Interpenetrating network of anion-exchange polymers, production method thereof and use of same
The present invention relates to a method for producing 5 an anion-exchange polymer material having

an interpenetrqyggﬁi)g??%%%twgrk (IPN) or semi-interpenetrating d&% 8%0/5%6%@'-IPN)
ym a

structure, to the polymer'material obtained by means of this method and to the use thereof in
electrochemical devices, in contact with 10 an air electrode. For decades, many studies have been

carried out in ord&PbIRRREERT dpEnRRtMPEkcAb IR IR TRAGIAPSSSB Bauce
electrochemical generatgss 68k ticifl-mis tfre] heratrkamdn iydheif higimenergies by weight,
that can reach several hundred Wh/kg. Air electrodes are also used in alkaline fuel cells which are

particularly advantageous compared with other 20 systems owing to the high reaction kinetics at the
electrodes. An Attt Thakes R pbssble e s oRidizifty Agest foPthebdietiisctigiical
react_ion, air froantherdwatreosphene aviziol jsnavaitabtesmiunlinited iamount ahywhepeard at any time.
An air electrode is.a porous solid structure, in.contaebpth fhe liguig electralyle, yehich isiggnerally an
30 alkaline solution. Thé interface hetween the_air elec-

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

10 an alilr 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

15 metal-air type, which are known for their high energies
by weight, that can reach several hundred Wh/kg.

Air electrodes are also used in alkaline fuel cells
which are particularly advantageous compared with other

20  systems owing to the high reaction kinetics at the
electrodes.

An air electrocde makes it possible fto use, as oxidizing
agent for the electrochemical reaction, air from the
25 atmosphere, which 1is available in unlimited amount

anywhere and at any time.

An air electrode 1s a porous scolid structure in contact
with the 1ligquid electrolyte, which 1s generally an
30 alkaline sclution. The interface between the air elec-
trode and the liguid electrolyte is a "triple contact”
interface where the active sclid material of the
electrode, the oxidizing gas {air) and the liquid elec-
trolyte are simultaneously present. This triple contact
35 interface has always posed numerous difficulties linked
in particular to the gradual degradation, even when not
operating, of the air electrode, in particular when the

liguid electrolyte is a concentrated alkaline sclution,



trode and the liquid electrolyte is a "triple contact” interface where the active solid material of the
electrode, the oxidizing gas (air) and the liquid elec- trolyte are simultaneously present. This triple

contact 35 inter eE@& I sed numerous difficulties linked in partjcular to '?1e radual
degradation, evge?%gw en zg\?ggégﬁng, of the air eTec%ro"ae, in particu?gzr%gmmeol qqﬁﬁ%fe%trolyte isa
concentrated alkaline solution, WO 2010/128242- 2 -PCT/FR2010/050846 such as a several times

molar solution of $68iurf hydfoxids FortassiurhBRFoxide i fithivif hydiexide Sthe @rsibatks of air

electrodes in alkaliheciuebesllsch aressetoutfps exatnple, di- the litgratirengidicleyse. F. McLean et
al., entitled "An assessment of alkaline fuel cell technology", International Journal of Hydrogen Energy

27(2002), 507-526: these electrodes undergo lg_;lér?:a(idual wetting of their 10 porous structures until

flooding thereof Wiicl AR thEm Fteffective HHid ERARGe idactdibmtdd aulng bpéralion of the fuel
cell or of the batiery; 9 theclang térmr, tiees gabion, didxide presénttiathe airediffisesdbward,and

dissolves in the@k@ine@g@@gwtio%{ormm.tpe e@gyg{ﬁeedn thefgrm gf_szg gg@g@g{e argqgnlwhich
P ot e i praenes glialeling cators (g, o bl OACHE AN NHIOI SR RRR on of he
of Hydrogen Energy 27(2002), 507-526:
- these electrodes undergo gradual wetting of their

10 porous structures until flooding therecf which makes
them ineffective. This change 1s accelerated during
cperation of the fuel cell or of the battery;

- 1n the long term, the carbon dioxide present in the
air diffuses toward and dissolves in the alkaline

15 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 electroclyte is thus
observed;

20 - carbonates form mainly at the liquid/porous solid
interface and ©promote the flooding phenomenon
mentioned above;

- the carbonate precipitation gradually destroys the
structure of the air electrode and considerably

AS) 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

30 anion-conducting caticonic peolymer materials capable of
being interposed between the air electrode and the
liquid alkaline electrolyte or else of replacing the
latter, in order to substantially reduce, or even
eliminate, the carbonation of the sclid electrolyte and

35 the degradation of the air electrode which results
therefrom.



20 - carbonates form mainly at the liquid/porous solid interface and promote the flooding phenomenon
mentioned above; the carbonate precipitation gradually destroys the structure of the air electrode and

considerably Zgor%%ﬁ%%%fgarge transfer kineticg at the triple pQipl whiglhy 289 sgdaaking the
e. The

electrode ineffectiv objective of the present invention was to develop 30 anion-conducting

cationic polymer materials capable of being i terposeccrif etween the air electrode.and the liquid
alkaline electroRtEdr BRESSFraplcin Otﬁé%a&% ,inor tgreto lsﬁbsatg% |§]I§/nr%dt%§lor%%2§ Eliminate, the
carbonation of #relsolictelecaolyteoanid 85 tes degratlation afthe dirédledtréde Whichliestilts therefrom.

WO 2010/128242- 3 sP GERR2D10/050846-Such ¢naterialssheuld hexisabie in ftkadine fisel cells and
metal-air batteritsﬁ,i ej'1ther asa soj!i eéﬁgrqé¥tgl0£gs membrane separating the air electrode from the
alkaline liquid électro ﬁfé?S %uappllcanfhas p?{opo'sed, in international application WO 2006/016068,
a crosslinked organic polymer material, in particular as anion-conducting solid electrolyte in alkaline
fuel cells. The pelymer-materiat 40 Hascriped i thisiapplicationtis obtainech by a aucleophaitic

substitution betwgen a halogenatedlinea polymer, sugh as polyepichigrolydrin, apd a.combination of

at least one tertiary diamine and of at least one tertiary or secondary monoamine. Thﬁereaﬂction
between 15 thé' @Ry Amine Turtdibhs Gntithe Ehlofmatdd TaRBEATE o6f the Polyriertesiits in the
formation of quateshary=amimonitink £0rictions responsiblédor tHgnanigre-congucting pewes of the

polymer materigl.qhtained, Mpreovier, the reactionrof dhe two tegtiary R0-anpipe functiens of the
bifunctional reactant (tertiar%dia,mine), results in the crossli insgfoft ee%plﬁml%r and in ttfe_formation of
5

an insoluble threBdirenSioRa Hetor 251 FdWETE, fhis trosafinked anion-conducting material based
on polyepichlorohydrinscemprising-qlaterriary hambHisai groups ¢ ot SEIB Treédidenttated alkaline
solutions. Moregyer,jikisdiot saif=supportedhand, nicrdento obtain itdd the form of adargemembrane
that 30 can be r%aer}:qtlﬁgi,rlt is necessgaglnt asglnthrgglzg Lon g.su%oert qQrin &Q%HU%%%%QHS structure,
for example a nonwoven texiife made o polypropylene. The applicant, in the context of its research
aimed at 35 de@@piﬁ@%éﬁ‘o‘%dQiﬁidiﬁcd?iﬁ%ﬁﬁ@%?ga?ﬁ@m&?é@ia%hlormated func-

tions of the polymer results in the formation of
quaternary ammonium functions responsible for the
anion-conducting power of the polymer material
ocbtained. Moreover, the reaction of the twoe tertiary
20 amine functions of the bifunctional reactant (tertiary
diamine) results in the crosslinking of the polymer and
in the formation o¢f an insoluble three-dimensional

network.

