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1. Additional Computational Settings
The pseudopotentials used in calculations contained the following electrons: 2s22p4 for O; 2p63s1 for Na, 
4p64d45s1 for Nb, 4p64d55s1 for Mo; 4p64d10 for Pd; and 4d105s1 for Ag. The specific capacity (QTheoretical) in 
mAh/g was calculated according to the following formula:

Equation S1.
𝑄𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =  

𝑛𝐹
3600𝑀𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟

Here, n is the extracted charge, ℱ is the Faraday constant (96485.3329 sA/mol), and MMolecular is the molecular 
weight in g/mole. The energy density was calculated by multiplying the specific capacity in the cell voltage.

2. Structural Details
The Na1NbO2 and Na3AgO2 compounds have been previously synthesised and characterised [1,2]. Tables S1 
and S2 present the calculated and experimental lattice parameters for these two compounds. The calculated and 
measured lattice parameters differ only by ~1% indicating excellent convergence of the DFT calculation within 
the GGA+U framework.

Table S1. The calculated and experimental lattice parameters of Na1NbO2.
Na1NbO2 Calculated Experimental
Lattice Group 194 ( )𝑃63/𝑚𝑚𝑐 194 ( )𝑃63/𝑚𝑚𝑐

a (Å) 3.013 2.955
b (Å) 3.013 2.955
c (Å) 11.708 11.647
α (°) 90.000 90
β (°) 90.000 90
γ (°) 120.000 120
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Table S2. The calculated and experimental lattice parameters of Na3AgO2.
Na3AgO2 Calculated Experimental
Lattice Group 72 ( )𝐼𝑏𝑎𝑚 72 ( )𝐼𝑏𝑎𝑚
a (Å) 5.525 5.463
b (Å) 11.031 10.926
c (Å) 6.002 5.926
α (°) 90.000 90
β (°) 90.000 90
γ (°) 90.000 90

Monoclinic Na2MoO4 has been synthesised [3]. Its structure, however, has not been fully characterised yet. We, 
nonetheless, present a comparison between the calculated Na2MoO4 lattice parameters and the lattice parameter 
of the isostructural monoclinic K2MoO4 [4] in Table S3. The lattice constants of Na2MoO4 are ~5% smaller than 
those of K2MoO4. This shrinkage can be attributed to the smaller ionic radius of Na+ compared to that of K+.

Table S3. Comparison between the calculated lattice parameters of Na2MoO4 with the experimental lattice parameters of K2MoO4.
Na2MoO4 Calculated 

Na2MoO4

Experimental 
K2MoO4

Lattice Group 12 ( )𝐶2/𝑚 12 ( )𝐶2/𝑚
a (Å) 11.692 12.348
b (Å) 5.945 6.081
c (Å) 6.942 7.538
α (°) 90.000 90
β (°) 117.647 115.74
γ (°) 90.000 90

Na4Zr5O12 and Na1Pd2O3 have not yet been synthesis. We modelled these compounds after the synthesised and 
well-characterised K4Zr5O12 and KPd2O3 [5-7]. Tables S4 and S5 present a comparison between the Na based 
and K based compounds. The c value is 2.01% shorter in Na4Zr5O12 than in K4Zr5O12. The difference is more 
profound in the palladate compounds as the c is 11.12% smaller in sodium palladate than in potassium palladate.

Table S4. Comparison between the calculated lattice parameters of Na4Zr5O12 with the experimental lattice parameters of K4Zr5O12.
Na4Zr5O12 

(Calculated)
K4Zr5O12

Experimental
Lattice Group 164 ( )𝑃3̅𝑚1 164 ( )𝑃3̅𝑚1
a (Å) 5.855 5.821
b (Å) 5.855 5.821
c (Å) 10.652 10.437
α (°) 90.000 90
β (°) 90.000 90
γ (°) 120.000 120

Table S5. Comparison between the calculated lattice parameters of Na1Pd2O3 with the experimental lattice parameters of K1Pd2O3.
Na1Pd2O3 

(Calculated)
K1Pd2O3

(Experimental)

Lattice Group 160 (
)𝑅3𝑚𝑅3𝑚 160 ( )𝑅3𝑚

a (Å) 6.130 6.073
b (Å) 6.130 6.073
c (Å) 16.897 18.777
α (°) 90.000 90
β (°) 90.000 90
γ (°) 120.000 120
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Since Na4Zr5O12 and Na1Pd2O3 have not been synthesised yet, we examined their stability against the binary 
oxides they may decompose to. The results are presented in Table S6. Negative formation enthalpy (ΔH) 
indicates the stability of the ternary compounds. According to Table S6, both Na4Zr5O12 and Na1Pd2O3 were 
found energetically stable against decomposing into the competing binary oxides.

