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Supplementary Figure 1. Custom-made cell used for electrochemical measurements of a 
high-voltage Mg/Na dual-ion battery with sodium beta-alumina solid electrolyte. Reproduced 
with permission from ref.1 Copyright 2018, Nature Research. 
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Supplementary Figure 2. XRD patterns of VPO4 (I), VOPO4 (II) precursors and 
Na1.5VPO4.8F0.7 product before (III) and after (IV) ball-milling with CB and annealing.  
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Supplementary Figure 3. SEM images of Na1.5VPO4.8F0.7 after ball-milling and annealing 
with carbon black. Scale bars: (a) 50 μm, (b, c) 20 μm and (d) 10 μm. 
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Supplementary Figure 4. Galvanostatic charge/discharge curves for 1st, 2nd and 5th cycles for 
Na1.5VPO4.8F0.7 cathode tested in Na-ion half-cell configuration. Cells were cycled at room 
temperature with a current density of 64.9 mA g-1 (0.5 C) in the potential range of 2.5-4.3 V 
vs. Na+/Na using Na metal as reference and counter electrode and 1 M NaBF4 in EC:PC (1:1 
by vol.) as the electrolyte. 
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Supplementary Figure 5. Extension of the cycling of performance of Mg/Na dual-ion 
batteries presented in the Figure 3: (a) Capacity retention and coulombic efficiency at a 
current density of 129.8 mA g-1 (1 C); (c) Galvanostatic charge curve after 28th cycle (longer 
cycling is prevented by oxidation process on the working electrode; the reasons for these 
failure are under investigation). 
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Supplementary Figure 6.  SEM images of pristine and cycled Mg electrodes (after 1st cycle, 
5th cycle and 20th cycle). Large wires visible on SEM images are remainings of glass fiber 
separator. Scale bars: (a) 300 μm, (b) 30 μm, (c) 300 μm, (d) 30 μm, (e) 300 μm and (f) 30 
μm. 
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Supplementary Figure 7. SEM images (a, b, c, d) and EDX spectra (e, f) of Mg anode foil 
after Mg plating. The yellow frames show the area from where the EDX scans were extracted. 
Large wires visible on SEM images are remainings of glass fiber separator. Scale bars: (a, b) 
100 μm and (c, d) 10 μm. 
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Supplementary Table 1. Rietveld refinement parameters corresponding to the XRD-pattern 
in Figure 2a. Rietveld refinement was carried out using FullProf Suite 
(https://www.ill.eu/sites/fullprof/). 

Pattern Phase 

Chi2 Rp Rwp Rexp Rbragg RF-factor 

5.69 13.1 10.9 4.57 1.031 1.320 
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Supplementary Table 2. Comparison of the electrochemical performance of various Mg/Na(Li) dual-ion batteries using of Mg metal anode. The 
gravimetric cell-level capacity and energy density of presented  Mg/Na(Li) dual-ion batteries were calculated using Supplementary Eq. 7 and 8. For 
calculations, the density of reported electrolytes was assumed to be equal the density of used solvents (DME, THF or glyme). 
 

 Cathode C rate Cathode capacity, 
mAh g−1 Electrolyte Cell capacity*, 

mAh g−1 
Cell 

voltage, V 
Energy density, 

Wh kg−1 
Refer
ence 

Na1.5VPO4.8F0.7 1C 100 

0.2M Mg(BH4)2 – 2M NaBH4 
in tetraglyme 

 
0.43M Mg(BH4)2 – 2M NaBH4 

in tetraglyme 

19 
 
 

9.8 
 

3 

57 
 
 

29.4 
 

This 
work 

Na3V2(PO4)3 1C 100 0.2M [Mg2Cl2][AlCl4]2 – 0.4M 
NaAlCl4 in glyme 19.8 2.60 46 2 

LiFePO4 0.1C 140 
0.2 M 

[Mg2Cl2(DME)4][AlCl4]2 – 1.0 
M LiTFSI 

21 2.50 52.5 3 

LiFePO4 0.15 156 0.5 M PhMgCl/AlCl3– 0.5 M 
LiCl in THF 25.3 2.4 61 4 

VS2 0.5C 200 0.8M PhMgCl−0.4M AlCl3 − 
1M LiCl in THF 38.9 1.5 58.4 5 

TiS2 0.1C 220 0.25 M Mg2Cl3/AlPh2Cl2 − 
0.5M LiCl in THF 26.5 1.4 37.1 6 

TiS2 C/3 160 0.8M PhMgCl−0.4M AlCl3 − 
1M LiCl in THF 37 1.3 48.1 7 

NaV3O8·1.69H2
O 80 mA g–1 200 0.8M PhMgCl−0.4M AlCl3 − 

2M LiCl in THF 38.9 1.3 50.6 8 
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Mo6S8 0.1C 125 0.8M PhMgCl−0.4M AlCl3 − 
1M LiCl in THF 20.2 1.2 24.2 9 