25 However, this crosslinked anion-conducting material
based on polyepichlorohydrin comprising guaternary
ammonium groups is not stable in concentrated alkaline
solutions. Moreover, it is not self-supported and, in
order to obtain it in the form of a large membrane that

30 can be handled, it is necessary to synthesize it 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
35 developing 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 is possible to overcome the draw-



capable of being used in fuel cells or batteries in order to reduce the degradation of air electrodes, has
discovered that it is possible to overcome the draw- WO 2010/128242- 4 -PCT/FR2010/050846 backs

described abo% b%/d'% f)%@t a polymeric system as describedﬂaﬂ%@jq%@%@to an
etw

?nterpenetrating polymer network (IPN) or a semi-interpenetrating polymer network (semi-IPN). 5 An
interpenetrating polymer network (IPN) is a polymeric system comprising at least fwo networks of

polymers of wHiat 4Elealt 8E HagbedP&ifthesiZéd inthE presehca¥f thé othdt: Without, however,
being linked 10stpsdreranothed by coviakedt Bond¥Cand Wiic cafkdt béseparated frohe Bne another

without breakingchemical hends dUP M Compandjuniof Chemigal Tergiinology, 2réedition, 1997).

15 A semi-interpenetrating polymer network (semi-IPN d]ifl;fe s from N by virtue of the fact that
one of the at Ieggttﬁfooﬁ@l%ﬁﬁ%/g présent 3@%%0{1%@%&5 r«gcsa-ed?rjﬁeggllgiél network, i.e. is not

crosslinked, but is a linear or branched polymer. Owing to the absence 20 of crosslinking of the
second polymerig systemi-the ladtes ean de separated fram the-first yrextractionaCansegdently, a

subject of the present inven%ion isa meljtggjq gé l\%%dulcég% an @W@n-&g@@g@g@s pgl¥mlg5 ma_terial 25

. . merj,[c 'SI\Y]S ?m comé) .
having an interpenetrating polymer network ( or semi-interpenetratingpolymernetwork(semi-IPN)
structure, said &R LbnipRisHHey tAE fdiRMing Sticcedsive SREps: gynthesized in the
preparingahompgeseausreactionsaiutiont3dcomplisingyin, a suitablecargahie sotvedt nked
10 to one another by covalent bonds, and which cannot be
separated from one another without breaking chemical
bonds (IUPAC Compendium of Chemical Terminclogy, 2nd
‘edition, 1997).

15 A semi-interpenetrating polymer network {semi-1PN)
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. 1is not crosslinked, but
is a linear or branched polymer. Owing to the absence
20 of crosslinking of the second polymeric system, the

latter can be separated from the first by extraction.

Conseguently, a subject of the present invention is a

method for producing an anion-exchange polymer material
25  having an interpenetrating polymer network (IPN) or

semi-interpenetrating polymer network (semi-IPN)

structure, said method comprising the folliowing

successive steps:

(A) preparing a hemogeneous reaction solution
30 comprising, in a suitable organic solvent,

ta) at least one organic polymer bearing reactive

haleogenated groups,

(b} at least one tertiary diamine,

(cy at least one monomer comprising an ethylenic
35 unsaturation polymerizable by free-radical poly-

merization, and



(a) at least one organic polymer bearing reactive halogenated groups, (b) at least one tertiary diamine,
(c) at least one monomer comprising an ethylenic 35unsaturation polymerizable by free-radical poly-

merization, andwwggggyi%@- 5 -PCT/FR201_O/950846 (d) optionalyggl};?ﬁiéjgg R%gsslinking

agent comprising a two etﬁylenic unsaturations’ polymerizable %‘V}? eﬁrization,
and (e) atleastonefree-radicalpolymerization 5initiator, (B) heating the solution prepared in step (A) to
a temperature atfdlfor 8RMurafiér that are*Sufficie? i alloRBoth & FRereophiié Rabstif@RMtreaction
between components ()randio) and a freetraical 0ecopolyrngrization reasten af-eampasgents (c)

and optionally (d), initiafed hy.carapaRent (). ¢ Jhe_method.of t{a%@%%mefgﬂ? thig,comprises

the simultaneous carrying out of two reactions which do not 15 intertere with one another: a
nucleophilic subStitutichTeactibfibetweenhE halodérvited BFgaric polyrREramE the? @&ty diamine,

resulting inthe formatién of aatingoluble, crosslinked,three-dimensionalpolymernetwork 20bearing

quaternary amma)ium-groupggangdna fr@@-g@@g@rpo@g@ﬁiﬁg@. r.ggctigtg %thg imonemers and
optionally of the crosslj[nkin %g%ntfinitiat d ?g%he fr%e-radlcal m%@tor, and which results in the

formation of a second polymer network'25 intéfming e‘ﬂr\ﬁim% f f.‘%/Vﬁ&?th%%%e%%ﬁtains a
sufficient amount of a &ds3inkiig BGERY (), This seephd palynfernebicikts tiresstimehsional,
crosslinked and insolubletween components (a) and (b) and a free-radical

10 copolymerization reaction of components (¢} and

optionally (d), initiated by component (e).

The method of the present invention thus comprises the
simultanecus carrying out of two reactions which do not
15 interfere with one another:

- a nucleophilic substitution reaction between the
halogenated organic polymer and the tertiary
diamine, resulting in the formation of an inscluble,
crossiinked, three-dimensional polymer network

20 bearing quaternary ammonium groups, and

- a free-radical ©polymerization reaction of the
monomers and opticnally of the crosslinking agent,
initiated by the free-radical initiator, and which
results in the formation cf a second polymer network

25 intermingled with the first. When the system con-
tains a sufficient amount of a crosslinking agent
td), this second polymer network is three-

dimensional, crosslinked and insoluble.

