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A process for the formation of metal oxide nanoparticles

coating of a solid substrate

Background of the invention

Transparent and conductive metal oxides and doped metal

oxides coatings, and specifically tin oxide coatings, are

receiving considerable scientific attention for use in

solar cells, sensors, smart (heated) windows and touch

panel displays, voltage dependent resistors and LED

devices, and catalysts.

Diverse methods for particle and nanoparticle metal oxide

formation and surface coatings are known in the art.

Classification of the wet (doped as well as undoped) tin

oxide coating methods reveals that they are mostly

produced in acidic media, usually from chloro or alkoxy

precursors (followed by an annealing step) [see, for

example, Santilli, C . V . et al (Phys. Review B 2007, 75,

205335), Hu, P . . et al {Appl. Clay Sci . 2010, 48, 368)

and Nutz, T . et al (J. Phys. Chem. B 2000, 104, 8430)],

made by electroless deposition (e.g. with silver

seeding), or are made of preformed, stabilized

nanocrystalline dispersions [see Muller, V . et al (Small

2010, , 633)]. Much of the antimony tin oxide synthesis

efforts are directed towards finding appropriate organic

ligands that will control the hydrolysis and condensation

rates of the dopant and tin precursors in order to allow

intimate contact of the antimony and tin oxides already

at the (nanoparticle) dispersion state.

The preparation of tin oxide nanoparticles and hollow

spheres from hydroxostannate were described, for example,

by Juttukonda, V . et al (J. Am. Chem. Soc. 2006, 128,



420), Urade, V . N . et al (J. Phys . Chem. B 2005, 109,

10538) and Lou, X . . et al (Adv. Mater. 2006, 18, 2325) .

Sladkevich, S . et al (J. Sol Gel Sci. Technol. 2009, 50,

229-240) describe the formation of peroxystannate

nanoparticles by hydrogen peroxide induced polymerization

in water-potassium hexahydroxystannate solutions but did

not mention film formation from such solutions. Tolstoy,

V . P . (Thin Solid Films 1997, 307, 10-13;Zh Neorg. Khim.

7 (1993) 1146-1148) described a process for synthesizing

tin oxide coatings by consecutive oxidation and

hydrolysis of tin (II) fluoride by hydrogen peroxide under

near-neutral or acidic conditions.

Summary of the invention

The present invention is primarily directed to a process

for the formation of a coating composed of

peroxynanoparticles of metals selected from the group

consisting of: Ga, Ge, As, Se, In, Sn, Sb, Te, Tl, Pb and

Bi on a solid substrate, wherein said process comprises

providing a basic solution containing at least a first

metal selected from said group and hydrogen peroxide, and

contacting said solution with a solid substrate having

oxygen-containing chemically reactive groups on its

surface .

It is to be noted that the term 'metal' as used herein

indicates each of the elements present in rows 4-6 of

columns 13 - 16 of the periodic table, despite the fact

that some of these elements are sometimes known in the

art as 'metalloids'.



The terms "peroxypart icles" , "peroxynanopart icles" ,

"peroxystannate" and the like, refer to entities in which

the peroxo or hydroperoxo ligands are covalently attached

to the metal rather than conjugation to the network by

hydrogen bond or London van der Waals forces.

Preferably, the at least one metal is present in the

aforementioned basic solution in its highest oxidation

state, prior to the addition of hydrogen peroxide.

In a preferred embodiment, the metal-containing solution

used in the process according to the present invention

comprises one or more of the following metals: tin,

antimony, germanium and tellurium. In one preferred

embodiment, the metal-containing solution comprises tin

in its highest oxidation state (+4). In a particularly

preferred embodiment, the metal solution may comprise

both tin and antimony. Preferably, the ratio between the

tin and the antimony in this embodiment is in the range

of 1 to 25.

Whilst the aforementioned basic solution may be prepared

using a variety of different bases, in one preferred

embodiment said solution comprises a nitrogen-containing

base, e.g. ammonium hydroxide or tetra-alkyl ammonium

hydroxide. The pH of the basic solution is preferably

higher than 8.5, more preferably higher than 9 .

In some cases, the step of contacting the metal-

containing solution with the solid substrate is performed

in the presence of an antisolvent capable of inducing the

precipitation of the metal-containing coating. Suitable

antisolvents include (but are not limited to) alcohol,

acetonitrile, ethylacetate , ethers or mixtures thereof.