FeS2 0.2C 225 0.2M Mg(BH4)2−2M NaBH4 in 
diglyme 10.2 1.03 10.5 10 

Li4Ti5O12 0.2C 155 0.8M PhMgCl−0.4M AlCl3 − 
1.5 M LiBH4 in THF 36.8 0.8 29.4 11 

 
Abbreviations: THF = tetrahydrofuran; LiTFSI = lithium bis(trifluoromethanesulfonyl)imide. 
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Supplementary Note 1 

Calculations of gravimetric energy density 

Mg/Na dual-ion battery utilizing electroplating/stripping reactions on the anode side and 

intercalation/deintercalation of Na ions on the cathode side is depicted schematically on the 

Figure 1 (see main text of the manuscript). In this type of battery, Mg(BH4)2 acts as an anode 

being reduced on the current collector (electroplating of magnesium) and Na1.5VPO4.8F0.7 act 

as an cathode being oxidized (de-intercalation of Na ions) during charge of the battery.  

The corresponding half-reactions during charging can be described as follows: 

On anode: 𝑀𝑀𝑀𝑀(𝐵𝐵𝐻𝐻4)2  + 2𝑒𝑒− → 𝑀𝑀𝑀𝑀 + 2𝐵𝐵𝐻𝐻4− 

On cathode: 𝑁𝑁𝑁𝑁1.5𝑉𝑉𝑉𝑉𝑂𝑂4.8𝐹𝐹0.7  → 𝑁𝑁𝑁𝑁0.5𝑉𝑉𝑉𝑉𝑂𝑂4.8𝐹𝐹0.7 + 𝑁𝑁𝑁𝑁+ + 𝑒𝑒− 

Gravimetric cell level capacity of Mg-NaDIB can be derived as follows. 

The charge of a battery is defined by the charge of either the anode or the cathode, since: 

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐 = 𝑄𝑄𝑐𝑐𝑎𝑎𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑐𝑐 R  (1) 

where 𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, 𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐 R and 𝑄𝑄𝑐𝑐𝑎𝑎𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑐𝑐 are the charge of cell, anode and cathode, respectively. 

Substituting 𝑄𝑄 by 𝑚𝑚 and 𝐶𝐶 (according to 𝑄𝑄 = 𝑚𝑚𝐶𝐶) into Supplementary Eq. 1 one obtains: 

𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑄𝑄𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑚𝑚𝑎𝑎+𝑚𝑚𝑐𝑐

= 𝑚𝑚𝑎𝑎𝐶𝐶𝑎𝑎
𝑚𝑚𝑎𝑎+𝑚𝑚𝑐𝑐

= 𝑚𝑚𝑎𝑎𝐶𝐶𝑎𝑎
𝑚𝑚𝑎𝑎+

𝑚𝑚𝑎𝑎𝐶𝐶𝑎𝑎
𝐶𝐶𝑐𝑐

= 𝐶𝐶𝑎𝑎𝐶𝐶𝑐𝑐
𝐶𝐶𝑎𝑎+𝐶𝐶𝑐𝑐

   (2) 

or 

𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐶𝐶𝑎𝑎𝐶𝐶𝑐𝑐
𝐶𝐶𝑎𝑎+𝐶𝐶𝑐𝑐

   (3) 

where 𝐶𝐶𝑐𝑐 is the specific gravimetric capacity of the cathode in mAh g−1 and 𝐶𝐶𝑎𝑎 is the specific 

gravimetric capacity of the anode in mAh g−1. 