30 In cne preferred embodiment of the invention, the reac-
tion mixture contains a crosslinking agent (d) and the

polymer netweork formed is an IPN and not a semi-IPN.

The halocgenated organic polymer can be chosen from all
35 homopolymers and copolymers comprising halogenated
functions which are reactive with respect to the
tertiary amine functions of the diamine. The halo-

genated functions are preferably chlorinated  or



30In one preferred embodiment of the invention, the reac- tion mixture contains a crosslinking agent
(d) and the polymer network formed is an IPN and not a semi-IPN. The halogenated organic polymer

can be chosen | lymers and copolymers comprisi r%ﬂ t 3 ctions which are
reactive with reggggﬁé %?ef?egrg;%) amine functions of the diamine. 2%% a%?%@'r?’ té%r}?érgz%ons are
preferably chlorinated or WO 2010/128242- 6 -PCT/FR2010/050846 brominated groups, in particular
C1-6 chloroalkyPbPB1 6 bF6mEaRYFGroups. MErebver the ofganiChdigier bédring Fedctive halo- 5
genated groupsdis grefeiayly chosemw 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. 10 By way of example
of a tertiary diamitie (CBfTponentb) THERton iy BE MadesREtamhethymediEmines 10~
1,4-diazobfeyclg2rz2ledtane ¢DABCO), Ne-nstkeytintidazote; bigyridineediintidazglinkyand-sixtures
thereof. 15 The dediary siaming-servesihath tg crosslinkthe halogenated-organic pplymerand to

introduce positive charges essential for the anjgnic conduction of the polymer material prepared.
Indeed, each te?t}liaéirg/n%%ﬁe ﬁj%r?ct%%l\xmeorescogvgﬁed? ‘aﬁer*pr%géctilo%u\gﬁgg}m%ﬁ?g%%ﬁfunction, to

a quaternary arfifdhiups. Alfiough the Afethdd elaimad enviBiohs expliciy Bel igaeten detiveen the

halogenated polgmemand-atiediany diantine Jhalseengempasses-aaasiant wherein the halogenated
polymer has been premodified by attachment 25 of the diamine, leaving the second amine function

free for a subsequent crosslinking reaction.
By way of example of a tertiary diamine (component

(b))}, mention may be made of tetramethylenediamine,
1,4-diazobicyclo(2,2,2]octane {DABCO) , N-methylimida-
zole, bipyridine, diimidazoline and mixtures thereof.
15 The tertiary diamine serves both to crosslink the halo-
genated organic polymer and to introduce positive
charges essential for the anionic conduction of the
polymer material prepared. Indeed, each tertiary amine
functien will be converted, after reaction with a
20  chlorinated function, to a guaternary ammonium.
Although the method claimed envisions explicitly the
reaction between the halogenated polymer and a tertiary
diamine, it alsc encompasses a variant wherein the
halcgenated polymer has been premodified by attachment
25 of the diamine, leaving the second amine function free

for a subsequent crosslinking reaction.

The presence c¢f the tertiary diamine is essential for
the formation o©f a crosslinked three-dimensional
36 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 Z and 40% and in particular between 10 and 30%.

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

amine (compecnent b'}). The reaction of the latter with



The presence of the tertiary diamine is essential for the formation of a crosslinked three-dimensional
30 network. In order to obtain a satisfactory degree of crosslinking, the diamine/halogenated organic

groups molar rati Ola) &g@ﬂ%éé)%ween 1% and 89%7 preferably betyggg&ag}qs%?ﬁ%%%&? particular

between 10 an y be useful to introduce into the starting reactio in addition
to the tertiary diamine essential for crosslinking, a tertiary mono-amine (component b')). The reaction

of the latter wit %90 281642824997 BERER20T61680E46 thé hafgdiatdtsighRicpolyer makes
it possible to increase the=charge cemsify ofithescatipnicinetWerkcand: theteforesitsranionieonductivity,

without however modifying.the argsslinking, density, By.yway; ofiexamples.of tertiary, mongamines that
can be used in the&or sent invr%ntion, merirt]gg% rgﬁl b§: made of triethanolamine, quinuclidine,
(c

quinuclidinol andHikiu&8 theradt. TPES Bf fie"réaction mixture prepared in step (A) can

in principleZbe any monoethylenic monomer polymerizable by free-radical polymerization, provided that

it does not interfeye with thesnugleaphilic; 1%, substittion reactionof £omponentsya-and (o). Thus,
monochlorinated orgoljxf/chlgrrilnated viné(ldglonomersd such as viné/l chloride or, vinylidgne chloride, are
use e 3 1 101 mage. o

unsuitableascomponen (}J)S|ncett‘]{lgeryecouf1 par |&8§te in a’nu%iae%phﬁi% suBtitdition feaction 20 with the

tertiary diaminehtPthig fedifithe fornfation of EdvdlBRt bond s hétwearn-thieti IPN Br&Gemi-IPN
networks. The maramets:(C) lace praferably uncharged or bear a 25 cationic charge. The use of
comonomgts bearing an anionic charge (such as (meth)acrylic acid or styrenesulfonate) will in fact
probably disrupt the ionic conduction behavior of the final material obtained and is consequently

advised against: 3R FAEY of Exarfiples b mbRBMerS thaféar BETsBA BedoHhoHentcPmention

may be made of fie follewingimonpmiersiple be any monoethylenic monomer

polymerizable by free-radical polymerization, provided

that it does not interfere with the nucleophilic

15 substituticn reaction of components (a) and (b). Thus,

menochlorinated or polychlorinated vinyl monomers, such

as vinyl chioride or vinylidene chloride, are

unsuitable as compoenent {c) since they could

participate in a nucleophilic substitution reaction

20  with the tertiary diamine and thus result in the

formation of covalent bonds between the twe IPN or
semi-IPN networks.

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

is consequently advised against.

30
By way of examples of monomers that can be used as
component  (c¢), mention may be made of the following
menomers:
Ci-10 Alkyl acrvlates and methacrvylates, Cie1n

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

acrylonitrile, {vinylbenzvl)tri(Ci ¢ alkyl)ammonium



C1-13Alkylacrylatesandmethacrylates, 35 hydroxyalkyl acrylates and methacrylates, styrene and its
derivatives, polyethylene glycol acrylates and methacrylates, vinyl acetate, N-vinylpyrrolidone,

acrylonitrile,(vi%}i(g;?ﬁgt igé%(iﬁkyl)ammonium WQ 2_010/128242-1,%15 %%%933%859%46 chloride

or bromide, tri( vinyloxycarbonylalkylammaonium chloride or bromide, an
allyloxycarbonyl(C1_6 alkyl)tri(01_6 alkyl)ammonium chloride or hbromide. 5 Among these, 01_4 alky!