As mentioned hereinabove, the substrate used in the

process of the present invention contains oxygen-

containing chemically reactive groups on its surface.

Suitable groups include -OH, -OOH, oxo(=0), M-O- wherein

indicates the substrate, carbonate and oxygenated SP2

carbon .

In order to convert the peroxynanoparticles into the

corresponding metal oxides or mixed metal oxides, the

coated substrate is heat treated under suitable

conditions, to form crystalline oxide coatings. It

should be noted that it is possible to use substrates

that are destroyed by the heat treatment or chemical

dissolution in order to obtain a structure consisting of

mixed metal oxide and binary or tertiary crystalline

nanostructures that are essentially devoid of substrate

material .

Thus, the process according to the present invention may

further comprise removing the substrate by means of a

heat treatment or dissolution step to obtain a structure

consisting of sheets made of peroxynanoparticles or metal

oxide nanoparticles that are essentially devoid of

substrate material.

Examples of suitable substrates that may be used for the

presently-disclosed process include (but are not limited

to) clays, sol-gel materials, and lithium niobate and

calcite .

The concentration of the hydrogen peroxide between 1% and

50% weight percent.



The nanoparticles formed on the substrate during the

process of the present invention generally have a

diameter of less than 10 ran. It should be noted,

however, that following heat treatment particles having a

larger diameter may be formed, for example particles

larger than 20 nm.

In another aspect, the present invention provides a solid

substrate coated with peroxynanoparticles of at least one

metal selected from the group consisting of: Ga, Ge, As,

Se, In, Sn, Sb, Te, Tl, Pb and Bi. Preferred substrates

include graphene oxide and materials containing SP2

carbon with oxygenated groups.

In a preferred embodiment of this aspect o f the

invention, the coating is made o f peroxynanoparticles o f

the following metals: tin, antimony, germanium and

tellurium.

Preferably the peroxynanoparticles present in the coating

have a diameter of less than 10 nm.

Detailed description

The present invention permits the formation of a metal

peroxide/oxide discrete nanoparticle coating on a solid

substrate by its immersion in a basic, organic ligand

free, stable solution comprising metal percxypart icles

and oligomers suspended in hydrogen peroxide rich aqueous

solutions or by conventional dip coating, spray coating,

spin coating or spread coating of the substrates b y the

said peroxyparticle suspensions. The nanoparticle coating

formation takes place exclusively on the solid substrate



surface and practically no agglomeration occurs in the

solution, as is evident by electron microscopy studies.

According to the process of the invention, a soluble form

of a suitable metal (also designated herein "metal

precursor") is dissolved in a basic hydrogen peroxide

solution, allowing the formation of metal peroxycomplexes

[of the form [ e (OH)n- (OOH ) ]m- , and their deprotonated

forms and their oligomers wherein m denotes the oxidation

state of the metal and n denotes the number of

hydroperoxo and hydroxo ligands substituted on the metal,

x is a real number larger than 0 but smaller or equal to

n ] . The subsequent immersion of a solid substrate having

chemically reactive groups (e.g. MOH, MOOH, M=0, M-O-M or

carbonate) present on its surface, followed by subjection

of the solution to conditions allowing the formation of a

nanoparticle coating layer (e.g., by the addition of an

antisolvent ), allows the preferential attachment of

hydroperoxo metal oligomers to the substrate. In one

embodiment the reactive substrate can be graphene oxide

or another partially oxygenated SP2 carbon surfaces.

The present invention is therefore primarily directed to

a process for the formation of a discrete

peroxynanopart icle coating on a solid substrate,

comprising providing a solution of a metal salt, hydrogen

peroxide and a base, and contacting said solution with a

solid substrate having chemically reactive groups present

on its surface (e.g., hydroxyl groups) under conditions

allowing the formation of a peroxynanoparticle coating

(e.g., by the addition of an antisolvent). Optionally,

the coated substrate thus obtained is subsequently

subjected to heat treatment to yield the corresponding

crystalline metal oxide nanoparticle coated substrate.



Optionally two or more precursor salts are used to

produce mixed metal peroxyparticles which can be

subsequently converted to mixed metal oxides or to doped

metal oxide, such as antimony doped metal oxide.

In an embodiment of the invention, more than one coating

layers are formed on the substrate by carrying out the

process of the invention consecutively.