Taking into account that Mg(BH4)2 as anode active material is solved in solvent, the capacity 

of anode should be calculated from the following equation: 

𝐶𝐶𝑎𝑎 = 𝑥𝑥𝑥𝑥
𝑀𝑀𝑀𝑀𝑀𝑀(𝐵𝐵𝐵𝐵4)2+𝑚𝑚𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠+𝑚𝑚𝑁𝑁𝑎𝑎𝐵𝐵𝐵𝐵4

   (4) 

, where 𝐹𝐹 = 26.8 × 103 mAh mol−1 (Faraday constant), 𝑥𝑥 is the charge of electroactive 

species;  𝑀𝑀𝑀𝑀𝑀𝑀(𝐵𝐵𝐵𝐵4)2 is molar mass of Mg(BH4)2 in g mol−1; 𝑚𝑚𝑠𝑠𝑎𝑎𝑐𝑐𝑠𝑠𝑐𝑐𝑎𝑎𝑐𝑐 is the mass of the 

solvent in g mol−1 needed to dissolve 1 mol of Mg(BH4)2 and form 0.2M Mg(BH4)2 − 2M 

NaBH4 solution; 𝑚𝑚𝑁𝑁𝑎𝑎𝐵𝐵𝐵𝐵4 is the mass of NaBH4 in 0.2M Mg(BH4)2 − 2M NaBH4 solution 

containing 1 mol of Mg(BH4)2. 
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𝑀𝑀𝑀𝑀𝑀𝑀(𝐵𝐵𝐵𝐵4)2 + 𝑚𝑚𝑠𝑠𝑎𝑎𝑐𝑐𝑠𝑠𝑐𝑐𝑎𝑎𝑐𝑐 + 𝑚𝑚𝑁𝑁𝑎𝑎𝐵𝐵𝐵𝐵4 part in Supplementary Eq. 4 can be expressed through the 

molarity (mol L−1) of Mg(BH4)2 in electrolyte (0.2M Mg(BH4)2 − 2M NaBH4 − solvent)  in 

discharged (𝑀𝑀𝑎𝑎) and charged (𝑀𝑀𝑐𝑐) state of battery and density of the electrolyte 𝜌𝜌 in g ml−1: 

𝑀𝑀𝑀𝑀𝑀𝑀(𝐵𝐵𝐵𝐵4)2 + 𝑚𝑚𝑠𝑠𝑎𝑎𝑐𝑐𝑠𝑠𝑐𝑐𝑎𝑎𝑐𝑐 + 𝑚𝑚𝑁𝑁𝑎𝑎𝐵𝐵𝐵𝐵4 =  𝜌𝜌·103

𝑀𝑀𝑎𝑎−𝑀𝑀𝑐𝑐
(5) 

Therefore, the capacity of the anode can be written as follows: 

𝐶𝐶𝑎𝑎 = 𝑥𝑥𝑥𝑥(𝑀𝑀𝑎𝑎−𝑀𝑀𝑐𝑐)
𝜌𝜌·103

(6) 

Substituting Supplementary Eq. 6 into Supplementary Eq. 3 one obtains 

Gravimetric 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑥𝑥𝑥𝑥(𝑀𝑀𝑎𝑎−𝑀𝑀𝑐𝑐)𝐶𝐶𝑐𝑐
𝑥𝑥𝑥𝑥(𝑀𝑀𝑎𝑎−𝑀𝑀𝑐𝑐)+ 𝐶𝐶𝑐𝑐𝜌𝜌·103

  (Ah kg-1)  (7)

To estimate maximum theoretical gravimetric 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, we have determined the maximum 

molarity of Mg(BH4)2 in 2M NaBH4 tetraglyme solution at room temperature being equal 

0.43M. The density of 2 M NaBH4 + 0.4 M Mg(BH4)2 in tetraglyme was determined to be 

about 1 g ml-1. Thus, assuming that 𝑀𝑀𝑎𝑎 = 0.4, 𝑀𝑀𝑐𝑐 = 0 and practical capacity of 

𝑁𝑁𝑁𝑁1.5𝑉𝑉𝑉𝑉𝑂𝑂4.8𝐹𝐹0.7 being equal 112 mAh g-1 (at 0.2C rate), gravimetric 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 can be calculated as 

follows: 

Gravimetric 𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 26.8·103·2·(0.4−0)·112
26.8·103·2·(0.4−0)+ 112·1·103

= 19 (Ah kg-1) (8) 

We note that mass of the solid state membrane, Na electrolyte, current collectors, packaging 

were not included into calculations. Finally, for estimation of the theoretical energy density, 
the Ccell value must be multiplied by the average discharge battery voltage (V = 3.0 V): 

 𝐸𝐸  = cell · 𝑉𝑉  = 19 · 3.0 = 57 Wh kg-1       (9) 
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