methacrylates, PofyeHytene G coPrdtHaylates D8 hydPdx§aikiyT IBREsY 8Rd Vinyl acetate
are particularly pidfeirednt® The crosslinkingagent {conpomenti¢d)) coamgtisinglat yéast ¥wo ethylenic

unsaturations is-gpéional in the casa gfa semi-IBN, bul necessarhspresent when it is.degjred to
prepare an IPN. It is chosen, for example, from the group made up of divinylbenzene, ethylene 15
glycol di(meth)acrrﬁ?lrgl%e,%‘oly(ethylene oxide) glycol di(meth)acrylate and bisphenol A di(meth)acrylate.
The notaticn "(meth)acrylaten used herein encompasses acrylates, methacrylates and combinations of
both. 20 Wheniig.pregent hesegsslinking agentjs preferably-userkinss propedioneeffiam 5 to 10% by
weight, preferably 0.5 to 5% by weight, relative 10 the monqunsaturated ethylenic monomer
(component (c)%)‘(?éclcﬁ?onem 32%1%% the ﬁ]se’tho? %Sfthgﬂ h%%gr?tél{gna}ljﬂggeﬁoIynriﬁégc%lz%%fgorfn%%%?ner
(component (c)}*€rdsslinkingjeht fcahpoRerit (8 syateny cBa berepfitted with a component,
subsequently referred to as component (cd), which plays the role of components (c) and (d). Said 30

component,(cdkisa p ly | amgﬂ}g -gverag lec ight.of between 300
and 4000!?%0m%ﬁsﬁg@?ﬁ%ﬁ%@%’%c%ﬁ?ends, a (%%%fz{boﬁgmpqoIy#qﬁ{i%%l%%/%fre%gvadical

polymerization.\WiHEhsuchapolfihBreoTRpTsing 55 by Ateti2able d6ubfboRbeé s plated itfthe
presence of a freesradical initiator,ithekloubleibondsoselpmerizey apd eesuittin whe crosslinking of the

polymer and in thesfopmatiqn,of a-three-dimensional networks The, marg, WE,2010/128242- 9
-PCT/FP2010/0?0846 .
rom the group made up of divinylbenzene, ethylene
15 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.

20  When it is present, the crosslinking agent is
preferably used in a preporticn c¢f from 0.5 to 10% by
weight, preferably 0.5 to 5% by weight, relative to the

monounsaturated ethylenic monomer (component (c)).

25 In one wvariant of the method of the invention, the
poelymerizable monomer (component (c)) + crosslinking
agent (component (d}) system can be replaced with a
component, subsequently referred to as component {(cd),
which plays the role of components (c) and {d}. 3aid

30 component {cd) 1s a polymer, preferably having a
number-average molecular weight of between 300 and
4000, comprising, preferably at each of its ends, a
double bond polymerizable by free~radical
polymerization. When such a polymer comprising

35 pelymerizable double bonds is placed in the presence of
a2 free-radical initiator, the double bonds polymerize
and result in the cresslinking of the polymer and in

the formation of a three~dimensicnal network. The more



5 A subject of the present invention is consequently also a method as described above, in which
components (c) and (d), in step (A), are replaced with or combined with an organic polymer comprising
at least two grgboszgﬂeymgw a polymerizable dpuble bond (copgponeis ad ). axoably located
at the end of the organic polymer. By way of example of such a component (cd), mention may 15

be made of polyethylene glycol dimethacrylate. Any.compound capable of decompgsi nder the
effect of heat a%/o¥%? fight, 18 %%IEI%I%%ura%iC§|§thé are su r%c"?’é)n y sé%ﬁ)éa%oacl%itigt% t%g

polymerizationn2glreziclion;, carcibgrinciplé besed aadiniffator {corhpBnent¥8)eBuck Hiators are
knowr|1]c by thoiF@K%Igg é[:g JJ:_It:e Al Thermaldnidiatars ssich@ascqeroxidesddiaza eompotmds Or
persulfates will prefera e.ysed. By 25 initiators, mention may hydrogenperoxide,
azobisis_,obutyréjr%}lﬁﬁé %%(rgo%%%sf[bgbn%te (DHPC). way of example of such thermal be made of
ammoniur pe_rsulfate, benzoylperoxide(BPO0), (AIBN)anddicyciohexyl 30 Among the latter, BP and
AIBN are pqrthyla@bgiujtﬁble;at thedempesatures usech t Wieni thednitiatorusaphotaiditiator, the
polymerization js Gartied qutinder.sadiation of sitahle waye-3lengthapbibianisity. (<)

and (d}, in step {(A), are replaced with or combined

with an organic polymer comprising at least two groups

10 comprising a polymerizable double bond (component
{cd}), preferably located at the end of the organic
polymer.

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

15 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 to initiate the polymerization

20 reaction, can in principle ke used as initiator

(component (e)). Such initiators are known by those
skilled in the art. Thermal initiators such as
peroxides, diazo compounds or persulfates will

preferably be used. By way of example of such thermal

25 initiators, mention may be made of ammonium persulfate,
hydrogen peroxide, benzeoyl peroxide (BPC),
azobisisobutyronitrile (AIBN) and dicyclchexnyl
peroxycarbonate (DHPC).

30 Among the latter, BP0 and AIBN are particularly
suitable at the temperatures used.

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

35  length and intensity.

The initiator is preferably used in an amount of

between 0.1 and 10% by weight, preferably between 1 and



WO 2010/128242- 10 -PCT/FR2010/050846 5% by weight, relative to the total weight of components
(c) and (d). By way of example of an organic solvent suitable for 5 preparing the initial reaction solution

containing com%n%iﬁk@%wntion may be rgaq% of dimethylforgegg?eﬁn%gwﬁ]gor- gthyl

sulfoxide, methanol, acetone, butanol, butanone or a mixture of thes er to obtain,
at the end of step (B), polymer materials having a suitable consistency, the initial reaction solution
preferably has atf ovefallEorfEehtratioh-6fcorfipoh@ntst8)- (P oftetliEdd 16 aRd 158096 by weight; in
other words, theipraportion ofthe drganic solvent in the initial solution is preferably between 90 and
20% by weight. The weight ratio of components (a) and (b), including 20 (b"), forming the first

three-dimensional network eaéingmcaiionic ha:]%es, to components é(g-(e) forming%the second
& Unchargdad; can n‘}'f/’ fweBH VeRy bfoad fifnits, on the

three-dimensionial nétwork, which i préfefably
condition tRat tHerfasal Taa@rial-hes a 28 cohdictivigasiicl is susidiertifon thecemvisionédiapplication.
Generally, the weightratiowef thesgomponentssiorming the ¢atipaic firstpolymer natwerky to-the
components 30 forming.the second, palymer network 1iﬁ;@stween /10 and 10/90, preferably between
80/20 and 15/8%‘!,8é}r$§fg11§agrticulaer%§ﬁé?h 60/46 and 25175, BH%%%?@%(B) of the Rn?é}ﬁgd of the
invention, the 38 FoRTofeneots Téattion sAtUiGHIESRtainiiy alfof the ¥éactants{a)-(&mefuding
optionally the manbfunctional amine (component b'), is heated to a temperature sufficient to trigger
both the nugleophilic WO 2010/128242- 11 -PCT/FR2010/050846 substitution reaction between
components (a)_ and (b) and (b") optionally present, and the decomposition of the polymerization

initiator. The two teathiohs thu8 pretdbly taked pladin PAFAIA Gnd sFRultaRéousRP L ymer

materials having a suitable consistency, the initial
reaction selution preferably nas an overall
concentration of components (a)-{e) of betwsen 10 and

15 80% by weight; in other words, the proportion of the
organic solvent in the initial solution is preferably
between 90 and 20% by weight.