A metal precursor, which is suitable for use as a

starting material according to the process of the

invention, is any water-soluble salt of a non-transition

metal, post transition metal or metalloid (corresponding

to columns 13-16 of the periodic table and rows 4 to 6 .

Optionally, a mixture of more than one metal salts may be

used as the metal precursor. In an embodiment of the

invention, the metal precursor is a stannate salt, such

as a hydroxostannate salt (e.g. tetramethyl ammonium

hexahydroxostannate) . The metal precursor can also be in

the form of a metal salt (e.g. SnCl ) provided that the

excess base is then used to elevate the pH sufficiently

to form the metal hydroperoxospecies . In a preferred

embodiment, a mixture of hydroxostannate and

hydroxoantimonate is used as the metal precursor.

The metal precursor is dissolved in an aqueous hydrogen

peroxide solution. The weight concentration of hydrogen

peroxide in the solution is above 1%, preferably above

10%, with a hydrogen peroxide weight concentration of

over 12% being especially preferred.

In an embodiment of the invention, the molar

concentration of the metal precursor in the hydrogen

peroxide solution is in the range of 0.01 - 1 . In a



preferred embodiment, the molar concentration o f the

precursor in the solution is in the range of 0.05-0.5 M .

The obtained solution, comprising the metal precursor and

hydrogen peroxide, allows the formation of peroxometal

oligomers. Without being bound to theory, it is suggested

that the hydroperoxo ligand acts as a capping agent that

prevents full condensation and precipitation of the

peroxymetal oligomers in the solution. The oligomers,

upon contact with a suitable solid substrate [under

certain conditions, such as the addition of an

antisolvent] create a discrete nanopart iculate coating

layer by their attachment to the chemically reactive

groups present on the substrate's surface. It is also

likely that nydrogen bonding between the hydroperoxo

moieties on the dispersed oligomers/nanparticles and on

the surface promotes full surface coverage by the peroxy-

nanoparticles .

The solid substrate for use in the process of the

invention, having chemically reactive groups present on

its surface, namely, hydroxyl groups, may be any

substrate comprising an O group, wherein denotes any

element that does not catalyze hydrogen peroxide

decomposition, on metal, semi-metal or metalloid oxides.

Suitable oxides include, but are not limited to, SiC>2,

Ti0 2, Sn0 2, Sb20 , Au203, Ag20 , PtO, ZnO, Zr0 2, A 120 and

AuO . The metal oxides can be in the form of bulk metal

oxides, or a thin film coating over a metal (e.g., a gold

oxide coating on gold or other metals) . The hydroxyl

group may optionally be part of a surface carboxyl

functionality, such as, for example, graphene oxide,

oxidized surface of carbon nanotubes or oxidized surface

of plastics (e.g. polyethylene). Carbonato ligands (as in



calcium carbonate) or oxo groups can also form reactive

surfaces. Oxygenated sites on predominantly SP2 carbon

surfaces (e.g. graphene oxide) is another example of

reactive surface.

Preferred solid substrates include sepiolite (magnesium

silicate 1-D clay) , muscovite (potassium mica) , kaolin

(2-D aluminosilicate) , sol-gel silica powder, lithium

niobate (LiNb03) and calcite (CaC03) and graphene oxide.

Especially preferred are muscovite and graphene oxide.

The solid substrate coating procedure is carried out by

allowing the substrate to contact the metal precursor and

hydrogen peroxide solution under conditions allowing the

formation of a peroxynanoparticle coating. The coating

procedure may be carried out by methods known in the art,

such as, for example, dip coating, spread coating or

spray coating. In an embodiment of the invention, the

solid substrate is immersed in the solution at a

temperature and for a duration allowing the spontaneous

formation of a nanoparticulate coating. In a preferred

embodiment, the solid substrate is immersed in the

solution and an antisolvent is added to yield the coating

formation. Suitable antisolvents include water soluble

organic solvents such as acetonitrile, alcohols, ethers

and mixtures thereof. Preferably, ethanol is used as the

antisolvent .

The metal peroxide coated substrate thus obtained may

optionally be subsequently subjected to heat treatment to

yield the corresponding crystalline metal oxide discrete

nanoparticle coated substrate. For example, the coated

substrate may be calcined at a temperature of 300

1000°C (e.g. 600°C) , depending on the required

crystallinity and the heat stability of the substrate.



