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Interpenetrating network of anion-exchange polymers,

production method thereof and use of same

The present invention relates to a method for producing
an anion-exchange polymer material having an interpene-
trating polymer network (IPN) or semi-interpenetrating
polymer network (semi-IPN} structure, to the polymer
material obtained by means of this method and to the
use thereof in electrochemical devices, in contact with

an alr electrode.

For decades, many studies have been carried out in
order to develop and optimize air electrodes that make
it possible to produce electrochemical generators of
metal-air type, which are known for their high energies

by weight, that can reach several hundred Wh/kg.

Alir electrodes are also used in alkaline fuel cells
which are particularly advantageous compared with other
systems owing to the high reaction kinetics at the

electrodes.

An air electrode makes it possible to use, as oxidizing
agent for the electrochemical reacticon, air from the
atmosphere, which 1s available in unlimited amocunt

anywhere and at any time.

An air electrode is a porous solid structure in contact
with the liquid electrolyte, which 1is generally an
alkaline solution. The interface between the air elec-
trode and the liguid electroliyte 1s a "triple contact"”
interface where the active sclid material of the
electrode, the coxidizing gas (aix) and the liquid elec-
trolyte are simultanecusly present. This triple ceontact
interface has always posed numercus difficulties linked
in particular to the gradual degradation, even when not
operating, of the alr electrode, in particular when the

liguid electrolyte 1s a concentrated alkaline solutlion,
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such as a several times molar solution of sodium

hydroxide, potassium hydroxide or lithium hydroxide.

The drawbacks of air electrodes in alkaline fuel cells

are set out, for example, in the literature article by

G. F. McLean et al., entitled "An assessment of

alkaline fuel cell technology"™, International Journal

of Hydrogen Energy 27(2002), 507-526:

- these electrodes undergo gradual wetting of their
porous structures until flooding thereof which makes
them ineffective. This change is accelerated during
operation of the fuel cell or of the battery:;

- 1n the long term, the carbon dioxide present in the
alr diffuses toward and dissolves in the alkaline
solution forming the electrolyte, in the form of a
carbonate anion which precipitates in the presence
of alkaline cations (Na, K, Li). A gradual and
inevitable carbonation of the electrolyte is thus
observed;

- carbeonates form mainly at the liguid/porecus solid
interface and promote  the flooding phencmenon
mentionsd above;

- the carbonate precipitation gradually destroys the
structure of the air electrode and considerably
reduces the charge transfer kinetics at the triple
point, which ends up making the electrode ineffec-

tive.

The objective of the present invention was to develop
anion-conducting cationic polymer materials capable of
being interposed between the air electrede and the
liguid alkaline electrolyte or else of replacing the
latter, in order to substantially reduce, or even
eliminate, the carbenation of the solid electrolyte and
the degradation of the air electrode which results

therefrom.
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Such materials should be usable in alkaline fuel cells
and metal-azir batteries, either as a solid electrolyte,
or as membrane separating the air electrode from the

alkaline liguid electrolyte.

The applicant has proposed, 1In international applica-
tion WO 2006/016068, a creosslinked organic polymer
material, in particular as anion-conducting solid elec-
trolyte in alkaline fuel cells. The polymer material
described in this application is obtained by a nucleo-
philic substitution between a halogenated linear poly-
mer, such as polyepichlorohydrin, and a combination of
at least one TtTertiary diamine and of at least one
tertiary or secondary monoamine. The reaction between
the tertiary amine functions and the chlorinated func-
tions of the polymer results in the formation of
quaternary ammonium functions responsible for the
anion-conducting power of the pclymer material
obtained. Moreover, the reaction of the two tertiary
amine functions of the bifunctional reactant (tertiary
diamine} results in the crosslinking of the polymer and
in the formation of an insoluble three-dimensional

network.

However, +this crossiinked anion-conducting material
based on polyepichlorohydrin comprising guaternary
ammonium groups 1s not stable in concentrated alkaline
solutions. Morecver, it is not self-supported and, in
order to obtain it in the form of a large membrane that
can be handled, it is necessary to synthesize 1t on a
support or in a porous or fibrous structure, for exam-

ple a nonwoven textile made of polypropylene.

The applicant, in the context of its research aimed at
develeoping improved anion-conducting organic materials
capable of being used in fuel cells or batteries in
order to reduce the degradation of air electrodes, has

discovered that it 1s possible to overcome the draw-



backs described above, by incorporating a polymeric system as
described in WO 2006/016068 intc an interpenetrating polymer
network (IPN) or a semi-interpenetrating polymer network (semi-
IPN) .