The weight ratio of components {(a) and (b}, including
20 (b'), forming the first three-dimensional network
bearing cationic charges, to components (c)-(e) forming
the second three-dimensiocnal network, which i1s prefer-
ably uncharged, can vary between very broad limits, on
the condition that the final material has a
25 conductivity which 1s sufficient for the envisicned

application.

Generally, the weight ratioc of the components forming
the cationic first polymer network, to the components

30 forming the second polymer network, 1is between ©20/10
and 10/90, preferably between 80/20 and 15/83, and in
particular between 60/4C and 25/75.

During step (B) of the method of the invention, the
35 homogeneous reaction sclution containing all of the
reactants (a)-{e), including optionally the monofunc-
tional amine (component b'), 1s heated to a temperature

sufficient Lo trigger both the nucleophilic



5 and result in the formation of an IPN or semi-IPN material having a uniform composition, consisting
respectively of two mutually interpenetrating polymer networks or of a linear or branched polymer
entangled withi lj I«E-:-éj? ymer network. 10 |n one variant, itj ' [SiQn a system
which reacts inﬁﬁo%?ggs,ﬂt e g‘?mation of one of th:(letho networks tgeélnfggﬁc‘?\%tgé a\éz;a%'t%%]perature
below the temperature of activation of the other polymer network. 15 The heating temperature of step
(B) is preferably Beftee 30 ¥nd 156€ fihParticbial BelweERHR AR 60C @d e¥RA mbhe
preferentially betagen 50} andir80C riFNis tempeeatems is generatiy enaitainegderia doratiod 20 of
between 1 and 2dchoyss: preferably obbetween 6 and 16 heyis. As,explained inthe intrpdyction, the
IPN or semi-IPN Popmetbrr{]ategal obtairled aet the end of tq%mr]ieth()d 5 accor mgnto theinventlon can
be used in an dikaline fuel cell of in a metai-air BatteR o celiin difeétt contact with 'ait &f electrode,
either as aSolidBRctighie ¥éplaking tHeeliquia Aikdlinereleétfolye) orldlanahiofgdhdiéling solid
separation memprase; 30 inseged:-hetween the airelectrodemansgthe ligyid electrlyter imapplications
where it is Impol[%a% jie} E)EQ]\gqe very g%o“g adgg%igg lof the ilgye%r seenngiilPNerpaterialocif trggr% present
invention to the air electrode, it may be aéfvantageous o carry out step if the Eres\e/nce of the air
electrode. For L e &8lutidh (tépated - Stép (A)s podreaica thint MYBFE ok the aireWo
2010/128242- 121 {PCTH/RR20A4G80846ed polymer network.

10
In one variant, it 1s possible to envision a sgystem
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.
15

The heating temperature of step {B) is preferably
petween 30 and 130°C, in particular between 35 and
100°C and even more preferentially between 50 and 80°C.
This temperature 1s generally maintained for a duratiocon

20 of between 1 and 24 hcurs, preferably of between 6 and

16 hours.

As explained in the introduction, the IPN or semi~IPN
polymer material obtained at the end of the method

25 according to the invention can be used in an alkaline
fuel cell or in a metal-air battery or cell in direct
contact with an air electrode, either as a solid
electrclyte replacing the liguid alkaline electrolyte,
or as an anion-conducting solid separation membrane,

30 inserted between the air electrode and the liguid
electrolyte.

In applications where it is important to provide very
good adhesion of the IPN or semi-IPN material of the
35 present invention to the air electrode, 1t may be
advantageous to carry out step (B) in the presence of
the air electrode. For this, the solution prepared in

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



electrode so as to preferably completely cover the surface containing the active material thereof, and
the whole is subjected to heating step (B). In this embodiment, the solution can penetrate, to a small 5

depth (generally,at lt0.5% of the total thickness of the ele j h rous structure
of 'E)he é?ectrode%ggﬁg&ge%%‘g%%sslink in situ, tﬁug%s"fablishing a%ﬁ%ﬁ?%%ﬁgéfee?v\ggéﬁj %e final
crosslinked polymer material and the electrode. 10 Such a composite air electrode, made up of a
known air electfotRHMPAR anfh-cBRdutthg P Bf S8kl YPNCratekRE polyméi eerin Sittkat the
surface of the amnetéetrade; is:alsbra subjetteof the: presentivventidn. tivekhis £ompoesite lectrode is

characterized inhat the IPN ot semisIRN iatetial extends.ipto apag of thg porois nefweik of the air

electrode, penetr |Eg6this§$rous network to a depth at most equal to 5%, preferably at most equal to

2% of the total & T30t air eisctrGde: HowaverS s aRITOSSHIE to chfty Gut STBF {B) in the
absence ofthe ditetdctrades foredamiplealy mainttainimgathe sotutidrk being twéaonporaus support

plates 25 or by easting-folewed bmﬁawgaﬁ%o@? f;l_pr?ﬂiﬁ%t hg@éﬁogﬁ%jmb?é t*:@tf'ﬁagc;@@t%@rage '

obtained at the end of step.(B) can then andled without problems and be stuck directly and easily
onto the air elec?r@odtgk,)?vjt éL)(f:ft(2 tt'hreOﬁ}see (%nagn gﬁevslflveer(}%.em ﬁ8ﬁt5§1 jr“r1ne%<mk)1r‘3n«,§ 136%0ILH6%%, by simply
applying a pres&ie2 ¥61F8 kndwledge ofthédpplicak it maksriaiobtained atthe drididfthe method

described above hasaipi unié dioyoneves beenynthasizediorpropesed as @35 anion-conducting
membraneor solid electrolyte in electrochemical devices. Consequently, a subject of the present

invention is also_ an anion-exchange polymer material having an interpenetrating polymer network
Such a composlte air electrode, made up of a known air

electrode and an anion=-conducting IPN or semi-IPN
material polymerized in situ at the surface of the air
electrode, is also a subject of the present invention.
15 This composite electrode is 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 equal to 5%,
preferably at most equal to 2% of the total depth of
20  the air electrode.