Optimum temperature for antimony doped tin oxide coating

on scovite was 800 °C. Furthermore the substrate can be

burned out or dissolved leaving the standalone metal

oxide. This is exemplified in example 6 (Figure 6C) by

the removal of graphene oxide substrate by heat treatment

in air, thus leaving nanoparticle sheets of tin oxide.

The coating obtained by the process of the invention

consists of discrete metal oxide/ peroxide nanopart icles .

The coating comprises a layer of less than 50 nm,

preferably less than 20nm, and more preferably less than

lOnm of nanocrystalline material, rendering it favorable

for use in catalysis and optical applications.

Various aspects of the invention are further illustrated

by the following examples, which are not to be construed

as limiting.



In the figures:

Figures la and lb are SEM and TEM micrographs of ATO

coated sepiolite, respectively.

Figure lc and d are SEM and TEM micrographs of ATO

coated sol gel silica powder, respectively.

Figure le and If are SEM and TEM micrographs of ATO

coated calcite, respectively.

Figure 2a and 2b are SEM and TEM micrographs of ATO

coated kaolin, respectively.

Figure 2c is a TEM micrograph of ATO coated lithium

niobate.

Figure 2d depicts the electron diffraction pattern of ATO

coated single crystal lithium niobate.

Figure 3a is an SEM micrograph of uncoated muscovite.

Figure 3b is an SEM micrograph of muscovite coated by

using hydroperoxostannate and hydroperoxoantimonate

precursor .

Figure 3c is a TEM micrograph of ATO coated muscovite.

Figure 3d is an SEM micrograph of ATO coated muscovite,

prepared under identical condition as of Figure 3b but

without hydrogen peroxide.

Figures 4(1) and 4(2) illustrate XRD studies of calcined

(at 300 °C) and room temperature prepared ATO-coated

muscovite, respectively.

Figure 5(a) illustrates XPS studies of 800°C treated ATO

coated muscovite. The two peaks at 539.06 and 540.46 eV

correspond to antimony (III) and antimony (V) oxides.



Figure 5(b) presents a Sn NM spectra of (a)

hydroxostannate , (b) peroxystannate, and (c)

peroxystannate and antimonate solutions in 15% H202 .

Figure 6a is a STEM (scanning transmission electron

microscopy) micrograph of graphene oxide.

Figure 6b is a TEM micrograph of graphene oxide coated by

peroxytin nanoparticles (before heat treatment) .

Figure 6c is an SEM of tin oxide nanoparticle sheets

prepared by subjecting the material of Figure 6b to heat

treatment at 800°C in air.

Figure 6d is a TEM of tin oxide nanoparticle sheets

prepared by subjecting the material of Figure 6b to heat

treatment at 800°C in air.

Figure 7a is a TEM micrograph of graphene coated by

peroxytin nanoparticles prepared by subjecting the

materials of Figure 6b to heat treatment at 800° C in

argon atmosphere.

Figure 7b is an SEM micrograph of tin oxide nanoparticle

sheets prepared by subjecting the material of Figure 6b

to heat treatment at 800° C in argon atmosphere.

Figure 8a is an SEM micrograph of antimony oxide coated

mica .

Figure 8b illustrates XRD study of 800°C calcined

antimony oxide coated muscovite (asterisks denote Sb20

diffraction peaks) .

Figure 9 is Muscovite coated by germanium oxide (after

heat treatment at 500°C) .



Figure 10 is an SEM micrograph of tellurium oxide coated

muscovite (after heat treatment at 400°C) .

Examples

Materials

Tin (IV) chloride, antimony (V) chloride, Germanium

chloride, telluric acid, tetramethyl ammonium hydroxide

(25% aq. solution), hydrogen peroxide (30%) and calcite

were purchased from Sigma-Aldrich (Rehovot, Israel).

Ammonium hydroxide and ethanol (abs.) were purchased from

Biolab (Jerusalem, Israel) .

LiNb0 3 was donated by Professor M . Rott from the Hebrew

University .

Sepiolite was purchased from Sigma-Aldrich and kaolin was

donated by Mobichem Ltd, Israel.

Sol-gel silica nanoparticles were prepa::ed by a procedure

described in reference Abarkan I.; Doussineau, T.;

Smaihi, Polyhedron, 2006, 25, 1763-1770.

Muscovite mica (Mica-M) was purchased from Merck

(Darmstadt, Germany) and was cleaned before use by reflux

in 2.6M nitric acid and annealing at 600°C for 2 hours.

