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& faces of the matrix comprising hole openings, at least one porous layer, having a porosity equal to or higher than 26% by volume,
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of nanoparticles of a conductive material having their smallest dimension at least equal to the diameter of the holes in the matrix,
the nanoparticles being in electrical contact with one another, b) g
ing the matrix. The invention has an application in the field of electrochemical devices in particular.
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PRODUCTION OF NANO-ORGANIZED ELECTRODES ON POROUS
SUBSTRATE

The invention relates to a method for fabricating

nanowires and a method for fabricating electrodes.

It also relates to an electrode obtained by the

nanowire fabrication method of the invention and an

electrical method device comprlsing such an electrode,

such as a fuel cell.

Energy related technologies such as fuel cells,

batteries, gas sensors, etc. are often Dbased on

heterogeneous gas-solid or liquid-solid reactions, and

ey

require very good clrculation of the reactants and

reaction products.

These devices (fuel cells, batteries, gas sensors)

are based on redox reactions and comprise electrodes

-

which must therefore also permit good circulation o:
the reactants and reaction products.
These electrodes comprise in particular a catalyst

gr— gr—

deposited on one of the elements of the electrode.

To optimize the efficiency of this catalyst, nano-

electrodes organized at the nanometric scale are

increasingly advantageous for many applications.

This 1s Dbecause conventional catalyst deposition

techniques are not generally suitable for obtaining

three-dimensional structures which are perfectly

controlled, neither in terms of size, nor in terms of
catalyst dispersion.

To overcome this drawback, Choi et al. proposed,
in Y“Pt nanowires prepared Via a polymer template
method: Its j.p}omise toward high Pt-loaded
electrocatalysts for methanol oxldation”,
Blectrochimica Acta 53 (19):5804-5811, 2008 the use of

a matrix to fabricate platinum nanowires which are then

deposlited on a substrate.

In this method, a polycarbonate matrix is

fabricated, perforated in the thickness direction to

form open holes on two opposite surfaces of the matrix.
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T+ 1is 1in the holes of this matrix that the

platinum catalyst is grown by electrochemical reduction

of a platinum salt.

However, this method has a major limitation

because it 1s necessary to deposit a dense, uniform and

i

sufficiently thick layer of a conductive material on

-y

one of the faces of the matrix at which the orifices of

the holes open.

It is necessary to deposit this layer to obstruct

—

one end of the holes of the matrix and thereby allow

griny

the growth of the metal structures exclusively i1nside

the holes of the matrix.
The matrix is then destroyed, leaving only the
metal laver on which the metal structures (nanowires)

(columns) are arranged vertically.

In fact, the dense and uniform metal layer, such

as the one that is commonly deposited, that i1s a layer

of gold, does not allow the proper circulation of the

fluids required for the good circulation of the

reactants and reaction products.

One solution, suggested by Choi et al., 1s to

separate all the nanowires obtained from the metal

layer and place them 1in suspension 1n a solution

containing an organic binder, and then to deposit this

suspension on a substrate which 1s generally nonporous.

However, this technique 1s not sultable for

preserving the original nano-organization.

Other technigques serve to obtain metal wires on a

porous substrate, but neither the size nor the

dispersion of the wires can be easily controlled.

These techniques involve growing the nanowires on
a platinum or titanium gauze or on carbon felts.

Such methods are described, in particular 1in Lee

et al., “Growing Pt nanowires as a densely packed array

-

on metal gauze”, Journal of ©The American Chemilcal
Society 129 (35): 10634, 2007.

To overcome the problems of the prior art, the

invention proposes preparing a nano-organized deposit

-
B

of nanowilires vertically oriented with regard to the
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For this purpose, the invention proposes a method

for fabricating nanowires, comprising a step of growing

the nanowires in the through-holes of a matrix,

followed by the removal of the matrix, characterized 1in

that i1t comprises the following steps:

P

a) depositing, on one of the faces of the matrix

comprising hole openings, at least one porous layer,

having a porosity equal to or higher than 26% Dby

pu—
—_—y

volume, of nanoparticles of a conductive material

having their smallest dimension at least equal to the

diameter of the holes in the matrix, the nanoparticles

being in electrical contact with one another,

b) growing the nanowires 1in the holes of the

matrix, and

c) removing the matrix.

Preferably, in the method of the invention, the

po—

density of the nanoparticles of the porous layer 1is at

P

least equal to the density of the holes.