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

30 solution), by simply applying a pressure.

Toe the knowledge of the applicant, the material
obtained at the end of the method described above has
up until now never been synthesized or proposed as an
35 anion-conducting membrane or solid electrolyte in
electrechemical devices. Consequently, a subject of the
present invention is also an anion-exchange polymer

material having an interpenetrating polymer network



(IPN) or semi-interpenetrating polymer network (semilPN) structure that can be obtained by means of
the method as described above.  This material preferably has a charge density of from 5 0.3 to 2

meg per gram. s il%i%ifligguz‘ fé)nductivity is pr(_-:-_fef%bly greater th%wdﬁé.gﬁgog%rﬁglly between
5x10-3 10

10-6 S.cm-1 and 10-2 S.cm-1, and in particular between 10-4 S.cm-1 an S.cm-1. ltisa
relatively hydrophilic material which swells when it is brought into contact with water. The degree of
swelling of the rataHal 6FtheSFFesentinvERAOH 15 3¢ Hvelis- &BRdideratly iower tF4H the degree of
swelling of a cr@sélinketitpolgmer enatariat of the privt atbpreparst] fiom copapenents (&rend (b/b')

only (see example-3 herejnafters e degreeRiswelling of the polymer material of the present

invention, as defined 20in example 3 of the present applicatian, is preferably between 10 and 40%, in
particular bethgglnlfz aihd 309 §Du%?éftc o pley pr%%gnt?nvgﬁ 017 15 a(%onﬁ%et seoofanilrom

anion-exchangé IPN o? sénfidRNPRAEtefaREs described 25 above, as a solid electrolyte in an
electrochemical device. As indicated in the introduction, the anion-exchange IPN material of the

nemic fis indlicated 1n Tne Inirox " an onexeh: . e
present Invertiant 2 pfﬁtkcil;i%fgvﬁ% ussful in alkalingfuel ¢l (AECE)using porousAiLglegtrodes in

|
aline electrolyte. s N -
than 10 S.cm ", generally between 10 S.cm and 10
S.cm™, and in particular between 107 S.cm™ and 5 x 1077
10  S.cm™t.
It is a relatively hydrophilic material which swells
when it is brought intc ccontact with water. The degres
of swelling of the material of the present invention
15 is, however, considerably lower than the degreese of
swelling of a crosslinked polymer material of the prior
art, prepared from components {(a) and {(b/b') only (see
exanple 3 hereinafter). The degree of swelling of the
polymer material of the present invention, as defined
20 in example 3 of the present applicetion, 1s preferably

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

A subject of the present inventicn is also the use of
an anion-exchange IPN cr semi-IPN material as described

25 above, as a solid electrolyte in an electrochemical
device.

As indicated in the introduction, the anion-exchange

IPN material of the present invention 1is particularly
30 useful in alkaline fuel cells (AFCs} using porous air

electrodes in contact with the alkaline electrolyte.

In such a fuel c¢ell, the IPN or semi-IPN material of
the present invention can either replace the alkaline
35 ligquid electrolyte or it can be placed at the air
electrode/liquid alkaline electrolyte interface. In the
latter case, 1t effectively prevent or reduces the

diffusion of the carbon dioxide contained in the air to



In such a fuel cell, the IPN or semi-IPN material of the present invention can either replace the alkaline
35 liquid electrolyte or it can be placed at the air electrode/liquid alkaline electrolyte interface. In the
latter case, it effecti t.Qr reduces the diffusipn of the carb iexI i in.the air to
WO 2010/128242- %E lj}'?é%&f%m%%% the ITquflé) electrolyte ar%%&%?gg?tﬁﬁstﬁé%eof. It also
reduces, or even eliminates, the risk of flooding of the porous structure of the air electrode by the liquid
electrolyte. Theift&time B aFud tofl S-eonihRing di‘g(?e SRRENGRIFSIBctrdltES in cormbination
therewith, an amios<comnedctiresiPNoar sensitPN: naterialtie directreontact with thef die efictimde is thus
considerably ingreasad. 10/8.anether emhodimpent gkthe presgntinvention, thedPh or semi-IPN
material is usedlin an %ir-meri"[al gCeII r battery, igldiregt .Céntact with tl'tle air eleftro e, in t(})ii form of a
membrane separafingthe Sit Blectrotefrom the fiquid eicctrollte. 155t istlso pdssiblé fo-envision the
use of the IPN @osermil IRNImatérial bi-thesprasentineentidod asca repleertehy for therliqbid electrolyte
in any alkalinef l@ﬁiﬁﬁf}iﬂn@l@i’b&f Nﬂ\é%@fﬁiﬂpﬁlﬁinﬁh{%é@fﬁ%dﬁ?ﬁﬁhf% 2@@t¢.d Bz_eargeiﬁll o
Preparation o N_material based on crosslinked 25 polyepi rohydrin and on crosslinke
poly(hydroxyet%%kriertrhaa%ﬁgtae An' etf%ﬁgl?c%so?l?t%%aggntavfrﬁ%% 20686(?;/@(3)5’r aneep?ccﬁgr% E§/drin
polymer (PECH) fraffetF b&foréhatir fith BoL129%%35k6ight of 1,4-diazabicyclo[2,2,2]octane (DABCO)
is prepared. 0.9 g of hydroxyethyl methacrylate (HEMA), 0.1 g of ethylene glycol dimethacrylate

(crosslinking 200 4 005 ok azehiisabutyronie (BIRN, free fadigal jnfiton, are digsolved in 4

ml of this 35 solution. The solution is degassed under a stream of argon and with stirring for 30
minutes at ambfént &ffperatiie. iHe dotdton s thefGaced if& mdkFiaBEdp of bd glass plates (5

cm x 5 cm) separdtéedbya in direct contact with the air electrode, in
the form of a membrane separating the air electrode
from the liguid electrolyte.

15
It is also possible to envision the use of the IPN or
semi=IPN material of the present invention as a
replacement for the liguid electrolyte in any alkaline
battery, such as NiMH or NiOOH-Zn, NiOOH-Cd, AgO-Zn,
20 etc.