Other clay minerals were treated by the same procedure.

Graphene oxide was prepared in Preparation 5 ,

hereinbelow .



Measurements

HR TEM imaging was performed at 200 kV using the FEI

Technai F20 G2 (Eindhoven, Holland) High Resolution

Transmission Electron Microscope (HR TEM) . A drop of the

suspension of the sample in ethanol was deposited onto

400 mesh copper grids covered with thin amorphous carbon

films .

SEM imaging was performed using the FEI Sirion High

Resolution Scanning Electron Microscope (HR SEM,

Eindhoven, Holland) . Accelerating voltage was set at 5-15

kV, working distance 5 mm, using Ultra-High resolution

mode with Through-the-Lens Detector. The dried samples

were either placed directly onto carbon conductive film,

or immersed in ethanol, placed in an ultrasonic bath for

10 min, and the suspension was then dropped on a glass

surface and dried out. Samples were coated by Au/Pd for

conductivity .

The scanning transmission electron microscopy imaging was

performed on Extra-High Resolution XHR SEM Magellan 400L,

FEI company. The images were acquired on grids, (used for

transmission electron microscopy) by using scanning-

transmission (STEM) detector to obtain the TEM image.

The acceleration voltages were 20-25 kV.

11 Sn N R spectra were collected on a Bruker Avance-500

(11. T ) spectrometer at resonance frequency 186.4 MHz.

The measurements were performed using a single pulse

sequence with rf pulse duration of 10 s and recycling

time 30 s .

XPS measurements were performed on a Kratos Axis Ultra X-

ray photoelectron spectrometer (Manchester, UK) . High

resolution spectra were acquired with monochromated Mg K



(1253.6 eV) X-ray source with 0 ° takeoff angle. The

pressure in the test chamber was maintained at 1.7 10 9

Torr during the acquisition process. Data analysis was

performed with Vision processing data reduction software

(Kratos Analytical Ltd.) and CasaXPS (Casa Software

Ltd. ).

X-ray powder diffraction measurements were performed on a

D8 Advance diffractometer (Bruker AXS, Karlsruhe,

Germany) with a goniometer radius 217.5 mm, Gobel Mirror

parallel-beam optics, 2 ° Sollers slits and 0.2 mm

receiving slit. The powder samples were carefully filled

into low background quartz sample holders. The specimen

weight amounted to approximately 0.5 g . XRD patterns from

5° to 60° 2Θ were recorded at room temperature using CuKa

radiation (k = 1.5418 A ) under the following measurement

conditions: Tube voltage of 40 kV, tube current of 40 mA,

step scan mode with a step size 0.02° 2Θ and counting

time of 1 s/step. XRD patterns were processed using

Diffrac Plus software.

Resistivity of ATO coated mica samples. Triply coated

mica powder was placed in a home-made hand press device,

pressed by 2 106 Pa and then the conductivity was

measured .

Preparation 1

Preparation of hydroxostannate solution

10 L of SnCl (0.086 mol) was dissolved in 5 L of water

and neutralized with ammonia until pH 7 . The precipitate

was washed several times with water and dissolved by

mixing with 31 mL of 25% tetramethylammonium hydroxide



(0.086 mol) under moderate heating (i.e., 30°C) for about

30 minutes. After full dissolution, water was added to

give a tin concentration of 1.4 .

Preparation 2

Preparation of hydroxoantimonate solution

10 m of SbCl3 (0.078 mol) was dissolved in 5 L of water

and neutralized with ammonia until pH 7 . The precipitate

was washed several times with water and dissolved by

mixing with 28.5 mL of 25% tetramethylammonium hydroxide

(0.078 mol) under moderate heating (i.e., 60°C) for about

4 hours. After full dissolution, water was added to give

an antimony concentration of 1.4 .

Preparation 3

Preparation of hydroxogermanate solution

10 ml of GeCi (0.088 mol) was dissolved in 5 ml of water

and neutralized with ammonia until pH 7 . The precipitate

was washed 5 times with water and dissolved in 31.6 m l of

25% tetramethylammonium hydroxide (0.088mol) under

moderate heating (i.e., 40°C) . After full dissolution,

water was added to achieve .0M germanium concentration.

Preparation 4

Preparation of hydroperoxotellurate solution

0.6 g of telluric acid (H Te0 , 0.00261 mol) was dissolved

in 5 ml of deionized water, then 1 ml of 25% aqueous



tetramethylammonium hydroxide solution (0.00279 mol) and

6ml of 30% hydrogen peroxide solution were added.

