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CLAIMS

What is claimed is:

1. A metal-hydrogen battery, comprising:

a first electrode, wherein the first electrode comprises a carbonaceous material;

a second electrode; and 

an electrolyte disposed between the first electrode and the second electrode,

wherein the second electrode generates hydrogen gas during charging and oxidizes 

hydrogen gas during discharging, and includes a porous substrate and a coating coated on the 

porous substrate, wherein the coating includes a bi-functional catalyst to catalyze hydrogen 

evolution reaction and hydrogen oxidation reaction at the second electrode, and wherein the bi-

functional catalyst comprises entangled carbon nanoflakes and nanoparticles of one or more of 

ruthenium, ruthenium phosphide, ruthenium sulfides, ruthenium carbide, ruthenium nitride, and 

ruthenium phosphide-sulfide anchored on the entangled carbon nanoflakes, wherein the bi-

functional catalyst including the nanoparticles anchored on the entangled carbon nanoflakes is 

coated on a surface of the porous substrate.

2. The metal-hydrogen battery of claim 1, wherein the electrolyte is an aqueous electrolyte. 

3. The metal-hydrogen battery of claim 2, wherein the electrolyte is acidic. 

4. The metal-hydrogen battery of claim 3, wherein the electrolyte comprises H2SO4. 

5. The metal-hydrogen battery of any one of claims 1 to 4, wherein the first electrode 

comprises a material selected from the group consisting of PbO, PbO2, and PbO2 doped with one 

or more elements selected from the group consisting of Sb, Cr, and Ca. 

6. The metal-hydrogen battery of claim 2, wherein the electrolyte has a pH below 10. 

7. The metal-hydrogen battery of claim 6, wherein the electrolyte comprises a material 

selected from the group consisting of MnCl2, MnSO4, Mn(NO3)2, and Mn(CH3COO)2. 
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8. The metal-hydrogen battery of claim 6 or 7, wherein the electrolyte further comprises 

H2SO4.

9. The metal-hydrogen battery of claim 6, wherein the electrolyte comprises a salt of 

lithium.

10. The metal-hydrogen battery of claim 9, wherein the first electrode comprises a material 

selected from the group consisting of LiMn2O4, LiCo2O4, LiFeO2, LiNiO2, LiFePO4, lithium 

cobalt nickel oxide, lithium cobalt magnesium oxide, lithium manganese cobalt oxide, lithium 

manganese chromium oxide, lithium nickel manganese cobalt oxide, lithium cobalt phosphate, 

lithium vanadium oxide phosphate, and lithium vanadium phosphate fluoride.

11. The metal-hydrogen battery of claim 2, wherein the electrolyte is alkaline. 

12. The metal-hydrogen battery of claim 11, wherein the electrolyte comprises an alkali 

selected from the group consisting of KOH, NaOH, LiOH, and combinations thereof.

13. The metal-hydrogen battery of claim 11 or 12, wherein the first electrode comprises a 

material selected from the group consisting of Ni(OH)2, NiOOH, Ni(OH)2 doped with one or 

more elements selected from the group consisting of cobalt and zinc, and NiOOH  doped with 

one or more elements selected from the group consisting of cobalt and zinc.

14. The metal-hydrogen battery of any one of claims 1 to 13, further comprising an enclosure 

within which the first electrode, the second electrode, and the electrolyte are disposed, and the 

enclosure includes an inlet valve, an inlet, which is fluidly connected to the inlet valve, an outlet 

valve, and an outlet, which is fluidly connected to the outlet valve. 

15. The metal-hydrogen battery of claim 14, further comprising a storage tank to store 

hydrogen gas, and a pump fluidly connected between the outlet, through the outlet valve, and the 

storage tank.
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16. A metal-hydrogen battery, comprising:

a first electrode comprising lead oxide;

a second electrode; and 

an acidic electrolyte disposed between the first electrode and the second electrode,

wherein the second electrode generates hydrogen gas during charging and oxidizes hydrogen gas 

during discharging, and includes a porous substrate and a coating coated on the porous substrate, 

wherein the coating includes a bi-functional catalyst to catalyze hydrogen evolution reaction and 

hydrogen oxidation reaction at the second electrode, and wherein the bi-functional catalyst 

comprises entangled carbon nanoflakes and nanoparticles of ruthenium, ruthenium phosphide, 

ruthenium sulfides, ruthenium carbide, ruthenium nitride, and ruthenium phosphide-sulfide 

anchored on the entangled carbon nanoflakes, wherein the bi-functional catalyst including the 

nanoparticles anchored on the entangled carbon nanoflakes is coated on a surface of the porous 

substrate.

17. The metal-hydrogen battery of claim 16, wherein the lead oxide is selected from the 

group consisting of PbO2, PbO, and PbO2 doped with one or more elements selected from the 

group consisting of Sb, Cr, and Ca. 

18. The metal-hydrogen battery of claim 16 or 17, wherein the acidic electrolyte comprises 

H2SO4.

19. A metal-hydrogen battery, comprising:

a first electrode comprising an inorganic lithium compound;

a second electrode; and 

an electrolyte disposed between the first electrode and the second electrode,

wherein the second electrode generates hydrogen gas during charging and oxidizes hydrogen gas 

during discharging, and includes a porous substrate and a coating coated on the porous substrate, 

wherein the coating includes a bi-functional catalyst to catalyze hydrogen evolution reaction and 

hydrogen oxidation reaction at the second electrode, and wherein the bi-functional catalyst 

comprises entangled carbon nanoflakes and nanoparticles of ruthenium, ruthenium phosphide, 
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ruthenium sulfides, ruthenium carbide, ruthenium nitride, and ruthenium phosphide-sulfide 

anchored on the entangled carbon nanoflakes, wherein the bi-functional catalyst including the 

nanoparticles anchored on the entangled carbon nanoflakes is coated on a surface of the porous 

substrate.

20. The metal-hydrogen battery of claim 19, wherein the inorganic lithium compound is 

selected from the group consisting of LiMn2O4, LiCo2O4, LiFeO2, LiNiO2, LiFePO4, lithium 

cobalt nickel oxide, lithium cobalt magnesium oxide, lithium manganese cobalt oxide, lithium 

manganese chromium oxide, lithium nickel manganese cobalt oxide, lithium cobalt phosphate, 

lithium vanadium oxide phosphate and lithium vanadium phosphate fluoride. 

21. The metal-hydrogen battery of claim 19 or 20, wherein the electrolyte comprises a salt of 

lithium.

22. The metal-hydrogen battery of any one of claims 19 to 21, wherein the bi-functional 

catalyst comprises a metal or an alloy thereof. 

23. The metal-hydrogen battery of any one of claims 19 to 22, wherein the metal is selected 

from the group consisting of platinum, nickel, cobalt, molybdenum, tungsten, silver, palladium, 

iridium, gold, rhodium, manganese, and iron. 