Example 1

Preparation of an IPN material based on crosslinked

25 polyepichlorohydrin and on crosslinked poly{(hydroxy-

ethyl methacrylate)

An  ethanclic solution containing 200 g/L of an
epichlorchydrin polymer (PECH} grafted beforehand with
30 12% by welght of 1,4-diazabicyclo{Z,2,2]lcctane (DABCO)
is prepared. 0.9 g of hydroxyethyl methacrylate (HEMA),
0.1 g of ethylene glycol dimethacrylate {(crossliinking
agent) and 0.05 g of azobisisobutyronitrile (AIBN,
free-~radical initiator) are dissolved in 4 ml of this
35 solution. The s=zolution is degassed under a stream of
argon and with stirring for 30 minutes at ambient
temperature. The solution is then placed in a mold made

up of two glass plates (5 cm x 5 cm) separated by a



WO 2010/128242- 15 -PCT/FR2010/050846 Teflon seal 1 mm thick. The filled mold is placed in an
oven at 60C for 16 hours. The IPN membrane obtained after demolding is homogeneous and

transparent an%8a§@1cdmf% 8n which allows it t g)e_handled easiym eI NE Y, dhe weight
ratio of the first polymer network (crosslinked PECH) to the second polymer network (crosslinked

PHEMA) is 44/56 (= PELH content of 44%), Example 2 IP r5:1embranes are pripare , in the manner

described in exafiptéd, by Garying A8 inifidi Prop filt?nsfojf’\ﬁt &15 Featams s&48 15 Sbtalh PECH
contents of 10%n229%¢80%arid 37.5% by Weigitt as ard two datitratendmbrahesconidinifg,

respectively, 0% of crosslinkad;PECH: €.en caniginirg $Q0% ©of pelythysisaxyethy| methacsylate)

crosslinked Witgdie%geg%gygol %g@g&;&lg@/ﬁ[g, ZQLEI-%EOM éE%Qr'Yl )e@de%%g%? of PECH
crosslinked witff DABCO’ xam%le etermination of the degree of swelling 1n water of the 25
membranes as a function of immersion time - anionic conductivity The membranes prepared in

example 2, containing ¢espaatively%,:H390:22%h 87 .b%-ard $@0%0f crisshnkes-30/REECH, are
immersed in distlled yyajer 3123 Alegular infenvals, thenerphiane Js emaved iom fag water in
order to determine its weight 35 The degree of swelling is calculated according to the formula Ds =

(wt-wo)wo WO'2b16/ 88283086 LPEFATRIFHDI08084% THY viatiolis dirtds 6PdEGTRE of Swelling in

water as a functidri pt time are represented in figure 1.
10

Example 2

IPN membranes are prepared, in the manner described in

example 1, by wvarying the initial properticns of the
15 reactants so as to obtain PECH contents of 10%, 22%,

30% and 37.5% by weight, as are two control membranes

containing, respectively, 0% of crosslinked PECH (i.e.

containing 100% of poly(hydroxyethyl methacrylate)

crosslinked with diethylene glycol dimethacrylate,
26 PHEMA-EGDMA) and 100% cf PECH cresslinked with DABCO.

Example 3

Determination of the degree of swelling in water of the

25 membranes as & function of immersion time - anionic

conductivity

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

At regular intervals, the membrane 1s removed from the

water in order to determine its welght.

35 The degree of swelling is calculated according to the
formula

Ds = (wWe=wWo) /Wo



It is observed that the degree of swelling in water of the 100% crosslinked PECH control membrane is
approxi- 5 mately 75% after about ten minutes, whereas that of all the other membranes is less than

30%. The swell; %Wg\ﬁrﬁé g 100% crosslinlgeleEQH membrap&.ﬁﬁgﬁ)i{ldyggw%al

weakening of the membrane. The membrane cannot be handled and is unusable. 10 The IPN
membranes containing 10%, 22% and 37.5% of PECH and the PHEMA-EGDMA membrane retain
their good dimeti$ion&t AhdHieSHENTER propelficd Fheft modetare degred o dWéifing: Bf about 20 to
25% by weightfprovidesra ¢5 suitablesaraourpofasater for goodlanionie cbnduction. Figure 2

represents the apiopic conduistivily innuater; expeessed as Sfcefthe-aembrapes of examples 1 and
2 as a function offléhe g}oeérge%tgggﬁigrrﬁ?sesgn ECH. gggflsrggntge shows that a crosslinked PECH

. .Con ran 15 .8 XL
content of less than 20% by Weig hTers inSufficient anionic conauctivity on the’ FPN fembrane.

However, this thesshbld darF be ExpEctelias bet@nthBiowers the Mighsr e DABEGIPETH ratio. 25
Example 4 Produetion:of @rcompasiteraiceleetrotedyy insiu polymerizationandlhy separate

polymerization, 31 &.ne/p rane A Alidhieps gl 40224, Rpaed n thednanne fescribed i

. d [®)
example 1, is manuaﬁly applied to the surface of an air electrode located on the side of the electrolyte.

It is noted that FR-HdfdFane 35%dHEIeS Berfeétly {0 he SIFRREYThe elbctrodBEOMPBEite electrode
A). WO 2010/128242« 18B=PEaiER2018/6050846 unusable.

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

15 suitable amount of water for good anionic conduction.

Figure 2 represents the anionic conductivity in water,
expressed as S/c¢cm, of the membranes of examples 1 and 2
as a function of the percentage of crosslinked PECH.

20 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-
held can be expected to be all the lower, the higher
the DABCO/PECH ratio.

25
Example 4
Producticon of a composite air electrode by in situ
polymerization and by separate polymerization

30

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

35 adheres perfectly to the surface of the electrode
(composite electrode A).



A degassed homogeneous reaction solution prepared in the manner described in example 1 is
deposited at the surface of an identical air electrode. The whole is placed in a thermostated oven at

60C for 12 hou AZ% |£b ir electrode bearing, at its surface ,i]j %ﬂ%& hl&\é rial having
a thickness of a%%ut gagz]nf?sgo%tgined (composite g?erctrode B). Exa?r%pz %)' Wérbg%)%nposite air
electrodes of example 4 are each mounted in a cell containing a solution of LiOH at 2 mol.L-1, with an

Hg/Hgo referente S8EFSTE And Y BRATEES Sitel (eRtifiter VlectPode ok the SIEEREIES chéical tests.
Figure 3 showstthe polanzationdisvesibetained fersughlaecdll. The dave{a) earresponds:to a cell

with a nonmodified aif elecisgde,ihe cynie () 19 a cell with;20-a composite electiode B (example 4),
the curve (c) to a%cell \/{\:llith,a comp%zite electrode A (example 4) and the curve (d) to a cell with an
' (

).and
electrode coverBd Wit a c8mfercist MSMbrars basEd ona nétwork (hoh-IPK) 6F&5Sslinked PECH
incorporated intoc@irineitisoroas 25 sthysttreoadesfyolypropylehe (Miembranefsale by the company

ERAS LABO). Itisgated thakthe palarization of therairelegtrogde modifiedowith the commercial
membrane is very higﬂh and 3(F) exgeggs -1V for a ggrereg%%ecncsgg§é Oé:%/ -10 mA.cml2. The use of such
it irectly’

1is Ta . [oF:] . . ]
a membrane under !fhe con(? ons aescrli)ce%mgbove, l.e.”’broug into contact with the air

electrode in the absence of a membrane solution, is therefore impossible. Conversely, the
Example 5

10
The two composite air electrodes of example 4 are each
mounted in a cell containing a solution of LiCH at
2 mol.L™", with an Hg/HgC reference electrode and a
stainless steel counter electrode for the electro-
15 chemical tests.

