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Figure S1: Comparison of the crystallographic data for the different OP4 phases 
reported in literature for various precursors. Note that the temperature used for 
the acquisition is not mentioned in the cited references. 
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Figure S2: SEM pictures of the sample A at different magnifications.  Dashed lines 
represent the shape of an OP4 crystal.  
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Figure S3: Representation of the different phases reported in this paper.  
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Figure S4: Experimental 
7
Li MAS NMR spectra performed on a 7.05 T magnet with a 

spinning frequency of 30 kHz for 250 K, 300 K and 320 K.  
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S5: DFT calculations  

A. Input 

In order to propose a signals assignment of the positive and negative shifts observed, we have been 

using DFT calculations using PAW potentials allowing considering large supercells. First 

principles calculations were performed within the Density Functional Theory (DFT) framework. 

In a previous study, we showed that PAW-PBE potentials as implemented in the Vienna ab initio 

Simulation Package (VASP) code9 can be used to compute theoretically the Fermi contact shifts in 

paramagnetic materials10. A plane wave energy cut-off of 600 eV and a k-mesh dense enough to 

reach convergence were used. All calculations were done with a ferromagnetic ordering which is 

considered appropriate for the Fermi contact shift, as described in reference 3. A model compounds 

was considered with the Li0.5Na1/3CoO2 stoichiometry, considering a full Li layer as in O3-LiCoO2 

and the Na+/vacancy ordering reported by Platova et al. for P2-Na2/3CoO2
11. The description of this 

hypothetical cell can be found below in Figure SI-5.1. The supercell used corresponds to 

(2√3*ahex.small, 2√3*ahex.small, 2chex.small) with ahex.small and chex.small the lattice vectors of the OP4 phase 

without considering a Na/vacancy ordering. For more clarity the vacancy position are note 

represented in Figure SI-5-1b, but the position of the Nae and Naf sites projection in the small 

hexagonal cell in provided in the inset.  A quasi-Newton algorithm was used for ionic relaxations. 

To obtain accurate final energies, all relaxations were followed by a final static calculation with 

the linear tetrahedron method. In the Generalized Gradient Approximation (GGA), the inherent 

self-interaction error has detrimental effect on localized transition-metal d (or rare earth f) orbitals. 

Although, the addition of a Hubbard U correction can produce theoretical average voltages or 

Fermi contact shifts in better agreement with experiments12, this method is not used in this study it 

has been shown to yield some unphysical results for layered cobalt oxide systems:  phase stability 
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inversion between O1 and O3 in CoO2 and incorrect phase diagram for the P2-NaxCoO2 system13. 

On the contrary, GGA has been successfully used to describe the phase diagram of the LixCoO2 

system14. The difficulty to properly model layered cobalt oxides probably comes from the dual 

character of the electronic properties: some electrons are fully delocalized leading to metallic 

conduction in plane15 and some are localized leading to a Curie-Weiss type paramagnetism16. 

Equation (1) below is used to calculate this spin density, and uses the hyperfine coupling 

constant (𝐴𝐹𝐶) determined by VASP in addition to the total number of unpaired electrons in the 

unit cell and gyromagnetic ratio of the nucleus to which spin density is being transferred to 

determine the total amount of spin density at each Na nucleus.  

𝜌(0) =
𝐴𝐹𝐶3𝑆

𝜇0ℏ𝛾𝐼𝑔𝑒𝜇𝐵
                                                         (1) 

where 𝜇0 is the permeability of free space, ℏ is the reduced Planck constant, 𝛾𝐼 is the gyromagnetic 

ratio of the NMR observed nucleus, 𝑔𝑒 is the electron g-factor, and 𝜇𝐵 is the Bohr magneton. The 

expected paramagnetic contribution to the NMR shift can then be determined by taking into 

account the spin density at the nucleus (ρ(0)) and the magnetic susceptibility of the material (χ𝑀) 

according to Equation (2): 

          δ𝑖𝑠𝑜,𝐹𝐶 =
1

3S𝑁𝐴
ρ(0)χ𝑀                                                    (2) 
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B. Results  

For the magnetic susceptibility we used 𝜒 = 𝐶/(𝑇 − 𝜃𝐶𝑊), with C and 𝜃𝐶𝑊 determined from a 

linear fit of the inverse of the magnetic susceptibility (1/ χ) versus temperature using the modified 

Curie-Weiss law (Figure 5b). 