Also preferably, the nanowire fabrication method

gh—

of the invention further comprises, between step a) and

-

step b)), a step al) of assembling the face of the

matrix covered with at least one layer of nanoparticles

obtained in step a) with a porous support having a

-
P

porosity higher than the porosity of the layer o:

nanoparticles formed 1in step a), the porous support

being made from an electron-conducting material, and

iy

being 1n electrical contact with the nanoparticles of

the at least one layer of nanoparticles deposited in

step a).

Also preferably, in step a) the nanoparticles are

malintalned in electrical contact with one another, and

immobilized on the face of the matrix, by a binder.

In this case, preferably, the binder is selected

from fluorinated polymers, electronic polymers,

polyvinyl acetate and mixtures thereof.
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In a preferred embodiment of the inventive method,

the nanoparticles are selected from nanoparticles of

carbon black, conductive oxides, conductive polymers,

metals and mixtures thereof.

As to the porous support, 1t is preferably

selected from a metal gauze, carbon fabrics or felts,

and felts of conductive materials.

Preferably, the matrix is made from a material

selected from polycarbonate, polyester, nylon,

nitrocellulose esters, sulfonated esters, cellulose

acetate and mixtures thereof.

Also preferably, the nanowires are made from

metal, metal oxide, or conductive polymer.

Also preferably, in the inventive method, step Db)

1s an electrochemical deposition step.

Also preferably, 1in step b), the matrix with the

layer of nanopartilcles 1s joined to the porous support

by pressing, heating, hot pressing, in situ

polymerization, grafting or mechanical bonding.

_

The invention also  proposes a method for

—
—

fabricating an electrode of an electrochemical device,

P
P

characterized in that it comprises the steps of

fabricating nanowires according to the method of the

invention.
The i1nvention will be better understood and other

features and advantages thereof will appear more

p—

clearly from a reading of the explanatory description

that follows.
The nanowlire fabrication method of the invention

‘)

comprises depositing a layer on one face of a matrix

traversed by holes, the face at which the holes open,

in order to block these holes at the lower face,

growing the nanowires in the holes of the matrix

pr=0 pr—

whereof one of the

h

faces 1s thus blocked, and removing

the matrix.

pre pm~

To solve the problem of the necessary porosity o

r—

the layers deposited on the face of the matrix to block

p—

one of the ends of the holes, the invention proposes

plugging these holes using nanoparticles of which the
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smallest dimension must be at least equal to the

largest dimension of the holes of the matrix, to avoild

passing through the matrix, to be distributed on the

P

surface of the matrix and to plug all the holes.

The holes of the matrix vertically perforate the

_

the matrix.

thickness ©
In the context of the present invention,

g—
p—

nanoparticles means a particle or an aggregate of

P

particles, or an agglomerate of particle aggregates,

having their largest dimensions smaller than 500 nm.

o

For the fabrication of metal nanowires, which 1s a

preferred embodiment of the invention, the deposited

layer of nanoparticles must allow the electric current

to flow to all the nanoparticles dispersed on the

matrix.

To obtain this good electric current distribution,

and therefore good electrical percolation on the entilre
laver, the nanoparticles must be electrically connected

together, either by direct contact, or indirectly via

another material.

Thus, in the invention, a monolayer or a plurality

of layers of stacked nanoparticles can be deposited.

The physical, morphological, size, specific

surface area, and density properties are essential

features to be taken into account for preparing the

porous layer.

In fact, in all cases, 1n order to use the

—
p—

nanowires which are grown on the lavyer of

nanoparticles, 1in particular in an electrode, the

assembly of nanoparticle layers on which the nanowires

have been grown must be porous and electronically

conductive, which means that the layer formed by the

nanoparticles must also be porous. More precisely, it

must have a porosity equal to or higher than 26% by

volume, that is the wvolume of the open pores of the

nanoparticle layer must account for at least 26% of the

total wvolume of this layer while having pores in the

range of mesopores (2 to 50 nm) and macropores (> 50

nm) . The porosity is measured by welghing.
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The nanoparticles can be made O: any

electronically conductive material.

.

In a preferred embodiment of the invention, the

nanoparticles are made from carbon black, conductive

r—
- —

IrOz, Sn0O, TiO,, ITO, TiC, polymers OIL

oxide such as

conductive polymer such as polyvinyl pyrroline (PVP),

polyaniline (PANI) and polypyrrole (PPY), or metals

such as Ti, Ag, and Au.

The nanoparticles forming the at least one layer

—

deposited on the faces of the porous matrix, may have a

wide size dispersion, for example, of small particles

to plug the holes and large particles for the electric

current distribution.

