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performances of Li-S batteries. One of the proposed strategies is to encapsulate sulfur 

particles in porous conductive materials such as carbon, graphene oxide and/or a 

conductive polymer. However, none of these has been found optimal to prevent Li2Sx 

dissolution. Structured metal oxides, metal nitrides, metal carbides and chalcogenides 

have also been extensively studied as host materials due to their strong chemical 5 

interactions with dissolved Li2Sx. Indeed, they were found to significantly improved the 

cell’s lifetime. However, these materials are known for their low electronic conductivity 

and therefore impeded the electron transport pathway, resulting in low sulfur utilization 

and poor cycling stability. Considerable efforts have also been made to tackle the third 

challenge (i.e. the volumetric expansion upon lithiation). One of the proposed strategies 10 

is the encapsulation of sulfur particles in composites with core-shell morphology. Using 

this approach significantly improved cycling stability and efficiency were obtained, but 

there is still room for improvement. 

There is thus a need alternative and complementary technological approaches for 

improving the long-term cycling performance of Li-S batteries.  15 

SUMMARY 

The present disclosure relates to core-shell nanoparticles comprising a porous metal 

oxide core of formula MyOx, wherein M defines at least one transition metal, y is an integer 

selected from 1 to 4, and x is an integer selected from 1 to 8, x and y being selected to 

achieve electroneutrality; elemental sulfur (S8) as an electrochemically active material, 20 

the elemental sulfur being incorporated into the pores of the metal oxide core; and an 

outer shell surrounding the core, the outer shell comprising TiO2.  

In one aspect, the present disclosure relates to core-shell nanoparticles comprising a 

porous metal oxide core of formula MyOx, wherein M is Mn, Fe, Co, Ni, Zn or a 

combination thereof, y is an integer selected from 1 to 3, and x is an integer selected from 25 

1 to 7, x and y being selected to achieve electroneutrality; elemental sulfur (S8) as an 

electrochemically active material, the elemental sulfur being incorporated into the pores 
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of the metal oxide core; and an outer shell surrounding the core, the outer shell comprising 

TiO2. 

In one example, M is Mn, Fe, Co, Ni, Zn or a combination thereof, y is an integer from 1 

to 3; and x is an integer from 1 to 7. In a preferred example, M is Mn, preferably MyOx is 

MnO. In a further example, the M:Ti molar ratio is of about 10:1 to about 0.5:1, or about 5 

4:1 to about 0.7:1, preferably about 3:1 to about 0.7:1 and most preferably about 2:1 to 

about 0.8:1. 

In another aspect, the present disclosure relates to a nanocomposite material comprising 

the core-shell nanoparticles as defined herein and a first conductive nanomaterial.  

In one 10 



3 

 

example, the core-shell nanoparticles are supported on the first conductive material, for 

instance, the latter being a nanocarbon nano-wire, nano-sheet, nano-belt, or a 

combination thereof.  

In another aspect, the present disclosure relates to a method for producing core-shell 

nanoparticles or a nanocomposite material as herein defined, the method comprising: (a) 5 

contacting My(CO3)x nanoparticles with TiO2 or a TiO2 precursor to form TiO2 coated 

My(CO3)x nanoparticles (My(CO3)x/TiO2); (b) thermally treating the My(CO3)x/TiO2 

nanoparticles from step (a) at elevated temperature under inert gas to form core-shell 

MyOx/TiO2 nanoparticles; (c) optionally thermally treating the core-shell MyOx/TiO2 

nanoparticles with a first conductive nanomaterial under inert gas at elevated 10 

temperature, optionally in the presence of hydrogen gas, to form a nanocomposite 

material; (d) optionally partly removing MyOx after step (b) or (c) by treatment with an acid; 

(e) milling the obtained nanoparticles or nanocomposite material of step (b), (c) or (d) with 

elemental sulfur (S8) to produce a mixture; and (f) heating the mixture obtained in step (f) 

at elevated temperature under inert gas to cause the sulfur to melt-diffuse into the into 15 

the pores of the nanoparticles and/or nanocomposite material.  