Even if the stoichiometry is slightly different from the experimental one and even though in our 

GGA approach all cobalt ions are partially oxidized, calculations showed that considering a specific 

Na ordering tends to partially localize the charges and lead to slightly different Co ions. The global 

spin calculated in the cell is in agreement with the expected value for 1/6 LS-Co4+ (t2g
5) and 5/6 

LS-Co3+ (t2g
6). We could further compute the expected Fermi contact shifts for the different Li and 

Na nuclei in the supercell using either the theoretical Curie constant (Cth=0.0625 emu.K.mol-1) or 

the Cexp and  Weiss experimental values obtained after fitting the magnetic susceptibility versus 

temperature curve. As expected from the larger C value experimentally observed, the resulting 

shifts magnitude is larger than using the theoretical Cth. Whatever the method used, the 

experimental data cannot be properly simulated (Figure SI-5.2a). This emphasizes the difficulty 

to model the electronic structure for layer cobalt oxides as discuss in the experimental part. In our 

modelling, the t2g orbitals degeneracy is left because of the CoO6 distortion along the c axis leading 

to a1g and eg’ orbitals17. The 3D spin density maps show that the a1g orbital is mainly carrying the 

spins (Figure SI-5.3). In reality the local electronic structure should be more complex and one 

expect some localized and some delocalized electrons in the t2g orbital of the Co ions.  

DFT calculations of the Fermi contact shifts for the different Na environments in the Li0.5Na1/3CoO2 

[Na16Li24Co48O96 supercell] model compound were also done. Only the computed positions of the 

isotropic peaks are shown on Figure SI-5.2b without any affected line shape. Fermi contact shifts 

computed for the Nae sites are slightly lower than the ones computed for the Naf sites. Since not 
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such broad distribution of isotropic shifts are observed experimentally, this further confirms the Na 

mobility is the sodium layers of the OP4 phase leading to an average signal and the assignment of 

the different signals to Na ions present in different layers or in different phases.  
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Figure S5.1: (a) Representation of the hypothetical cell Li
0.5

Na
1/3

CoO
2
 used as 

model for DFT calculations. This model considers full Li layers and 67% filled Na 

layers. (b) Highlighting of the Na
+
/vacancy ordering in the Na interslab spaces. In 

inset : projection of the position of the Nae and Naf  sites in the “small” OP4 cell, 
i.e. before the construction of the supercell. 
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Figure S5.2: Comparison between experimental NMR spectra (Table 5) and 
calculated spectra considering theoretical curie constant and experimental one. (a) 

for 
7
Li MAS NMR. (b) for 

23
Na MAS NMR. 
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Figure S5.3: Calculated spin DOS of model presented in Figure SI-5.1. (a) total. (b) 
partial on Co 3d orbitals. (c) 3D spin density maps. a

1g
 orbital is mainly carrying the 

spins. 
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Figure S6: Experimental 
7
Li SI spectra performed at 340 K with mixing times from 

0.05 ms to 6 s. (a) on site 2. (b) on site 3. 
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 iso (ppm) CQ (MHz) η lb (ppm) 

T = 270 K 217 4.08 0.16 15.8 

T = 300 K 191 4.09 0.15 15.6 

T = 350 K 166 4.12 0.02 14.2 

T = 400 K 155 4.20 0.02 11.2 

T = 450 K 148 4.25 0.06 10.6 

 

Figure S7: Fitted parameters of the 23Na MAS NMR spectra recorded while spinning at 13 kHz at 

variable temperatures (Figure 9). For each parameter the last number falls into the error bar. 𝛿iso 

(ppm) = the isotropic position ; CQ (MHz) = the quadrupolar coupling; η = the assymetry 

parameter of the Quadrupolar interaction tensor and lb (ppm) = broadening factor. 
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