An interpenetrating polymer network (IPN) is a polymeric system
comprising at least twoe networks of polymers of which at least
one has been gynthesized in the presence of the other, without,
however, being linked to one another by covalent bonds, and
which cannot ke separated from one another without breaking
chemical bonds (IUPAC Compendium of Chemical Terminology, 2nd
edition, 1%97).

A semi-interpenetrating polymer network (semi-IPN) differs from
an IPN by virtue of the fact that one of the at least two
polymers present does not form a three-dimensional network, i.e.
is not crosgslinked, but is a linear or branched polymer. Owing
to the absence of crosslinking of the second polymeric systemn,
the latter can be separated from the first by extraction.

Consequently, in a first aspect, there is provided a method for

preparing an  anion-exchange polymer  material having an

interpenetrating polymer network (IPN) or semi-interpenetrating

polymer network (gemi-IPN) structure, said method comprising the

fellowing successive steps:

(A) preparing a homogeneous reaction sclution comprising, in a
guitable organic solvent,

(a) at least one organic polymer bearing reactive halogenated
groups,

(b) at least one tertiary diamine,

(c) at least one monomer comprising an ethylenic unsaturation

polymerizable by free-radical polymerization, and



(d} optionally, at least one crosslinking agent comprising at
least two ethylenic unsaturations polymerizable by free-
radical polymerization, and

(e) at least one free-radical polymerization initiator,

(BR) heating the solution prepared in step (A) to a temperature
and for a duration that are sufficient to allow both a
nucleophilic substitution reaction between components (a)
and ({b) and a free-radical copolymerization reaction of
components (¢) and optionally (d), initiated by component

{e).

In a second aspect, there is provided an anion-exchange polymer
material having an interpenetrating polymer network (IPN) or
semi-interpenetrating polymer network (semi-IPN) structure that

can be cobtained by means of the method ag defined above.

In a third aspect, there is provided a composite air electrode,
made up of an air electrode and an anion-conducting IPN material
or semi-IPN material polymerized in situ at the surface of the
air electrode.

In a fourth aspect, there is provided the use of an arion-
exchange polymer material as defined above, as a golid
electrolyte in an electrochemical device, preferably in an

alkaline fuel cell or in an air-metal cell or batiery.

In a fifth aspect, there is provided an alkaline fuel cell,
comprising a cathode, an anode and a solid electrolyte placed
between the anode and the cathode, characterized in that the
solid electrolyte is an anion-exchange polymer material of

interpenetrating polymer network type as defined above.



5a

In a sixth aspect, there is provided an air-metal cell or
battery containing an air electrode, a second electrode of
oppcesite to the air electrode and a liquid electrolyte based on
a concentrated aqueous solution of alkaii metal hydroxide,
characterized in that the air electrode is covered, over at
leagt a part of its surface, preferably over itg entire sgurface,
in contact with the ligquid electrolyte, with a polymer material
as defined above.

The method of the present invention thus comprises the
simultaneous carrying out of two reactions which do not
intexfere with one another:

- a nucleophilic substitution reaction between the halogenated
organic polymer and the tertiary diamine, resulting in the
formation of an inscluble, c¢rxossliinked, three-dimensional
polymer network bearing quaternary ammonium groups, and

- a free-radical pelymerization reaction of the monomers and
opticnally of the crosslinking agent, initiated by the free-
radical dinitiator, and which results in the formation of a
gecond polymer network intermingled with the first. When the
system contains a sufficient amount of a crosslinking agent
(dy, this second polymer network is three-dimensional,
crosslinked and insoluble.

In one preferred embodiment of the invention, the reaction
mixture contains a crosslinking agent {d) and the polymer

network formed is an IPN and not a semi-IPN.

The Thalogenated organic polymer can be chosen from all
homopelymers and copolymers comprising halogenated functions
which are reactive with respect to the tertiary amine functions
of the diamine. The halogenated functions are preferably
chlorinated or
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brominated groups, in particular Ci.s chloroalkyl or Ci.¢
bromoalkyl groups.

Moreover, the organic polymer bearing reactive halo-
genated groups is preferably chosen from homopolymers
and copolymers with a polyether backbone. By way of
examples of polymers that are particularly preferred,
mention may be made of epichlorohydrin homopolymers and

epichlorohydrin/ethylene oxide copolymers.