Preparation 5

Graphene oxide was prepared by a modified Hummers method

(See for ex. Zhang et al, J Phys Che C , 113, 2009,

10842). 1 g of exfoliated carbon was added to a solution

of 6.66 g of potassium peroxodisulf ate and 6.66 g of

phosphorus pentoxide in 32 ml sulfuric acid (98%). The

mixture stirred at 80 °C during 4.5h. After cooling, it

was diluted with deionized water, filtered, washed on the

filter with water. The clean material was dried for 2h at

120°C. Preoxidized material was redispersed in 2SO

(98%), then 5 g of potassium permanganate was added

slowly to the mixture upon stirring and ice bath cooling.

The temperature was adjusted to 35 °C and the mixture was

stirred for 2h, then 180 ml of deionized water was slowly

added, and the dispersion left to stir for an additional

2h. At last, 300 ml of deionized water and 8 ml of

hydrogen peroxide (30%) were seguentially added, and a

bright brown-yellow colored solution was produced. The

oxidized graphene was filtered, washed with distilled

water and with alcohol, dried in vacuum at. 80°C for 4h.

Example 1

Preparation of ATO coated solid substrates

A precursor solution was first prepared as follows. 1.9

L of the hydroxostannate solution of Preparation 1 and 5

mL of the hydroxoantimonate solution of Preparation 2

were mixed together with 15 mL 30% hydrogen peroxide



solution and 8 L water. An excess of hydroxoant imonate

is used due to its partial solubility in ethanol .

For the coating of the solid substrates, 600 g of

substrate was dispersed in 15 mL of the precursor

solution by sonication. Following 10 minutes of stirring,

precipitation of particles onto the substrate surface was

accomplished by the addition of 120 mL of ethanol. The

coated substrate was washed with ethanol, dried and

calcined at 800°C for 3 hours.

Six different solid substrates were coated by the

procedure described above: sepiolite (magnesium silicate

1-D clay) , muscovite (potassium mica) , kaolin (2-D

aluminosilicate) , sol-gel silica powder, lithium niobate

(LiNb03) and calcite.

The SEM and TEM micrographs of coated and heat treated

sepiolite, sol gel silica powder and calcite are depicted

in Figures la and lb, c and Id, and le and If,

respectively. The SEM and TEM micrographs of kaolin are

presented in Figures 2a and 2b, respectively. The TEM

micrograph of lithium niobate is presented in Figure 2c,

while Figure 2d depicts the electron diffraction pattern

of ATO coated single crystal lithium niobate. SEM

micrographs of uncoated muscovite and ATO coated

muscovite are depicted in Figures 3a and 3b,

respectively. TEM micrograph of coated muscovite is

presented in Figure 3c.

The SEM micrographs of the coated and heat treated

substrates (Figures la, lc, le, 2a and 3b) show that the

ATO is exclusively attached to the substrate ana is not

agglomerated elsewhere.



The TEM micrographs of the coated substrates (Figures lb,

Id, If, 2b, 2c, and 3c) , taken at the edge of the

particles, show approximately 5 nm crystalline ATO

particles almost uniform in size, for all exemplified

coated substrates.

The active oxygen content of tin oxide coated muscovite

before heat treatment to obtain the micrograph exhibited

in figure 3b was determined by permanaganatometry to be

1.5%·

The single crystal diffraction dots of the lithium

niobate and the multicrystalline diffraction rings of the

ATO nanocrystals are apparent in Figure 2d, illustrating

the electron diffraction pattern of ATO coated single

crystal lithium niobate. These crystalline rings are

apparent in all other heat treated coated samples, though

they are not shown here.

It may be appreciated that in the case of the two acid-

sensitive substrates, namely, lithium niobate and

calcite, the coating took place exclusively on the

minerals and the size of the crystallite was again around

5 nm, despite the lack of external silica tetrahedera or

surface silanols in these minerals.

XRD studies of calcined (at 800 °C) and room temperature

prepared ATO-coated muscovite are depicted in Figure 4(1)

and 4(2), respectively. The room temperature coated mica

shows some broad shallow peaks at 2Θ= 50-55 and at 25-35

degrees corresponding to amorphous tin oxide. Heat

treatment resulted in formation of a tin-oxide phase as

observed by the crystalline x-ray diffraction. The

crystalline size by Scherrer equation is 9 nm, which is



somewhat larger compared to the uniform 5 n size

obtained in the TEM studies.

