 2/3 O 2 at high voltage, 31 while Yabuuchi et al. mentioned that in the P2-Na 2/3 Fe 1/2 Mn 1/2 O 2 system the phase transition to OP4 structure type occurs by gliding of slabs at the end of the charge. 14 In both cases, these structural changes result from slab gliding. In the hypothesis of the transition to O2 structure type all trigonal prismatic sites are converted to octahedral ones, whereas in the hypothesis of the transition to OP4 structure transition only 1 over 2 of those sites is alternatively transformed. In our material, it can be assumed that Na deintercalation for x < 0.35 leads to slab gliding with local formation of O2 type interslab spaces. It results in the formation of stacking faults that prevent a clear characterization of the material. Experiments are in progress to characterize the structure of the material obtained at high voltage. It is well-known that the stability of the trigonal prismatic vs octahedral environment of alkali ions in layered structures depends on the intercalation amount but also on the ionicity of the M-O bonds that is directly related to the slab composition see Fig. 3 in ref. 4.

As shown on Fig. 3, even if the capacity on the 4.2 V plateau decreases rapidly upon cycling, the structural defects formed during the charge seem to disappear in discharge, as the shape on the discharge curve below 4.0 V is not modified even after 10 cycles. In order to study the material stability the following experiment was done. In a first step, as shown in Fig. 7, 10 cycles were done in the 3.0-4.3 V voltage range where the phase transition occurs. The length of the 4.2 V plateau decreases continuously. The experiment was continued with the same battery in the 1.5-4.0 V range for 10 more cycles. The shape of the curve is preserved upon cycling, which shows that no material degradation occurs during the cycling at high voltage. An XRD pattern was recorded on material recovered after 10 cycles in the 3.0-4.3 V range. At the end of the last discharge the cell voltage was maintained at 3.0 V for 24 hours to obtain a very homogeneous material. The material composition is close to Na 0.60 Mn 0.60 Ni 0.30 Co 0.10 O 2 . Its XRD pattern (Fig. 8), typical of the P2 phase, shows that the material is well crystallized. The comparison of the cell parameters to those of the Na 0.70 Mn 0.60 Ni 0.30 Co 0.10 O 2 starting phase (a hex. = 2.8786 (1) Å and c hex = 11.163 (1) Å for the material at 3.0 V compared to a hex. = 2.8842(1) Å and c hex. = 11.089(1) Å for the pristine material) confirms the higher average oxidation state of transition metal ions (smaller a hex ) and the smaller amount of sodium (higher c hex. ). To determine the effect of the cycling on the particle size we selected three diffraction lines with very different Miller indexes. The comparison of the shape of the (103), ( 106) and (110) diffraction lines (Fig. 9) shows that there is no broadening of the (110) line, whereas there is a small broadening of the (103) and (106) ones. These lines were selected because: (i) they do not overlap with other diffractions lines (see Fig. 1), (ii) they have different Miller indexes that allows to discriminate between in slab plane and along the c axis coherence lengths. This result shows that the coherence length is maintained in the hexagonal plane, whereas it decreases slowly along the c axis that suggests the presence of some extended defects along this axis. SEM experiments after various numbers of cycles in various voltage ranges are in progress.

A capacity fading also occurs when the battery is discharged down to low voltage. Discharging the battery down to 1.5 V implies the reduction of Mn 4+ to Mn 3+ in a larger amount than for a discharge down to 1.7 V. It is assumed that the existence of Mn 3+ ions leading to the Jahn-Teller distortion of MnO 6 octahedra, which can induce constraints and defects in the material that may increase the capacity fading.

Conclusions

P2-Na 0.70 Mn 0.60 Ni 0.30 Co 0.10 O 2 was synthesized using the coprecipitation method. To get a pure P2 phase, it is required to avoid Ni 3+ in the targeted composition. Therefore, the composition was determined to have only Ni 2+ in the pristine material. This material delivers 185 mAh/g as maximum specific capacity. In the voltage plateau indicating bi-phase transition around 4.2 V, it can be assumed that O2 type stacking faults occurred within the P2 structure. Although the capacity retention after 20 cycles in the 1.5-4.3 V range is only 58%, it could achieve high cycle retention (94%) when the cut-off voltage is limited in 1.7-4.0 V. The reason of this capacity fade either in charge or in discharge is not clear. XRD study after 10 cycles in the high voltage range, where the fading is quite large, shows that the crystallinity on the structure is preserved. Further investigations are in progress to understand the relationships between electrochemical properties and structural changes.
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Figure 1 .

 1 Figure 1. XRD pattern of the Na 0.70 Mn 0.60 Ni 0.30 Co 0.10 O 2 phase synthesized by a co-precipitation method: (black) full pattern matching pattern, (red) experimental data, (blue) difference plots.

Figure 2 .

 2 Figure 2. SEM images of P2-Na 0.70 Mn 0.60 Ni 0.30 Co 0.10 O 2 powder.

Figure 3 .

 3 Figure 3. Galvanostatic curves of Na//P2-Na 0.70 Mn 0.60 Ni 0.30 Co 0.10 O 2 at C/20 in various voltage ranges. The black dot indicates the initial voltage. (a) in 1.5-4.3 V. A magnification around the initial point is shown in the inset. (b) 1.5-4.0 V. (c) 1.7-4.0 V. The first discharge and the following first cycle are represented by the red line.

Figure 4 .

 4 Figure 4. Change in specific capacity upon cycling of Na//P2-Na 0.70 Mn 0.60 Ni 0.30 Co 0.10 O 2 in various voltage ranges.

Figure 5 .

 5 Figure 5. Effect of the cycling rate on the specific capacity.

Figure 6 .

 6 Figure 6. XRD patterns of the material recovered on both sides of the plateau. (a) After charge at 4.0 V; (b) After charge at 4.3 V. G: graphite.

Figure 7 .

 7 Figure 7. Effect of the cycling in the 3.0-4.3 V range on the shape of the cycling curve in the 1.5-3.0 V range.

Figure 8 .

 8 Figure 8. XRD pattern of the battery material recovered at 3.0 V after 10 cycles in the 3.0-4.3 V range: (black) full pattern matching pattern, (red) experimental data, (blue) difference plots.

Figure 9 .

 9 Figure 9. Comparison of the broadening of the (a) (110) hex , (b) (103) hex and (c) (106) hex diffraction lines of the starting material (red line) and after 10 cycles in the 3.0-4.3 V range (blue line). To allow the comparison of their FWHM, the lines have been shifted along the 2θ angle; simultaneously their maximum has been normalized.

  Na 2/3 Ni 1/3 Mn 2/3 O 25,17,18 Na 2/3 Co 2/3 Mn 1/3 O 2 19 and Na 0.70 Mn 0.11 Co 0.89 O 2+z 20 for example, which exhibit interesting electrochemical behavior. P2 type structure with three transition metals, such as Na 2/3 Co x Ni 1-x Mn 2/3 O 2 , 6,7 Na 0.45 Ni 0.22 Co 0.11 Mn 0.66 O 2 , 21 Na 0.67 Mn 0.65 Co 0.20 Ni 0.15 O 2 , 22 Na 2/3 Co 2/3 Ni 1/9 Mn 2/9 O 2
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