In another aspect, the present disclosure relates to a method for producing nanoparticles 

or a nanocomposite material as herein defined, the method comprising: (a) synthesizing 

MnCO3 nanoparticles by a microemulsion-mediated solvothermal reaction; (b) reacting 

the MnCO3 nanoparticles from step (a) in a polar solvent with a TiO2 precursor, preferably 20 

an organotitanium compound, to produce MnCO3/TiO2 nanoparticles; (c) thermally 

treating the MnCO3/TiO2 nanoparticles at elevated temperature under inert gas to 

produce core-shell MnO/TiO2 nanoparticles; (d) optionally thermally treating the core-

shell MnO/TiO2 nanoparticles with a first conductive nanomaterial under inert gas at 

elevated temperature, optionally in the presence of hydrogen gas, to form a 25 

nanocomposite material; (e) optionally partly removing MnO after step (c) or (d) by 

treatment with an acid; (f) milling the nanoparticles or nanocomposite obtained in step (c), 

(d) or (e) with elemental sulfur to produce a mixture; and (g) heating the mixture obtained 

in step (f) at elevated temperature under inert gas to cause the sulfur to melt-diffuse into 

the nanocomposite. 30 
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The present disclosure relates to the core-shell nanoparticles or nanocomposite material 

obtained by a method as herein defined. 

In another aspect, the present disclosure relates to an electrode material comprising the 

core-shell nanoparticles or nanocomposite material as defined herein. 

In another aspect, the present disclosure relates to a positive electrode comprising the 5 

electrode material as defined herein on a current collector. 

In another aspect, the present disclosure relates to an electrochemical cell comprising 

the positive electrode as defined herein, a negative electrode and an electrolyte. 

In another aspect, the present disclosure relates to a lithium sulfur battery comprising at 

least one electrochemical cell as defined herein. 10 

In another aspect, the present disclosure relates to a lithium sulfur battery comprising the 

core-shell nanoparticles or nanocomposite material as defined herein. 

The present disclosure relates to the use of the core-shell nanoparticle as defined herein 

in a lithium sulfur battery. 

In another aspect, the present disclosure relates to the use of a lithium sulfur battery as 15 

herein defined in mobile devices, for example mobile phones, cameras, tablets or laptops, 

in electric or hybrid vehicles, or for the storage of renewable energy.  

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 presents transmission electron microscopy (TEM) images of the MnCO3 

nanocubes as described in Example 1(a) at (A) low magnification and (B) high 20 

magnification. 

Figure 2 displays the characterization of MnCO3/TiO2 core-shell nanocubes as described 

in Example 1(b) by: (A) TEM image; (B, C) high resolution TEM (HRTEM) images; (D) 

high-angle annular dark-field scanning transmission electron microscopy 
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CLAIMS 

1. Core-shell nanoparticles comprising 

- a porous metal oxide core of formula MyOx, wherein M is Mn, Fe, Co, Ni, Zn or a 

combination thereof, y is an integer selected from 1 to 3, and x is an integer 

selected from 1 to 7, x and y being selected to achieve electroneutrality;  5 

- elemental sulfur (S8) as an electrochemically active material, the elemental sulfur 

being incorporated into the pores of the metal oxide core; and 

- an outer shell surrounding the core, the outer shell comprising TiO2. 

2. The core-shell nanoparticles of claim 1, wherein M is Mn. 

3. The core-shell nanoparticles of claim 2, wherein MyOx is MnO. 10 

4. The core-shell nanoparticles of any one of claims 1 to 3, wherein the TiO2 is in an 

amorphous form. 

5. The core-shell nanoparticles of any one of claims 1 to 4, wherein the metal oxide 

comprised in the core is in a crystalline form.  

6. The core-shell nanoparticles of any one of claims 1 to 5, wherein the nanoparticles 15 

have a cube-like morphology. 

7. The core-shell nanoparticles of any one of claims 1 to 6, wherein the M:Ti molar 

ratio is 10:1 to 0.5:1, preferably 4:1 to 0.7:1, preferably 3:1 to 0.7:1 and most preferably 

2:1 to 0.8:1. 