XPS studies of the 800°C treated ATO coated muscovite are

illustrated in Figure 5(a) . The XPS studies reveal the Sn

3d 3/2 binding energy levels of Sn(IV) at 495.73 and Sn

3d 5/2 at 487.32 eV. The antimony 3d 3/2 peak can be

deconvoluted to two peaks at 539.06 and 540.46

corresponding to Sb(III) and Sb (V) oxides, 'respectively.

Deconvolution of the 3d 5/2 peak reveals two peaks at

529.72 and 531.12 matching the 3d 3/2 signals, in

addition to an overlapping broad oxygen IS signal. The

ratio between the Sb 3d 3/2 and the 3d 5/2 signals was as

expected 2:3. The molar Sn :Sb ratio by the XPS studies

was 12:88. The ratio between the Sb (V) and Sb(III) by the

XPS studies was 11:1.

The. conductivity of the coated muscovite was measured to

be 15 Ω cm.

Example 2 - comparative

Preparation of a coated solid substrate from a

hydroxost annate and hydroxoantimonate solution (no

peroxide added)

For the purpose of comparison, a muscovite substrate was

ATO- coated by using a hydroxostannate and

hydroxoantimonate precursor.

A precursor solution was first prepared by mixing 1.9 mL

of the hydroxostannate solution of Preparation 1 and 5 mL

of the hydroxoantimonate solution of Preparation 2.



600 g of muscovite was dispersed in 15 L of the

precursor solution by sonication. Following 10 minutes of

stirring, 120 mL of ethanol were added, however, no

precipitation was observed.

A mild and gradual acidification of the solution by the

addition of 0.1M HC1 down to pH 7 yielded only

agglomerated material that did not coat the mica surface

(Figure 3d) .

Example 3

Preparation of antimony oxide coated solid substrates

0.2 g of Muscovite clay was dispersed by sonication in

the precursor solution, containing 2 m l of

tetramethylammonium hydroxoantimonate (see preparation 2 )

and 5ml of hydrogen peroxide (60%) . After additional 10

in of stirring, precipitation of particles on the clay

surface was accomplished by the addition of 35 ml of

ethanol. Coated clay was washed with ethanol, dried, and

calcined at 500°C for 6h . The mineral was identified as

Sb 0 cervantite by powder x-ray diffraction. Crystallite

size was estimated to be 5 n by the x-ray diffraction

(Figure 8a provides the SEM micrograph and Figure 8b

illustrates the XRD diffractogram) .

Example 4

Preparation of Germanium oxide coated solid substrates

0.2 g of muscovite clay was dispersed by sonication in

the precursor solution, containing 3 ml of

tetramethylammonium hydroxogermanate (see preparation 3 )



and 30ml of hydrogen peroxide (30%) . After additional 10

in of stirring, precipitation of particles onto the clay

surface was accomplished by addition of 160 ml of mixture

ethanol : diethyl ether (4:1). Coated clay was washed

with ethanol, dried, and calcined at 500°C for 6h. A

uniform coating of the mica was obtained as depicted in

the micrograph of Figure 9 . The presence of germanium on

the surface of the particles was confirmed by EDAX

measurements showing 1.0 atom percent of Ge .

Example 5

Preparation of Tellurium oxide coated solid substrates

0.6 g of muscovite clay was dispersed in the precursor

solution (Preparation 4 ) by sonication, and after an

additional 10 min of stirring precipitation of

peroxytellurate particles on clay surface was

accomplished by addition 80ml of mixture ethanol-diethyl

ether (1:1). Resulting product was separated by

centrifuge, washed 5 times by ethanol, dried in vacuum

and calcined at 500°C for lh. A non uniform coating of

the mica was obtained as depicted in the micrograph of

Figure 10. The presence of tellurium on the surface of

the particles was confirmed by EDAX measurements.

Example 6

Preparation of Tin peroxide and tin oxide coated

graphene oxide

50 mg of graphene oxide was redispersed by sonication in

the precursor, consisting of 1 ml of 1.4



tetramethylammonium hydroxostannate solution (preparation

1 ) and 30 ml hydrogen peroxide (30%) . 300 ml of mixture

ethanol-diethyl ether (1:1) was added to the dispersion

under vigorous stirring to achieve a coating of tin

peroxyparticles on graphene surfaces. Then, coated

material was filtered by means of centrifuge, washed with

mixture of ethanol-diethyl ether (1:1) and dried in

vacuum. Typical uniformly coated graphene oxide is shown

in the STEM micrograph of Figure 6b. Mean particle size

was 5nm.