For example, commercially availlable matrices have

hole diameters ranging from 10 nm to over 500 nm with

densities ranging from 4.10° to 6.10% holes per cm”.

The size of the nanoparticles used must be adapted

F

to the diameter and density of the holes.

For a matrix having 4.10° per cm® of 80 nm

diameter, the smallest dimension of the nanoparticles

iy

of a conductive material must be at least equal to

80 nm, so that a nanoparticle plugs the orifice of a

hole.
The matrix must also have an open porosity equal

—re

to or higher than 26% and a density of pores higher
than 4.10°.

Since the holes are not always uniformly

distributed on the matrix, it is preferable to select a

nanoparticle size as close as possible to the hole

diameter: these are the small particles mentioned
above.
These nanoparticles must be in contact with one

another and this contact can be provided by adding

large particles, that is particles whereof the largest
size 1is about 200 nm, for the electric current
distribution.

Once again, these may be individual nanoparticles

or aggregates of nanoparticles.
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Thus, for the matrix described above having 4.10°

holes per cm® of 80 nm diameter, which was a commercial

matrix of polycarbonate of the type GE Osmomic (Part
1222093), mode l rKNBCP04700), the nanoparticles

selected were particles of carbon black of the Vulcan

XC-72R type, comprising spherical nanoparticles of 30

to 50 nm 1in diameter forming aggregates having an

average size of about 200 nm.

To disperse these carbon Dblack nanoparticles

properly, and also to disperse any nanoparticle, it 1is

necessary to fabricate a suspension of these

nanoparticles in a liquid medium.

In the case of carbon black nanoparticles, the

suspension was prepared in a mixture of water and

ethanol.

The suspension was then homogenized 1in  an

ultrasonic bath and then deposited on the matrix by

suction.

The matrix plays the role of a filter through

which the solvent flows.

P.
—

Lror

This suction deposition method can be used

r—
bt

depositing all types of nanoparticles, regardless oL

their constituent material.

In the particular case of carbon black

nanoparticles, they remain on the surface of tThe

matrix.

Obviously, other techniques, such as deposition of

the suspension by coating or by spraying, can also be

used for depositing nanoparticles on the matrix

surface.

The nanoparticles may in themselves have any

shapes, such as spheres, needles, etc.

-y -

To maintain the c¢cohesion of the layer ot

nanoparticles and 1its Jjoining with the face of the

matrix on which i1t 1s deposited, 1t 1is also often

necessary to use a binder which keeps the particles 1in

place on the face of the matrix.

In fact, after the solvent has evaporated from the

suspension, by drying or any other means, the layer of
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-

nanoparticles must be maintained on the face of the

matrix.

The binder must form a discontinuous layer in

order to maintaln a porous structure of the layer of

nanoparticles deposited on the matrix. This binder may

also be conductive and thereby allow the electrical

connection of the nanoparticles.
The quantity of binder to be added depends on the

}

characteristics of the layer of nanoparticles and, in

particular, on the size thickness of the layer.

This binder 1is generally a polymer binder, here

also, the quality of the binder to be added depends on

the length of the polymer chains, its affinity with the

nanoparticles wused, that is its capacity for wetting

the nanoparticles used, and the desired final porosity.

The binder must preserve its properties throughout

the nanowire fabrication process, which requires the

binder to have a chemical compatibility with the

solvents used in the fabrication of the nanowires and

also chemical stability with regard to the intended

g—_

conditions of use of the nanowires.

In fact, as shown Dbelow, in the invention, the

nanowlires are not, as in the prior art, detached from

the nanoparticle support layer, but used with this

laver.

The binder must also withstand the matrix

dissolution step.

Thus, various polymers can be used as binder.

Among them, mention can be made of fluorinated polymers

such as polytetrafluoroethylene (PTFE), polyvinylidene

fluoride (PVDF), electronically conductive polymers

such as polyaniline (PANI), polypyrrole (PPy), or even

other polymers such as polyvinyl acetate (PVA).

=

The binder may be applied after deposition of the

nanoparticle layer and after evaporation of the

solvent.

In a preferred embodiment of the invention,

however, the binder 1S first mixed with the

nanoparticles, which enables to mix the nanoparticles
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intimately with the binder and to promote thelr

immobilization on the matrix, while preventing the

production of a continuous layer which would limit the

-

porosity thereof.

n the case of the use of a commercial

polycarbonate matrix of the GE type described above and

carbon black particles of the Vulcan XC-72R type as

described above, the binder selected 1s

polytetrafluoroethylene (PTFE) in suspension 1n water

added to various carbon black concentrations: 20 to 70%

g -

by weight of PTFE compared to the mass of carbon black

plus binder.