8. The core-shell nanoparticles of any one of claims 1 to 7, wherein the average size 20 

of the core-shell nanoparticles is in the range from 10 to 500 nm, preferably 75 to 200 

nm, and the average thickness of the shell of the core-shell particle is in the range of 1 to 

50 nm, preferably 5 to 20 nm. 

9. The core-shell nanoparticles of any one of claims 1 to 8, wherein the elemental 

sulfur comprises sulfur nanocrystals. 25 
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10. A nanocomposite material comprising the core-shell nanoparticles as defined in 

any one of claims 1 to 9 and a first conductive nanomaterial. 

11. The nanocomposite material of claim 10, wherein the core-shell nanoparticles are 

supported on the first conductive material. 

12. The nanocomposite material of claim 10 or 11, wherein the first conductive 5 

nanomaterial is a conductive nanocarbon nano-wire, nano-sheet, nano-belt, or a 

combination thereof. 

13. The nanocomposite material of any one of claims 10 to 12, wherein the first 

conductive nanomaterial is a reduced graphene oxide nanosheet or a graphene 

nanosheet of a lateral size of 50 to 500 nm, preferably 100 to 200 nm. 10 

14. The nanocomposite material of any one of claims 10 to 13, wherein the weight ratio 

of the first conductive nanomaterial to the nanoparticles excluding sulfur is 1:1 to 1:10, 

preferably 1:2 to 1:4. 

15. The nanocomposite material of any one of claims 10 to 14, wherein the weight ratio 

of sulfur to the nanocomposite material excluding sulfur is 10:1 to 1:2, preferably 3:1 to 15 

1:1.  

16. A method for producing core-shell nanoparticles as defined in any one of claims 1 

to 9 or a nanocomposite material as defined in any one of claims 10 to 15, the method 

comprising: 

(a) contacting My(CO3)x nanoparticles with TiO2 or a TiO2 precursor to form TiO2 20 

coated My(CO3)x nanoparticles (My(CO3)x/TiO2); 

(b) thermally treating the My(CO3)x/TiO2 nanoparticles from step (a) at elevated 

temperature under inert gas to form core-shell MyOx/TiO2 nanoparticles; 

(c) optionally thermally treating the core-shell MyOx/TiO2 nanoparticles with a first 

conductive nanomaterial under inert gas at elevated temperature, optionally in 25 

the presence of hydrogen gas, to form a nanocomposite material;  

(d) optionally partly removing MyOx after step (b) or (c) by treatment with an acid;  
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(e) milling the obtained nanoparticles or nanocomposite material of step (b), (c) or 

(d) with elemental sulfur (S8) to produce a mixture; and 

(f) heating the mixture obtained in step (e) at elevated temperature under inert 

gas to cause the sulfur to melt-diffuse into the pores of the nanoparticles and/or 

nanocomposite material. 5 

17. A method for producing nanoparticles as defined in any one of claims 1 to 9 or a 

nanocomposite material as defined in any one of claims 10 to 15, comprising a porous 

MnO core and a TiO2 outer shell, said MnO core comprising sulfur entrapped in said 

pores, the method comprising: 

(a) synthesizing MnCO3 nanoparticles by a microemulsion-mediated solvothermal 10 

reaction; 

(b) reacting the MnCO3 nanoparticles from step (a) in a polar solvent with a TiO2 

precursor, preferably an organotitanium compound, to produce MnCO3/TiO2 

nanoparticles; 

(c) thermally treating the MnCO3/TiO2 nanoparticles at elevated temperature 15 

under inert gas to produce core-shell MnO/TiO2 nanoparticles; 

(d) optionally thermally treating the core-shell MnO/TiO2 nanoparticles with a first 

conductive nanomaterial under inert gas at elevated temperature, optionally in 

the presence of hydrogen gas, to form a nanocomposite material;  

(e) optionally partly removing MnO after step (c) or (d) by treatment with an acid;  20 

(f) milling the nanoparticles or nanocomposite obtained in step (c), (d) or (e) with 

elemental sulfur to produce a mixture; and 

(g) heating the mixture obtained in step (f) at elevated temperature under inert gas 

to cause the sulfur to melt-diffuse into the nanocomposite. 