Graphene oxide coated by tin peroxystannate was heated in

an Ar atmosphere at 800 °C for .5h to produce graphene

coated by tin oxide. TEM and SEM micrographs (Figures 7a

and 7b) show approximately lOnm particles coating the

thermally distorted graphene sheets.

Graphene oxide coated by tin peroxystannate was heated in

air at 800°C for .5h to produce tin oxide sheets. Figure

6c and figure d show the resulting sheets. It can be

observed that the sheet is comprised of two layers of

nanoparticles (that were formed by stacking of the two

layers that covered the two sides of the graphene oxide) .

The average thickness of the sheets was approximately 35

nm.



Claims

1 . A process for the formation of a coating comprising

peroxynanoparticles of metals selected from the group

consisting of: Ga, Ge, As, Se, In, Sn, Sb, Te, Tl, Pb and

Bi on a solid substrate, comprising providing a basic

solution containing at least a first metal selected from

said group and hydrogen peroxide, and contacting said

solution with a solid substrate having oxygen-containing

chemically reactive groups on its surface.

2 . The process according to claim 1 , wherein at least one

metal is present in the solution in its highest oxidation

state prior to the addition of hydrogen peroxide.

3 . The process according to claim 1 , wherein the metal-

containing solution comprises one or more of the

following metals: tin, antimony, germanium and tellurium.

4 . The process according to claim 3 , wherein the metal-

containing solution comprises tin in its highest

oxidation state (+4).

5 . The process according to claim 4 , wherein the metal-

containing solution further comprises antimony.

6 . The process according to claim 5 , wherein the ratio

between the tin and the antimony is in the range of 1 to

25.

7 . The process according to claim 1 , wherein the base

present in the solution is a nitrogen-containing base.

8 . The process according to claim 1 , wherein the step of

contacting the metal-containing solution with the solid

substrate is performed in the presence of an antisolvent



capable of inducing the precipitation of the metal-

containing coating.

9 . The process according to claim 8 , wherein the

antisolvent is alcohol, acetonitrile, ethylacetate ,

ethers and mixtures thereof.

10. The process according to claim 1 , wherein the oxygen-

containing chemically reactive group present on the

substrate surface is selected from the group consisting

of -OH, -OOH, =0, -O- wherein M indicates the

substrate, carbonate and oxygenated SP2 carbon.

11. The process according to claim 1 , wherein the step of

contacting the metal-containing solution with the solid

substrate is performed by dip coating, spread coating,

spray coating or spin coating.

12. The process according to any one of the preceding

claims, further comprising heat treating the

peroxynanoparticle coated substrate to obtain a metal

oxide or mixed metal oxide nanoparticle coating.

13. The process according to claim 8 , wherein the

substrate is selected from the group consisting of clays,

sol-gel materials, and lithium niobate and calcite.

14. The process according to claim 1 , wherein the

concentration of hydrogen peroxide in the solution is

between 1% and 50% weight percent.

15. The process according to claim 1 , wherein the pH is

higher than 9 .



16. The process according to claim 1 , wherein the

nanoparticles formed on the substrate have a diameter of

less than 10 n .

17. The process according to claims 1-16, further

comprising removing the substrate by means of a heat

treatment or dissolution step to obtain a structure

consisting of sheets made of peroxynanopart icles or metal

oxide nanoparticles that are essentially devoid of

substrate material.

18. A solid substrate coated with peroxynanopart ic es of

at least one metal selected from the group consisting of:

Ga, Ge, As, Se, In, Sn, Sb, Te, Tl, Pb and B .

19. The solid substrate according to claim 18, wherein

the at least one metal is selected from the group

consisting of tin, antimony, germanium and tellurium.

20. The solid substrate according to claim 19, wherein

the nanoparticles have a diameter of less than 10 nm.

21. The solid substrate according to claim 19, wherein

the substrate is graphene oxide.

22. The solid substrate according to claim 19, wherein

the substrate comprises materials containing SP2 carbon

with oxygenated groups.

23. The solid substrate according to claim 19, wherein

the substrate is transparent.
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