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Claims

1. A multilayered composite thin film material comprising:

a substrate having a positively-charged surface;

a first bilayer material comprising:

a layer of metal nanocrystal particles, each particle having a negatively charged 

surface, where the metal is selected from the group consisting of Ru, Rh, Os, Ir, Pd, 

Au, Ag and Pt, and the particles are attached to the substrate surface by charge 

attraction; and 

a coating layer of graphene quantum dots, each graphene quantum dot having 

a positively charged surface and attached to the layer of metal nanocrystal particles 

by charge attraction; and 

a 0 to nth additional bilayers comprising: 

a layer of metal nanocrystal particles, each particle having a negatively charged 

surface, where the metal is selected from the group consisting of Ru, Rh, Os, Ir, Pd, 

Au, Ag and Pt, and the particles are attached to the preceding layer of graphene 

quantum dots by charge attraction; and 

a coating layer of graphene quantum dots, each graphene quantum dot having 

a positively charged surface and attached to the layer of metal nanocrystal particles 

by charge attraction, where 

n is from 1 to 49. 

2. The composite material according to Claim 1, wherein n is from 1 to 19, such as from

4 to 14, such as 9. 

3. The composite material according to Claim 1 or Claim 2, wherein the positively charged

surface of the graphene quantum dots is provided by covalently bonded moieties comprising 

an ammonium ion functional group.  

4. The composite material according to any one of the preceding claims, wherein the

graphene quantum dots have: 

(a) a particle size of from 3 to 20 nm, such as from 4 to 10 nm, such as 5.6 nm,

optionally wherein the particles have a uniform size of from 3 to 20 nm, such as from 4 to 10 

nm, such as 5.6 nm; and/or 

(b) a thickness of from about 0.7 to about 1.2 nm, or a thickness of from 1 to 2

layers of graphene; and/or 
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(c) a measured zeta potential of from +40 mV to +70 mV, such as +53.5 mV when

measured using a pH profile of from pH 7 to 12. 

5. The composite material according to any one of the preceding claims, wherein the

negatively charged surface of the metal nanocrystal particles is provided by moieties 

comprising carboxylate ions.  

6. The composite material according to any one of the preceding claims, wherein the

metal nanocrystal particles have: 

(a) an average diameter of from 3 nm to 20 nm, such as from 3.09 to 15 nm; and/or

(b) a measured zeta potential of from -30 mV to -60 mV when measured using a

pH profile of from pH 6 to 12; and/or 

(c) each layer of metal nanocrystal particles comprise a metal selected from the

group consisting of Pd, Au, Ag and Pt, such as Au, Ag and Pt. 

7. The composite material according to any one of the preceding claims, wherein the

composite has an image-average current of from 20 to 500 pA, such as from 50 to 250 pA, 

such as from 100 to 180 pA as measured by conductive atomic force microscopy.  

8. The composite material according to any one of the preceding claims, wherein the

metal nanocrystal particles are citrate-stabilized metal nanocrystal particles. 

9. The composite material according to any one of the preceding claims, wherein the

metal nanocrystal particles: 

(a) are gold nanocrystal particles having an average diameter of from 12 to 17 nm

(such as from 12.1 to 16.3 nm, such as 14.2 nm); and/or 

(b) are silver nanocrystal particles having an average diameter of from 5 to 8 nm

(such as from 5.77 to 7.17 nm, such as 6.47 nm); and/or 

(c) are platinum nanocrystal particles having an average diameter of from 3 to 4

nm (such as from 3.09 to 3.69 nm, such as 3.09 nm). 

10. The composite material according to any one of the preceding claims, wherein the

metal nanocrystal particles are citrate-stabilized gold nanocrystal particles, n is 9 and the 

composite material has an image-average current of from 150 to 200 pA, such as 171.3 pA 

as measured by conductive atomic force microscopy. 
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11. The composite material according to any one of the preceding claims, wherein the

substrate is selected from one or more of the group consisting of fluorine-doped tin oxide, 

glass, silicon, indium tin oxide (ITO), and titanium. 

12. The composite material according to any one of the preceding claims, wherein the

positively charged surface of the substrate is provided by a polycationic polymer selected from 

the group consisting of polyethylenimine, poly(diallyldimethylammonium chloride) (PDDA), 

copolymers thereof, and blends thereof. 

13. A method of assembling the multilayered composite thin film material according to any

one of Claims 1 to 12, comprising the steps of: 

(a) providing a substrate having a positively charged surface;

(b) dipping the substrate into a first solution comprising negatively charged metal

nanocrystal particles, subsequently washing and drying the dipped material to form a 

negatively charged surface of metal nanocrystal particles; 

(c) dipping the product of step (b) into a second solution comprising positively

charged graphene oxide quantum dots, subsequently washing and drying the dipped material 

to form a positively charged surface;  

(d) optionally repeating steps (b) and (c) n times using the product of step (c) as

the substrate; 

(e) subjecting the product of step (c) or, when conducted, step (d) to an annealing

step under heat and an inert atmosphere, wherein: 

n is from 1 to 49; and 

the metal nanocrystal particles used in each step (b) are independently selected from 

the group consisting of Ru, Rh, Os, Ir, Pd, Au, Ag and Pt. 

14. A method of catalysing an organic reaction comprising contacting one or more

reagents for the organic reaction with the composite material according to any one of Claims 

1 to 12 and providing the conditions necessary to effect the organic reaction. 

15. The method of Claim 14, wherein the method is the catalytic reduction of aromatic nitro

compounds to aromatic amine compounds in the presence of a reducing agent, optionally 

wherein the reducing agent is sodium borohydride. 

16. The method of Claim 14, wherein the method is the oxidation of methanol in an

electrocatalytic reaction to produce carbon dioxide, optionally wherein the method involves 
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placing a working electrode comprising the composite material according to any one of Claims 

1 to 12 into an electrolyte solution containing methanol under an inert atmosphere.  

17. A device suitable for photodetection and/or energy harvesting comprising a composite

material according to any one of Claims 1 to 12. 

18. The device according to Claim 17, wherein the composite material is provided as part

of an electrode. 

19. A method of energy harvesting involving the steps of:

(a) providing a light-transparent device comprising a working electrode that

comprises a composite material according to any one of Claims 1 to 12, at least one other 

electrode as a counter electrode and an electrolyte; 

(b) irradiating the device with light to generate a photocurrent; and

(c) converting water to hydrogen and oxygen.
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