18. The method of claim 16 or 17, wherein the TiO2 precursor is at least one 25 

organotitanium compound selected from the group consisting of titanium 

tetraisopropoxide, titanium tetra-n-butoxide, titanium tetrakis(2-ethylhexyloxide), titanium 
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tetrastearyloxide, titanium acetylacetonate, titanium ethyl acetoacetate, salicylaldehyde 

ethyleneimine titanate, diacetone alkoxy titanium, octylene glycoxy titanium, 

triethanolamine titanate, titanium lactate, monocyclopentadienyltitanium trihalides, 

dicyclopentadienyltitanium dihalides, cyclopentadienyltitanium trimethoxide, 

cyclopentadienyltitanium triethoxide and cyclopentadienyltitanium tripropoxide. 5 

19. The method of claim 18, wherein the organotitanium compound is titanium tetra-n-

butoxide. 

20. The method of any one of claims 16 to 19, wherein the nanoparticles or 

nanocomposite material before the milling step has specific surface area measured by 

Brunauer–Emmett–Teller (B.E.T.) of 40 m2/g to 150 m2/g, or of 60 m2/g to 120 m2/g, 10 

preferably 80 to 100 m2/g. 

21. The method of any one of claims 16 to 20, wherein the acid is a mineral acid, 

preferably H2SO4 or HCl, preferably used in a concentration of 0.1 to 5 M. 

22. The method of any one of claims 16 to 21, wherein each thermal treatment step is 

independently performed at a temperature of 200 to 500 °C, preferably 300 to 400 °C.  15 

23. The method of any one of claims 16 to 22, wherein the heating step is performed 

at a temperature of 140 to 180 °C for 5 to 48 hours.  

24. An electrode material comprising core-shell nanoparticles as defined in any one of 

claims 1 to 9 or a nanocomposite material as defined in any one of claims 10 to 15. 

25. The electrode material of claim 24, further comprising a second conductive 20 

material, a binder and optionally one or more additives. 

26. The electrode material of claim 25, wherein the second conductive material is 

selected from the group consisting of carbon black, acetylene black, graphite, graphene, 

carbon fibers (such as carbon nanofibers or VGCF), carbon nanotubes, and a 

combination of at least two of these.  25 
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27. The electrode material of claim 25 or 26, wherein the binder material is selected 

from the group consisting of a polymeric binder of the polyether type, a fluoropolymer, a 

water-soluble binder and a combination thereof. 

28. The electrode material of claim 27, wherein the polyether type polymer binder is a 

linear, branched and/or crosslinked polymer based on polyethylene oxide (PEO), 5 

poly(propylene oxide) (PPO) or a mixture of the two (or an EO/PO copolymer), and 

optionally comprises crosslinkable units.  

29. The electrode material of claim 27, wherein the fluoropolymer binder is PVDF 

(polyvinylidene fluoride) or PTFE (polytetrafluoroethylene). 

30. The electrode material of claim 27, wherein the water-soluble binder is SBR 10 

(styrene-butadiene rubber), NBR (acrylonitrile-butadiene rubber), HNBR (hydrogenated 

NBR), or CHR (epichlorohydrin rubber) acrylate), optionally comprising CMC 

(carboxymethylcellulose). 

31. A positive electrode comprising the electrode material as defined in any one of 

claims 24 to 30 on a current collector. 15 

32. An electrochemical cell comprising the positive electrode as defined in claim 31, a 

negative electrode and an electrolyte. 

33. The electrochemical cell of claim 32, wherein the negative electrode is a metallic 

lithium film. 

34. A lithium sulfur battery comprising at least one electrochemical cell as defined in 20 

claim 32 or 33. 

35. A lithium sulfur battery comprising the core-shell nanoparticles as defined in any 

one of claims 1 to 9 or a nanocomposite material as defined in any one of claims 10 to 

15. 
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36. Use of a lithium sulfur battery as defined in claim 34 or 35, in mobile devices, for 

example mobile phones, cameras, tablets or laptops, in electric or hybrid vehicles, or for 

the storage of renewable energy. 
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