By way of example of a tertiary diamine (component
(b)), mention may be made of tetramethylenediamine,
1,4-diazobicycloi2,2,2]octans {DABCO)Y, N-methylimida-
zole, bipyridine, diimidazoline and mixtures thereof.
The tertiary diamine serves both to crosslink the halo~
genated organic pelymer and to introduce pesitive
charges essential for the anionic conduction of the
poilymer material prepared. Indeed, each tertiary amine
function will be converted, after reaction with a
chlorinated functicon, to a quaternary ammonium.
Although the method claimed envisions explicitly the
reaction between the halogenated polymer and a tertiary
diamine, 1t also encompasses & variant wherein the
halogenated polymer has been premodified by attachment
of the diamine, leaving the second amine function free

for a subsequent crosslinking reaction.

The presence of the tertiary diamine is essential for
the formation of a crosslinked three-dimensional
network. In order to obtain a satisfactory degree of
crosslinking, the diamine/halogenated organic groups
molar ratio 1s generally between 1% and 80%, preferably

between 2 and 40% and in particular between 10 and 230%.

It may be wuseful to introduce into the starting
reaction solution (R), in addition to the <tertiary
diamine essential for crosslinking, a tertiary mono-

amine (component b')). The reacticn of the latter with
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the halogenated organic polymer makes it possible to
increase the charge density of the caticnic network and
therefore 1ts anionic conductivity, without however

moedifying the crosslinking density.

By way of examples of tertiary moncamines that can be
used 1n the present invention, mention may be made of
triethanclamine, guinuciidine, guinuclidinel and

mixtures thereof.

Component (¢} of the reaction mixture prepared in step
(A) can in principle be any monoethylenic monomer
polymerizable by free-radical polymerization, provided
that 1t does not interfere with the nuclecphilic
substitution reaction of components (a) and (b). Thus,
monochlorinated or polychlorinated vinyl monomers, such
as vinyl chloride or  vinylidene chloride, are
unsultable as component () since they could
participate 1in a nuclecphilic substitution reaction
with the tertiary diamine and thus result in the
formation of covalent bonds between the two IPN or

gemli-IPN networks,.

The monomers {c) are preferably uncharged or bear a
cationic charge. The use of comonomers bearing an
anionic charge (such as (meth)acrylic acld or styrene-
sulfonate) will in fact probably disrupt the ionic
conduction behavicor of the final material obtained and

is conseguently advised against.

By way of examples of monomers that can be used as

component (¢}, mention may be made of the following
MONomMers:
C1-10 Alkyl acrylates and methacrylates, Ci-10

hydroxyalkyl acrylates and methacrylates, styrene and
its derivatives, polyethylene glycol acrylates and
methacrylates, vinyl acetate, N-vinylpyrroelidone,

acrylonitrile, (vinylbenzyl)tri (Ci¢ alkyl)ammonium
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chloride or Dbromide, tri{Ci;.¢ alkyl)vinyloxycarbonyl-
alkylammonium chloride or bromide, and allyloxy-
carbonyl (Ci.¢ alkyl)tri(Ci¢ alkyl)ammonium chloride or

bromide.

Among these, Ci.; alkyl methacrylates, polyethylene
glycoel methacrylates, Ci-: hydroxyalkyl methacrvlates

and vinyl acetate are particularly preferred.

The crosslinking agent (component (d)) comprising at
least two ethylenic unsaturations is optional in the
case of a semi~IPN, but necessarily present when it is
desired to prepare an IPN. It 1is chosen, for example,
from the group made up o¢f divinylbenzene, ethylene
glycol di{meth)acrylate, poly{ethylene oxide) glycol
di(meth)acrylate and bisphenol A di(meth)acrylate. The
notation "(meth)acrylate” used  herein  encompasses

acrylates, methacrylates and combinations of both.

When it is present, the crosslinking agent is
preferably used in a proportion of from 0.5 to 10% by
welght, preferably 0.5 to 5% by weight, relative to the

monounsaturated ethylenic monomer (component (c¢)).

In one variant of the method of the invention, the
polymerizabple monomer (component {(c)) + c¢rosslinking
agent (compeonent (d)) system can be replaced with a
component, subseguently referred to as component {cd),
which plays the role of components (g) and ({(d). Said
component (cd) is a polymer, preferably having a
number-average molecular welight of betwesen 300 and
4000, comprising, preferably at each of its ends, a
double bond polymerizable by free-radical
polymerization. When such a polymer comprising
polymerizable double bonds is placed in the presence of
a free-radical initiator, the double bonds polymerize
and result in the crosslinking of the polymer and in

the formation of a three-dimensional network. The more
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or less loose nature of this network depends on the
molecular weight of the polymer. The higher said
molecular weight, the less crosslinked the network

obtalined will be.

A subject of the present invention 1s consequently also
a method as described above, in which components ({(¢)
and (d), in step (RA), are replaced with or combined

with an organic polymer comprising at least two groups

comprising & polymerizable double Dbond (component
(cd)), preferably located at the end of the organic
polymer.

