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Fig. 1 Schematic diagram of the process flow of O3-NaNi,C0oq,Mng,0, cathode
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Fig. 2 XRD patterns of NNCM622 and XPS patterns of sample NNCM622-750
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Table 1 Rietveld refinement results of samples NNCM622-

700, NNCM622-750 and NNCM622-800 materials

Sample No. alA cla VIAS Rup/%
NNCM622-700 3.015 5.315 126.384 4.350
NNCM622-750 3.012 5.323 126.464 3.374
NNCM622-800 3.020 5.303 126.172 4.574
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(f) Individual particle topography
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Fig. 3 SEM images of NNCM622
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Table 2 ICP elemental measurement results of three
materials
Molar ratio

Sample No. -

Na Ni Co Mn
NNCM622-700 1.09 0.64 0.18 0.18
NNCM622-750 1.10 0.64 0.20 0.16
NNCM622-800 1.08 0.62 0.19 0.19
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Fig. 4 TEM images and EDS spectra of sample NNCM622-750
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Fig. 5 Electrochemical properties of samples NNCM622-700, NNCM622-750 and NNCM622-800
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Extended Abstract

Introduction  Sodium-ion batteries (NIBs) have attracted much attention as promising alternatives to lithium-ion batteries due to the
natural abundance of sodium, low cost, and enhanced safety. Among various cathode materials, layered transition metal oxides,
particularly O3-type structures, are considered highly attractive due to their high specific capacity, moderate operating voltage, and
facile synthesis. High-nickel ternary oxides such as NaNiyC0y,Mny,0, (NNCM622) exhibit superior capacity and economic
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viability, making them candidates for next-generation NIBs. However, the electrochemical performance of these materials is highly
sensitive to synthesis conditions, especially the heat treatment process, significantly affecting the crystallinity, morphology, and
structural stability. This work was to investigate the influence of calcination temperature on the structure, morphology, and
electrochemical properties of O3-type NNCM622 cathode materials synthesized via a conventional solid-state reaction.

Method In the preparation of O3-type NNCM622 cathode materials, stoichiometric amounts of NiggCog,Mng2(OH), precursor
and NaOH (with a 5% excess of sodium source) were thoroughly mixed and subsequently calcined in an oxygen atmosphere at 700,
750 'C and 800 C for 24 hours, yielding the final products denoted as NNCM622-700, NNCM622-750, and NNCM622-800,
respectively.

Results and discussion The X-ray diffraction(XRD) patterns show that all the samples crystallize in an O3-type layered structure
(space group R-3m). The clear splitting of the (006)/(012) and (018)/(110) diffraction peaks indicates a well-developed layered
structure. The Rietveld refinement reveals that the sample calcined at 750 C(i.e, NNCM622-750) possesses the lowest refinement
discrepancy factor (R, = 3.374%) and optimal crystallinity. In contrast, the sample NNCM622-700 has a poorer crystallinity due to
incomplete reaction at a lower temperature, while the sample NNCM622-800 likely suffers from sodium volatilization and potential
structural distortions at a higher temperature. The X-ray photoelectron spectra (XPS) on the sample NNCM622-750 indicate the
coexistence of Ni?*/Ni®*, Co, and Mn in the material, which is consistent with the expected valence states for this composition. The
inductively coupled plasma optical emission spectra (ICP-OES) show that the elemental compositions of all the samples are close to
the theoretical stoichiometry.

The images of scanning electron microscopy (SEM) reveal that all the samples consist of spherical secondary particles with the
sizes of 2-10 um formed due to the agglomeration of numerous primary particles. The sample NNCM622-700 has larger primary
particles due to insufficient reaction, whereas the sample NNCM622-800 exhibits over-sintering and particle cracking. The images of
transmission electron microscopy (TEM) and the mapping of energy dispersive X-ray spectroscopy(EDS) of the sample
NNCM622-750 further confirm its well-crystallized layered structure with an interplanar spacing of 0.263 nm, corresponding to the
(102) plane, and a homogeneous distribution of elements Na, Ni, Co, and Mn.

The electrochemical performance is evaluated in half-cells versus sodium metal. The NNCM®622-750 cathode has a high initial
discharge capacity of 150.5 mA-h-g™ at 0.1 C (1 C = 150 mA-h-g™) within the voltage window of 1.5-4.2 V, with a high initial
Coulombic efficiency of 86.5%. This cathode also demonstrates a superior rate capability, retaining discharge capacities of 106,
95mA-h-g™* and 85.9mA-h-g™ at 1C, 2C, and 5C, respectively. After 100 cycles at 1 C, this cathode maintains 55.3% of its initial
capacity, showing a better cycling stability than the other two samples. In contrast, the NNCM®622-700 and NNCM622-800 cathodes
deliver lower initial capacities (i.e., 119.8 mA-h-g™* and 97.8 mA-h-g™, respectively) and suffer from more rapid capacity decay. This
performance degradation is attributed to incomplete sodiation (for NNCM622-700) and sodium loss/structural defects (for
NNCM622-800), increasing the electrode impedance and hindering Na* diffusion.

The cyclic voltammetry (CV) curves of the NNCM622-750 cathode shows a pair of well-defined redox peaks around 2.3/2.7V,
corresponding to the Ni?*/N** redox reaction. The minimum peak potential separation (AV = 0.4 V) for NNCM622-750 indicates the
lowest polarization and optimum reaction reversibility among the three samples. The electrochemical impedance spectra (EIS) reveal
that the NNCM622-750 electrode has the minimum charge-transfer resistance (i.e., Ry = 327.1 Q). Furthermore, based on the Warburg
coefficient derived from the EIS data, the maximum Na" diffusion coefficient (Dy,") for NNCM622-750 (i.e., 7.53x107° cm?:s) can
be obtained, compared to that for NNCM622-700 (i.e, 5.12x107"® cm*s™) and NNCM622-800 (i.e, 1.92x107"" cm*s™). These
results corroborate its superior rate performance.

Conclusions The nickel-rich O3-type NNCM622 cathode materials were synthesized by a high-temperature solid-state reaction
method, and their microstructures and electrochemical properties were investigated. The O3-type NNCM622 cathode material
prepared under calcination at 750 ‘C for 24 h exhibited a superior crystallinity, a well-defined layered structure, and the minimum
Na* diffusion barrier due to its excellent structural and compositional synergy. As a result, the NNCM622-750 cathode delivered the
maximum initial discharge specific capacity (i.e, 150.5 mA-h-g™ at 0.1 C with a coulombic efficiency of 86.5%), superior rate
performance (i.e, 85.9mA-h-g* at 5C), and relatively high cycling stability (i.e., capacity retention of 55.3% after 100 cycles at 1 C).
An appropriate calcination temperature could enhance the reversibility and cycling performance of the cathode material, thereby
improving the structural stability and electrochemical properties of nickel-rich O3-type NNCM622 cathodes. This work could present
a simple and low-cost preparation process for synthesizing nickel-rich O3-type NNCM®622 cathode materials with superior
electrochemical performance, offering valuable insights for addressing the challenges associated with heat treatment in the
development of next-generation layered cathode materials for sodium-ion batteries.
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