Since PTFE is an electrically insulating polymer,

high binder contents are prohibited to avoid the

electrical insulation of certailn Z0ONeSs of the

nanoparticle layer.
Thus a compromise exlists between good electrical

conductivity, high porosity and good adhesion of the

layer.

In the case of the above example, the maximum

quantity of PTFE 4is 60% by weilght, compared to the

welight of PTFE plus nanoparticles.

The low preferred maximum thickness (100 nm to

o=

10 pm) of the layer composed of nanoparticles and

polymer binder implies that 1t does not always have

p—

sufficient mechanical properties to Dbe directly used

after removal of the matrix.

It may therefore be necessary to prepare an

-

assembly of the matrix coated with its nanoparticle

layer on one of its faces, with a porous material which

can be handled more easily, that 1s which has

o~

gr—
—

sufficient stif

i)

fness and solidity.

This porous material must also be electrically
conductive and be electrically connected to the

nanoparticle Jlayer, because it will also be used to

fabricate the electrode. It can therefore also serve

for electrical connection between the nanoparticles.

Moreover, the support material must have good

chemical compatibility with the rest of the method, and
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F

particularly the removal of the matrix and the desired

application.
It may have a widely wvariable porous structure.

A

However, its porosity must be higher than that of the

nanoparticle layer. As in the prior art, use can be

made of metal gauze, for example made from Ti, Cu, Ni,

Ir, Ta, Z2r, carbon fabrics, felts of conductive

materials such as metal felts having satisfactory

mechanical properties for easy handling.

The size (mean diameter) of the pores of the

support material must nevertheless allow good adhesion

of the layver comprising nanoparticles and a good

distribution of the electric current over the entire

surface emplovyed.

The nanowires are then grown, for example by

electrochemical deposition, in the holes of the matrix

which i1is then removed.

The porous support-nanoparticle layer combination

or layer of nanoparticles on which the nanowlires are

F

grown, or simply, when sufficiently solid, the

nanoparticle layer on which the nanowires are grown, 1s

then used as electrode material for the fuel cell, 1in

particular.

p—

For a better understanding of the invention, an

exemplary embodiment is now described.

Example:

A matrix of GE Osmomic type of polycarbonate (Part
1222093), model #KNB8CP04700) having 4.10° holes per cm?

and a hole diameter of 80 nm was coated with carbon

black nanoparticles of the Vulcan XC-T72R type.

The nanoparticles were a mixture of spherical

nanoparticles of 30 to 50 nm, some of them forming

aggregates with a maximum size of about 200 nm.

For this purpose, the carbon black nanoparticles

L

were placed in suspension 1n a water-ethanol-PTF!

milixture.
The suspension was homogenized 1n an ultrasonic

bath and then placed on a face of the matrix comprising

hole orifices, by suction.
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The quantity of PTFE was 60% by weight of the

total weight of carbon nanoparticles plus PTFE. In
this example, the total weight was 300 mg. Thus 120 mg

of carbon nanoparticles and 180 mg of PTFE were used.

During the deposition at suction, the water and

ethanol were removed.

The thickness of the layer obtained was 4 pm with

a poroslity 62.5%.

A carbon felt support having a porosity of 76% was

then Joined with the layer of nanoparticles and binder

the polycarbonate matrix, by

1))

deposited on the face o:
hot lamination.

The temperature and pressure applied during the
so that it

would promote the electrical contact and be inserted

L]

lamination were selected to soften the PTF

between the fibres of the carbon felt, while avoiding

any damage to the polycarbonate matrix.

In this example, the polycarbonate softening point
was 140°C for a pressure of 0.45 MPa and 128 to 138°C
for 1.8 MPa.

Under the same conditions, PTFE has softening

points of 120°C and 54°C.
Accordingly, a pressing was then applied at 135°C

under 1 MPa for 150 seconds.

Other assembly techniques are feasible depending
on the polymers used: pressing only, heating only, in

situ polymerization, “VWelcro” type connection with

nanofibres, etc.

A metal salt was then electrochemically reduced,

e d
—

in this case 5 mM H,PtClg 1in 0.5 M H»,S0O; in the holes of

the matrix.

The holes were gradually filled with metal and the

reactlon was stopped before completely £filling the

holes.

The matrix was then dissolved by immersion 1in an

organilic solvent, dichloromethane in this case.