By way of example of such a component {cd), mention may

be made of polyethylene glycol dimethacrylate.

Any compound capable of decomposing under the effect of
heat and/or of light, to give free radicals that are

sufficiently stable o dinitiate the polymerization

reaction, can in principle be used as initlator
(component (e)}. Such initiators are known by tThose
skilled in the art. Thermal initiaters such as
peroxides, diazo compounds or persulfates will

preferably be used. By way of example of such thermal
initiators, mention may be made of ammonium persulfate,
hydrogen peroxide, benzoyl perbxide (BRC),
azobisisobutyronitrile (AIBN) and dicyclohexyl

peroxycarbonate (DHPC).

Among the latter, BPC and AIBN are particularly

suirable at the temperatures used.

When the initiator is a photoinitiator, the polymeriza-
tion is carried out under radiation of suitable wave-

length and intensity.

The initiator is preferably used in an amount of

petween 0.1 and 10% by weight, preferably between 1 and
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5% by weight, relative to the total weight of compo-
nents (¢} and {d).

By way of example of an organic solvent suitable for

preparing the initial reaction solution centaining

components (a)-{e), mention may be made of dimethyl-
formamide, athanol, dimethyl sulfoxide, methanol,
aceltone, butanol, butancne or a mixture of these
solvents.

In order to obtain, at the end of step (B), polymer
materials having a suitable consistency, the initial
reaction solution preferably has an overall
concentration of components (a)-(e) of between 10 and
80% by weight; in other words, the proportion of the
organic solvent in the initial solution is preferably

between 890 and 20% by weight.

The welight ratio of components (a) and {(b), including
(b"), forming the first three-dimensiocnal network
bearing cationic charges, to components (¢)-{e) forming
the second three-dimensional network, which is prefer-
ably uncharged, can vary between very broad limits, on
the condition that the final material has a
conductivity which 1s sufficient for the envisioned

application.

Generally, the weight ratioc of the components forming
the cationic first polymer network, to the components
forming the second polymer network, 1s between 90/10
and 10/90, preferably between 80/20 and 15/85, and in
particular between 60/40 and 25/75.

Puring step (B) of the method of the invention, the
homogeneous reaction solution containing all of the
reactants (a)-(e), including optiocnally the monofunc-
tional amine (component b'), is heated to a temperature

sufficient to trigger hoth the nucleophilic
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substitution reaction between components (a) and (b)
and {(b') optionally present, and the decomposition of
the polymerization 1I1nitiator. The two reactions thus
preferably take place in parallel and simultaneously
and result iIn the formaticn of an IPN or semi-IPN
material having a uniform composition, consisting
respectively of two mutually interpenetrating pclymer
networks cor of a linear or branched polymer entangled

within a crosslinked polymer network.

In one variant, it is possible to envision a system
which reacts in two steps, the formation of one of the
two networks being activated at a temperature below the

temperature of activation of the other polymer network.

The heating temperature of step (B) 1is preferably
between 30 and 130°C, in particular between 35 and
100°C and even more preferentially between 50 and 80°C.
This temperature is generally maintained for a duration
of between 1 and 24 hours, preferably of between 6 and
16 hours.

As explained in the introduction, the IPN or semi-I1IPN
polymer material cobtained at the end of the method
according to the invention can be used in an alkaline
fuel cell or in a metal-alr battery or cell in direct
contact with an air electrode, either as a sclid
electrolyte replacing the liguid alkaline electrolyte,
or as an anion-conducting solid separation membrane,
inserted between the air electrode and the liguid

electrolyte.

In applications where it i1s important to provide very
gooed adhesion of the IPN or semi-IPN material of the
present invention to the ailr electrode, it may be
advantageous toc carry out step (B) in the presence of
the air electrode. For this, the solution prepared in

step (A) 1s poured as a thin layer over the air



10

15

20

25

3C

35

WO 2010/128242 ~ 12 - PCT/FR2010/050846

electrode so as to preferably completely cover the
surface containing the active material therecf, and the
whole 1s  subjected to heating step (B). In this
embodiment, the solution can penetrate, to a small
depth (generally at most egual to 5% of the total
thickness of the electrode), into the porous structure
of the electrode and polymerize/crosslink in situ, thus
establishing a strong bond betwesn the final

crosslinked polymer material and the electrode.

Such a composite air electrode, made up of a known air
electrode and an anion—tonducting IPN or semi~IPN
material polymerized iIn situ at the surface of the air
electrode, 1s alsc a subject of the present invention.
This composite electrode 1is characterized in that the
IPN or semi-IPN material extends into a part of the
porous network of the air electrode, penetrating this
porous network to a depth at most egqual to 5%,
preferably at most equal to 2% of the total depth of
the air electrode.