Table S6. The formation enthalpy (ΔH) of the ternary oxides with respect to the binary oxides.

compound ΔH(eV/u.f.) Competing oxide phases

Na4Zr5O12 −8.241 5ZrO2+2Na2O
Na1Pd2O3 −4.177 2PdO+½Na2O+¼O2

3. Choice of Functional
The conventional and popular general gradient approximation (GGA) is known to delocalise overly the d states 
and underestimate bang gaps of the transition metal (TM) oxides [8]. Since the localisation effects are stronger 
for 3d electrons, these problems manifest most adversely in 3d TM oxides. However, in the 4d TM oxides we 
studied here, localisation effects are rather smaller, and the shortcoming of the GGA method can be mitigated 
by introducing a modest Hubbard term on the 4d electrons. In our work, we choose a Ueff value of 2 eV for all 
TM ions. The choice of a single value Ueff allowed us a straightforward comparison of the materials properties. 
This approach has been successfully applied to survey studies for Na2TMO3 [9], NaTMO2 [10] and ZnO:TM 
[11] systems. In Figure S1, we present the DOS of the sodiated and desodiated compounds calculated under the 
GGA functional. For most of the compounds, the GGA DOS is approximately similar to the one calculated with 
GGA+U functional (Figure 3) indicating lack of strong localisation effects in the studied compounds. The only 
Noticeable difference occurs in Na0.5Pd2O3 for which the position of the Fermi level is wrongly placed in the 
middle of the valence band in GGA calculations. Table S7, presents the half-cell voltages calculated with GGA 
functional and the GGA+U (Ueff = 2 eV). Evidently, GGA+U method introduces the necessary moderate 
correction with respect to the mere GGA method.
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Figure S1. The total and partial density of states of the sodiated (left column) and desodiated compounds (right column) calculated 
with GGA method. Blue, purple and orange lines represent total, TM 4d and O 2p partial states respectively.

Table S7. Voltages calculated with GGA+U and GGA functionals.
Na4−xZr5O12 Na1−xNbO2 Na2−xMoO4 Na1−xPd2O3 Na3−xAgO2.

Potential (V) GGA+U 3.583 2.476 4.743 2.630 2.398
Potential (V) GGA 3.790 2.247 4.369 2.666 2.314

To examine the how the DOS is influenced if we chose a higher Ueff value or higher level functional, we 
calculated the DOS of the Na2MoO4 compound with Ueff = 3.7 eV and the hybrid HSE06 functional [12,13] with 
a mixing parameter α = 0.2, presented in Figure S1(b) and (c) respectively. Ueff value of 3.7 eV was used for 
Na2MoO4 in Materials Project (materialsproject.org). Furthermore, Mo oxides are known to exhibit particularly 
strong localisation effect [14]. As we can see in Figure 2S, the dominance of O 2p states near the valence band 
maximum is a preserved feature for all functional used. Furthermore, the calculated bandgap (Eg) does not 
strongly depend on the functional chosen indicating that Ueff value we used in the calculation was adequate for 
these 4d TM oxides. Consequently, Ueff = 2 eV for calculating the voltages is adequately robust and efficient.
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Figure S2. The total and partial density of states of the Na2MoO4 compound calculated with various functionals. Blue, 
purple and orange lines represent total, O 2p and TM 4d partial states respectively.

4. Desodiation Process in Na4−xZr5O12 and Na3−xAgO2

Calculating the equilibrium voltage using Equation 1 requires the free energy of the thermodynamically stable 
structures of the sodiated and desodiated compounds. Since the entropic contribution is small and hence 
neglected in our calculations, we used the total DFT energy in place of the free energy. When there are different 
possibilities for Na vacancy formation or their arrangements, care should be taken to ensure that the most stable 
configuration is considered for calculating the voltage. Accordingly, we calculated the voltages based on the 
most stable VNa configuration in Na4−xZr5O12 and Na3−xAgO2 compounds in which there are two distinct VNas. 
Comparing the formation energy of VNas, however, identifies the most stable configuration at the early stages 
of the desodiation. To confirm that sodium vacancies from 2d Wyckoff site in Na4−xZr5O12 and 4b Wyckoff in 
Na3−xAgO2 are still the most stable in fully desodiated compounds, we calculated the total energy of hypothetical 
fully desodiated Na2Zr5O12 and Na2AgO2 compounds in which Na ions from alternative 2c and 8g sites were 
extracted respectively. We found that the total energy of Na2Zr5O12 rose by 0.40 eV per unit formula and the 
total energy of Na2AgO2 rose by 1.44 eV per unit formula when alternative Na sites were completely vacated 
instead of those forming most stable vacancies.
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