This left only the structure comprising metal

Nanowlres which were grown on the plugging
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nanoparticles Fjoined together and to a porous support

material by the polymer binder.
The electrodes thereby obtained can be used

directly as electrodes for a gas sensor.
The electrode of the example was used to fabricate

a half-cell composed of the samples / Nafion membrane /

reference electrode containing mercurous sulfate.
The assembly was immersed in electrolyte composed
of 0.5 M H,S04.

A voltammetry measurement was then made: the values

F

obtained with the sample of this example were far
superior to those obtained with an Elat LT140EW,

electrode, sold by the company BASF. This commercial

electrode 1s widely used as reference for comparing

performances. It 1s made according to a known deposit

method of a catalyst based on platinated carbon

(nanospheres of platinum of a diameter of about 5 nm on

Carbon Vulcan XC72R, the nanospheres of platinum being

obtained by the chemical reduction of a platinum salt -

industrial process) on a commercial diffusion layer

(LT1400W - BASF) comprising a deposit of a mixture of
carbon + PTF]

on a carbon fabric.

B

Thus, with the Elat LT140EW electrode, which

comprises a load of 500 ug/cm2 of platinum, the oxygen

reduction obtalned 1s identical to that obtained with

the sample fabricated according to this example, but

with a load of 312 upg/cm® of platinum.

The electrodes thus obtained can also be assembled

directly with a proton-conducting membrane to fabricate
a cell supplied on one side with hydrogen, and on the

other side with oxygen, or with an i1on-conducting

membrane to fabricate a battery.

The results obtained with the electrodes 1n a

half-cell assembly demonstrate a high gain,

particularly from the standpoint of reducing the

quantity of platinum required for optimal operation.
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CLAIMS

1. Method for fabricating nanowires, comprising a

—

step of growing the nanowires 1in the through-holes of a
matrix followed Dby the removal of the matrix,

characterized in that it comprises the following steps:

1 3)

aces of the matrix

a) depositing, on one of the
comprising hole openings, at least one porous layer,

having a porosity equal to or higher than 26% by
a conductive material

1

volume, of nanoparticles o:
having their smallest dimension at least equal to the

diameter of the holes in the matrix, the nanoparticles

being in electrical contact with one another,

b) growing the nanowires 1n the holes of the

matrix, and

c) removing the matrix.

2. Method according to Claim 1, characterized in

that the density of the nanoparticles of the porous

layer is at least equal to the density of the holes.

3. Method according to either of Claims 1 and 2,

characterized in that it further comprises, between

=

step a) and step b), a step al) of assembling the face

-
—

of the matrix covered with at least one layer of

nanoparticles obtained in step a) with a porous support

having a porosity higher than the porosity of the layer

of nanoparticles formed in step a), the porous support

being made from an electronic conducting material, and
being in electrical contact with the nanoparticles of

the at least one layer of nanoparticles deposited in

step a).

4, Method according to any one of the preceding

claims, characterized 1in that in step a) the

nanoparticles are maintained 1in electrical contact with

"

one another, and immobilized on the face of the matrix,

by a binder.
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5. Method according to Claim 4, characterized 1n

that the binder is selected from fluorinated polymers,

electronic polymers, polyvinyl acetate and mixtures

thereotf.

6. Method according to any one of the preceding

claims, characterized in that the nanoparticles are

selected from nanoparticles of carbon black, conductive

oxides, conductive polymers, metals and mixtures

-

Thereof.

7. Method according to any one of Claims 2 to 6,

characterized 1in that the porous support 1is selected

from a metal gauze, carbon fabrics or felts, and felts

of conductive materials.

8. Method according to any one of the preceding

claims, characterized in that the matrix 1s made from a

material selected from polycarbonate, polyester, nylon,

nitrocellulose esters, sulfonated esters, cellulose

1)

acetate and mixtures thereof.

9. Method according to any one of the preceding

claims, characterized in that the nanowlres are made

from metal, metal oxide, or conductive polymer.

P

10. Method according to any one of the preceding

claims, characterized 1n that step b) 1s a step of

electrochemical deposition.

—

11. Method according to any one of Claims 2 to

10, characterized in that in step b), the joining of

the matrix, with the layer of nanoparticles to the
porous support, i1s carried out by pressing, or heating,
or hot pressing, or polymerization or in situ, or

grafting or mechanical bonding.

12. Method for fabricating an electrode of an

electrochemical device, characterized in that i1t
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comprises the steps of fabricating nanowires by the
method according to any one of the preceding claims.
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