However, it 1s alsc possible to carry out step (B) in
the absence of the air electrode, for example by main-
taining the solution being twe nonporous support plates
or by casting followed by evaporation. The applicant
has noted that the fine membrane obtained at the end of
step (B) can then be handled without problems and be
stuck directly and easily onto the air electrode,
without the use of an adhesive (i.e. without a membrane

solution}, by simply applying a pressure.

To the knowledge o©f the applicant, the material
obtained at the end of the method described above has
up until now never been synthesized or proposed as an
anion-conducting membrane or solid electrolyte in
electrochemical devices. Conseguently, a subject of the
present invention 1s alsc an anion-exchange polymer

material having an interpenetrating polymer network



i0

15

20

25

30

WO 2010/128242 - 13 - PCT/FR2010/050846

(IPN) or semi-interpenetrating polymer network (semi-
TPN) structure that can be obtained by means of the
method as described above.

This material preferably has a charge density of from

0.3 teo Z meqg per gram.

Its intrinsic ionic conductivity is preferably greater
than 107% S.cm™', generally between 107° S.cm™ and 1077

1

S.cm™, and in particular between 107" S.cm™ and 5 x 107

S.cmt.

It is a relatively hydrophilic material which swells
when it is brought into contact with water. The degree
of swelling of the material of the present invention
is, however, considerably lower than the degree of
swelling of a crosslinked polymer material of the prior
art, prepared from components (a) and (b/b') only (see
example 3 hereinafter). The degree of swelling of the
polymer material of the present invention, as defined
in example 3 of the present application, 1s preferably

between 10 and 40%, in particular between 12 and 30%.

A subject of the present inventilon 1s also the use of
an aniocn-exchange IPN or semi-IPN material as described
above, as a solid electrolyte in an electrochemical

device,

As indicated in the introduction, the anion-exchange
IPN material of the present inventicn 1s particularly
useful in alkaline fuel cells (AFCs) using porous air

electrodes in contact with the alkaline electrolyte.

Irn such a fuel cell, ths IPN or semi-IPN material of
the present invention can either replace the alkaline
liguid electrolyte or it can be placed at the air
electrode/liguid alkaline electrolyte interface. In the
latter case, it effectively prevent or reduces the

diffusion of the carbon dicoxide contained in the air to
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the liguid electrolyte and the carbonation thereof. It
also reduces, or even eliminates, the risk of flooding
of the porous structure of the air electrode by the
liguid electrolyte. The lifetime of a fuel <cell
containing, 1in place of the liguid electrolyte or in
combination therewith, an anion-conducting IPN or semi-
IPN material in direct contact with the air electrcde

is thus considerably increased.

In another embodiment of the present invention, the IPN
or semi-IPN material 1is used in an air-metal cell or
battery, 1in direct contact with the air electrode, in
the form of a membrane separating the air electrode

from the liguid electrolyte.

It is also possible to envision the use of the IPN or
semi-IPN material of the present invention as a
raplacement for the liguid electrolyte in any alkaline
battery, such as NiMH or NiCOH-Zn, NiOOH-Cd, AgC-Zn,
etc.

Example 1

Preparation of an IPN material based on crosslinked

polyeplchlorohydrin and on crosslinked poly(hydroxy-

ethyl methacrylate)

Ln  ethanolic solution containing 200 g/I. of  an
epichlorohydrin polymer (PECH) grafted beforehand with
12% by weight of 1,4-diazabicyclol2,Z,Z2]loctane (DABCO)
igs prepared. 0.9 g of hydroxyethyl methacrylate (HEMA),
0.1 g of ethylene glycol dimethacrylate {crossiinking
agent) and 0.05 g o0f azopisisobutvronitrile (AIRN,
free-radical initiator) are dissclved in 4 mi of this
solution. The soluticn 1s degassed under a stream of
argon and with stirring for 30 minutes at ambilent
temperature. The solution is then placed in a2 mold made

up of two glass plates (D om x 5 cm) separated by a
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Teflon® seal 1 mm thick. The filled mold is placed in
an oven at 60°C for 16 hours. The IPN membrane obtained
after demolding is homogenecus and transparent and has

a consistency which allows it to be handled easily.

In the membrane, the weight ratio of the first polymer

network {crossiinked PECH) to the second polymer
network {crosslinked PHEMA) is 44/56 (= PECH content of
44%)

Example 2

IPN membranes are prepared, in the manner described in
example 1, by wvarying the initial proportions of the
reactants so as to obtain PECH contents of 10%, 22%,
30% and 37.5% by weilght, as are two contrcl membranes
containing, respectively, 0% of crosslinked PECH (i.e.
containing 100% of ©poly(hydroxyethyl methacrylate)
crogslinked with diethylene glycol dimethacrylate,
PHEMA-EGDMA} and 100% of PECH crosslinked with DARCO.

Example 3

Determination of the degree of swelling in water of the

membranes as a function of immersion time - anionic

conductivity

The membranes prepared in example 2, containing respec-
tively 0%, 10%, 22%, 37.5% and 100% of <crosslinked
PECH, are immersed in distilled water at 23°C.

At regular intervals, the membrane 1is removed from the

water in order to determine i1ts weight.

The degree of swelling is calculated according to the
formulia

Dg = (wt—wﬂ) /WO
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The various curves of degree of swelling in water as a
function of time are represented in figure 1.

It is observed that the degree of swelling in water of
the 100% crosslinked PECH control membrane 1s approxi-
mately 75% after about ten minutes, whereas that of all
the other membranes is less than 30%. The swelling in
water of the 100% crosslinked PECH membrane results in
mechanical weakening of the membrane. The membrane

cannot ke handled and is unusable.

The IPN mempbranes containing 10%, 22% and 37.5% of PECH
and the PHEMA-EGDMA membrane retain thelr geod dimen-
sional and mechanical properties. Their moderate degree
of swelling, of about 20 to 25% by welght, provides a

suitable amount of water for good anioconic conductlon.

Figure 2 represents the anionic conductivity in water,
expressed as 5/cm, of the membranes of examples 1 and Z
as a function of the percentage o©of crosslinked PECH.
This figure shows that a crosslinked PECH content of
less than 20% by weight confers insufficient anionic
conductivity on the IPN membrane. However, this thres-
hold can be expected to be all the lower, the higher
the DABCO/PECH ratio. "

Example 4

Production of a composite air electrode by in situ

polymerization and by separate polymerization

A membrane having a thickness of 100 um, prepared in
the manner described in example 1, 1s manually applied
to the surface of an alr electrode located on the side
of the electrolyte. It 1s noted that the membrane
adheres perfectly to the surface of the electrode

(composite electrode A).
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A degassed homogeneous reaction solution prepared in
the manner described in example 1 is deposited at the
surface of an identical air electrode. The wheole is
placed in a thermostated oven at 60°C for 12 hours. A
composite air electrode bearing, at its surface, a
deposit c¢f IPN material having a thickness of about

60 um is obtained (composite electrode B).
Example 5

The two composite air electrodes of example 4 are each
mounted in a cell containing a soluticn of LiOH at
2 mol.L™", with an Hg/HgO reference electrode and a
stainless steel counter electrode for <the electro-
chemical tests.

Figure 3 shows the polarization curves obtained for
such a cell. The curve {(a) corresponds tTo a cell with a
nonmodified air electrode, the curve (b)) to a cell with
a composite electrode B (example 4), the curve {c) to a
cell with a composite electrode A (example 4) and the
curve (d} to a cell with an electrode covered with a
commercial membrane based on a network (non-IPN) of
crossiinked PECH incorporated into an inert porous
structure made of polypropylens (membrane sold by the
company ERAS LABO) .

It is noted that the polarization of the air electrode
modified with the commercial membrane is very high and
exceeds -1V for a current density of only -10 mA.cm™ .
The wuse of such a membrane under the conditions
described above, i1.e. brought directly into contact
with the air electrocde in the absence of a membrane
solution, is therefore impossible. Conversely, the
polarizations noted for the composite air electrodes
according to the present invention {curves (b) and (c))
are advantageously almost identical to that of the

naked air electrode. The addition of these membranes to
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the electrode does not therefore induce any significant
drop in potential in the device at these current
densities. The ionic contact between the IPN membranes
and the air electrode is satisfactory in the absence of

any membrane solution.

Example 6

Stability of the air electrodes in an alkaline medium

Electrochemical test devices are prepared with

(i) a nonmodified (naked) air electrode;

(ii) an air electrode according to the invention
modified with an IPN (composite electrode A of
example 4);

(111} a comparative ailr electrode, modified with a
100% PECH-DABCO membrane.

The 100% PECH-DABCO membrane (thickness 100 um) is
prepared by heating a solution of PECH-DARBCO (100 g/L
in an ethancl/butancne mixture (80/20)) for 12 hours at
60°C,

The polarization measurements are carried out relative
to an Hg/HgO electrode with a current density of -10
mA.cm ™. Before the beginning of the discharge, the
medified electrodes are equilibrated for 2 hours in the
electrochemical cell previously described containing
LiOH at 2 mol.L™%,

Figure 4 shows the change in ©polarization during
discharge of the air electrodes (1), (ii) and (iii)

described above.

The air electrode (ii) according to the invention
resists for more than 100 hours during discharge in

lithium hydroxide, whereas the lifetime of the two
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comparative electrodes {i) and (iii) does not exceed 20
to 30 hours.

Similar results are obtained with a saturated solution

of lithium hydroxide.

Example 7

Synthesis of an IPN membrane according to the invention

combining a crosslinked PECH netweork and a network

based on a component (cd)

0.95 g of polyethylene glycol dimethacrylate (PEGDMA,
Mn = 750 g/mol™') and 0.047 g of AIBN are dissolved in
4 ml of & solution of polyepichlorohydrin modified with
12% of DABRCO (1090 g/L”&. The sclution ig degassed under
a stream of argon and with stirring for 30 minutes at
ambient temperature. The sclution is then placed in a
mold made up o¢f two glass plates (5 ecm x 5 cm)
separated by a Teflon® seal 1 mm thick. The filled mold
is placed in an oven at 60°C for 16 hours. The IPN
membrane obtained after molding 1s homogeneous and

transparent and can be easily handled.

The PEGDMA/crosslinked PECH welght ratio of the IPEN
material i1s 71/29.

The results of the dynamic thermomechanical analysis of

the resulting IPN material are represented

- in figure 5, which shows the <change in storage
mocduli of the IPN membrane and of the corresponding
simple networks (synthesized separately), and

- in figure €&, which g¢gives the corresponding tan 8
curves {tan 8 = loss modulus/storage modulus) as a

function of temperature.

A single mechanical relaxation is observed for the IPN

membrane. The modulus of the rubbery plateau in the IPN
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(1.5 MPa) is wvery <close to that of the simple
crossiinked PECH mnetwork (0.6 MPa). Thus, the PRECH
network forms a continucus phase in the IPN membrane,
which 1s in agreement with the quite high wvalue of the
anionic conductivity, measured for this membrane as

being equal te 107° S.cm™?

at ambient temperature.

It can be deduced from the thermomechanical analysis
results that the PEGDMA and PECH networks interpene-
trate correctly, since the curve of tan 8 as a function
of temperature exhibits a single mechanical relaxation,
characterized by a single intermediate peak poesitioned
between the two peaks observed for each of the

corresponding simple networks.
Example 8

A series of IPN networks based on crosslinked PECH and
on polyethylene glyccl dimethacrylate (PEGDMA -~ Mn =
7540 g.mol"% is prepared, in the manner described in
example 7, by varying the crogsliinked PECH content from
10 to 29% by weight (= 90 to 71% of PEGDMA).

All these membranes have a satisfactory mechanical
strength which makes 1t possible to handle them easily,
and 1t is possible to position them on the electrcde
according to example 4 (composite electrode A).
However, this assembly exhibits a very high polariza-
tion. In order to decrease this polarization, 1t is
necessary to use a membrane sclution placed betwesen the
electrode and the IPN membrane. A study of the
stability of composite electrode A thus prepared,
similar to that described in example 6, shows that this
composite electrode A has a stebility curve identical
to that of an electrode modified with a 100% PECH-DABRCO
membrane {(iii} in example %).
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Example 8

Influence of the molecular weight of the component (cd)

IPN membranes are prepared, in the manner described in
example 8, using, in place of the PEGDMA of M, equal to
750 g.mol™', a PEGDMA of M, equal to 330 g.mol™ and to
550 g.mol™'. The decrease in molar mass of the PEGDMA
makes 1t possible to increase the density of cross-
linking of the corresponding network. The membranes are
then more rigid and their degree of swelling in lithium
hydroxide decreases. However, These modifications did
not make 1t possible to increase the lifetime of a

composite electrode A containing such a membrane.
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CLAIMS

A method for preparing an anion~exchange polymer

material having an interpenetrating pclymer net-

work (IPN) or semi-interpenetrating polymer net-
work {semi-IPN} structure, said method comprising
the following successive steps:

{A} preparing a homogenecus reacticon solution
comprising, in a suiltable organic solwvent,

{a) at least cne organic polymer bearing reactive
halcgenated groups,

(by at least one tertiary diamine,

(c}y at least one monomer comprising an ethylenic
unsaturation polymerizable by free-radical
polymerization, and

{d) optionally, at least one crosslinking agent
comprising at least two ethylenic unsatura-
tions polymerizable by free-radical poly-
merization, and

{e} at least one free-radical polymerization
initiator,

{(B) heating the solution prepared in step (A) to
a temperature and for a duration that are
sufficlent o allow both a nuclecphilic
substitution reaction between components {(a)
and (k) and a free-radical copolymerization
reacticn of components (¢} and opticonally

{d), initiated by component (&).

The method as claimed in claim 1, characterized in
fLhat The reaction solution prepared 1in step (A)

also comprises a Tertiary monocamine (component
"))

The method as c¢laimed in claim 1 or 2, charac-
terized in that the organic polymer bearing resac-—
tive halogenated groups i1s chosen from homo-

polvmers and copolvmers with a polyvether backbone.
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The method as claimed in claim 3, characterized in
that the organic polymer bearing reactive
halogenated groups 1is chosen from epichlorchydrin

homopolymers and copclymers.

The method as claimed in any one of the preceding
claims, characterized in that the tertiary diamine
is chosen from the group consisting of tetra-
methylenediamine, 1,4-digzoblcyclel2,2,2loctane,
N-methylimidazole, bipyridine, diimidazoline and

mixtures thereof.

The method as claimed in c<¢laim 2, characterized in
that the tertiary monoamine is chosen from thes
group consisting of triethanclamine, guinuclidine,

gquinuclidinol and mixtures thereof.

The method as claimed in any one of the preceding
claims, characterized in that the heating tempera-
ture of step (B} is between 30 and 130°C, prefer-
ably between 35 and 100°C and in @particular
between 50 and 80°C,

The methed as claimed in any one of the preceding
claims, characterized in that the heating duration
of step (B) is between 1 and 24 hours, preferably
between 6 and 1€ hours.

The method as claimed in any one of the preceding
claims, characterized in that the monomer
comprising an ethylenic unsaturation i1s chosen
from the group made up of Ci.p alkyl acryvlates and
methacrylates, (Ci.10 Thydroxyalkyl acrylates and
methacrylates, styrene and its derivatives,
polyethylene glycel acrylates and methacrylates,
vinyl acetate, N-vinylpyrrolidone, acrylonitrile,
(vinylbenzyl)tri(Ci.s alkyl)ammonium <chloride or

bromide, tri{Ciog alkyl)vinyloxycarbonylalkyl-
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10.

11.

12,

13.

ammonium c¢hloride o©r bromide, and allyloxy-
carbonyl (Cy-¢ alkyl)tri(Ci.s alkyl)ammonium chloride
or bromide.

The method as claimed in any one of the preceding
claims, characterized in that the crosslinking
agent comprising at least TwWo ethylenic
unsaturations is chosen from divinvlbenzene,
ethylene glycol di{meth)acrylate, poly{ethylene
oxide; glycol di(meth)acrylate and bisphenocl A
di(meth)acrylate.

The method as claimed in any one of claims 1-8,
characterized in that components (c) and (d) are
replaced with or combined with an organic polymer
comprising at least two groups comprising a
polymerizable double bond (component (calry,
preferably located at the end of the organic
polymer.

An anion-exchange polymer material having an
interpenetrating polymer network (IPN) or semi-
interpenetrating polymer network (semi-IPN)
structure that can be obtained by means of the
method as claimed in any one of the preceding

claims.

A composite alr electrode, made up of an air
electrode and an anion-conducting IPN material or
semi-IPN material polymerized in situ at the

surface of the air electrode.

The composite air electrode as claimed in
claim 13, characterized in that the IPN or semi-
IPN material extends into a part of the porous
network of the air electrode and penetrates this
porous network te a depth at most egual to 5%,
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15.

16,

17.

18.

preferably at most eqgual to 2% of the total depth
of the air electrode.

The use of an anion-exchange polymer material as
claimed in claim 12, as a solid electrolyte in an
electrochemical device, preferably in an alkaline

fuel cell or in an alr-metal cell or pattery.

An alkaline fuel cell, comprising a cathode, an
anode and a solid electrolyte placed between the
ancde and the cathode, characterized in that the
solid electrolyte 1s an anion-exchange polymer
material of interpenetrating polymer network type

as claimed in claim 12.

The alkaline fuel cell as claimed 1in claim 16,
characterized in that the cathode 1s an alr

electrode.

An air-metal cell or battery containing an air
electrode, a second electrode of opposite to the
air electrode and a liguid electrolyte based on a
concentrated aguecus solutlion of alkali metal
hydroxide, characterized in that the air electrode
is covered, over at least a part of its surface,
preferably over 1its entire surface, in contact
with the liquid electrolyte, with & polymer

material as claimed in claim 12.