Figure 3 shows the polarization curves obtained for
such a cell. The curve ({a) corresponds to a cell with a
nonmodified air electrode, the curve () to a cell with

20 a composite electrode B (example 4), the curve (c) to a
cell with a composite electrode A (example 4} and the
curve (d) tc a cell with an electrode covered with a
commercial membrane based on a network (non-IPN) of
crosslinked PECH incorporated into an inert porous

25  structure made of polypropylene (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
30 exceeds -1V for a current density of only =10 mA.cm “.
The wuse of such a membrane under the conditions
described above, 1i.e. brought directly into contact
with the air electrode in the absence of a membrane
sclution, is therefore impossible. Conversely, the
35 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



35 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 \WO 42- 18 -PCT/FR2010/Q50846 the elegt efgre induce
any significant ropzl%r%é)){ér%na ﬁzthe device at th"esé%cu"frent densiti%e,gﬁ%eg%%icg Zé%]éét‘{ lgetween the
IPN membranes and the air electrode is satisfactory in the absence of any membrane solution.
Example 6 Statift§ of 47 5ir efctdtss ilarh aiefing FReGum b ER cBBthemal st dalices are
prepared with (acponmadified frakedd hir alactrate; (iiXiaw at«electrodecaecosdingiotbe tnvention

modified with ap J2N {(composite,electrode-A of 15gxample 4).. (i) a.campasativeair electrode,
modified with a 10Q0% EECH-DABCO membrane. The 100% PECH-DABCO membrane (thickness 100

pm) is 20 prepatéd by Heafing asofitioh S PEEHIBABES Flodrg/L 1R ah EEharbi/dRiEshdme mixture
(80/20)) foP12 o sresBOC: Thesgolarizativn measurements are carried out relative

Example 6

Stability of the air electrodes in an alkaline medium

10
Electrochemical test devices are prepared with
(i) a nonmodified {(naked) air electrode;
(11) an air electrode according to the invention
modified with an IPN (composite electrode A of
15 example 4);

{ii1} a comparative alr electrode, modified with a
100% PECH-DABCO membrane.

The 100% PECH-DABCC membrane (thickness 100 um) is
20 prepared by heating a sclution of PECH-DARCO (100 g/L

in an ethanol/butanone mixture (80/20)) for 12 hours at
60°C.

The polarization measurements are carried ocut relative
25 to an Hg/Hg0 electrode with a current density of =10
mA.cm ‘. Before the beginning of the discharge, the
modified electrodes are equilibrated for 2 hours in the
electrochemical cell previocusly described containing
LiOH at 2 mol.L™*.
30

Figure 4 shows the <change in peolarization during

discharge of the air electrodes (1), (ii) and (iii)y
described above.

35 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



25 to an Hg/HgO electrode with a current density of -10 mA.cm-2. Before the beginning of the
discharge, the modified electrodes are equilibrated for 2 hours in the electrochemical cell previously

described contajni [ |.L-1. 30 Figure 4.shows the cha j jzati c?%’ ipng discharge
of the air electr?(?elgﬁigggr%é% described aboT/e.1 5 The air elemzn(ol%%’rc@fg%g é e invention
resists for more than 100 hours during discharge in lithium hydroxide, whereas the lifetime of the two
WO 2010/128289786 SPETTR26 167656856 Sompardtivé electrodeS 1 antiqfi) B6ES 7St eXceed 20 to
30 hours.  Simitar¥@sults:are obtained with a saturated solution 5 of lithium hydroxide. Example 7
Synthesis of an IPN membrane according to the invention 10 combining a crosslinked PECH network
and a network hased.on a com onent@(ﬁcd) 0.95 g of polyethylene glycol dimethacrylate (PEGDMA,
Mn = 750 g/moI-1)and 0.647 4 of AIBN aré Bﬁégﬁl@ iy i%% il o?%téb?ﬁtﬁ%dof%%}{x}gp}aﬂorohydrin
modified with 12% GfiIDABGO (1Grgik it The solution is degassed under a stream of argon and with
stirring for 30 minutes at ambient temperature. The solution is then placed in a mold made up of two
glass plates (5 am.x Sfén) 0 separated by a Teflon(r) seal 1 mm thick. The filled mold is placed in an
oven at 60C for 16 hours. The IPN membrane obtained after molding is homogeneous and transparent
and can be easily handled. 25 The PEGDMA/crosslinked PECH weight ratio of the IPN material is
71/29. The resultgroftibe tynamictherromachanieakanaysis-af the resulting |IRNvaateriahare

represented 300 figys B, which shows dhe change iy slprage maduli of b IPN membyane and of the

corresponding

based on a component (cd)

6.95 g of polyethylene glyccl dimethacrylate {(PEGDMA,
Mn = 750 g/mol™) and 0.047 g of RIBN are dissolved in

15 4 ml of a solution of pclyepichlorohydrin modified with
12% of DABCO (100 g/Lﬂd. The solution is degassed under
a stream of argon and with stirring for 30 minutes at
ambient temperature. The solution is then placed in a
mold made up o©f two glass plates (5 cm x 5 cm)

20 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 1is homogeneous and
transparent and can be easily handled.

252 The PEGDMA/crosslinked PECH weight ratio of the IPN
material is 71/29.

The results of the dynamic thermomechanical analysis of
the resulting IPN material are represented
30 - in figure 5, which shows the change 1in storage
moduli of the IPN membrane and of the corresponding
simple networks (synthesized separately), and
- in figure 6, which gives the corresponding tan o
curves {tan & = loss modulus/storage modulus) as a

35 function of temperature.

A single mechanical relaxation is observed for the IPN

memprane. The modulus of the rubbery plateau in the IPN



simple networks (synthesized separately), and in figure 6, which gives the corresponding tan 8 curves
(tan 8 = loss modulus/storage modulus) as a 35function of temperature. WO 2010/128242- 20

PCT/FRZOlO/%?gE%Q—J[(&ﬁW js very close to ghazt f the simple T\]E%ES}I %f@@}cﬂg%ork (0.6

MPa). Thus, th network forms a continuous phase in the IPN membrane, w isn
agreement with the quite hi%ah value of the 5 anionic conductivity, measured for this membrane as

being equal to 10-3%5.cHEE at ambient TEriperatf&Sit cai be tedbicedfrom thE thefriBrtéthanical
analysis resultsthattheiPESDMAEANT PECH networks isterpiénre- .10 tratescorrettly, siidétthe curve of

tan 8 as a functipn-Qfdemperatiee exhibifs @ single.meghanicalirelaxgtion; sharaetgrzgd by a single
intermediate peajﬂkﬁositioned between the two Vp,e%gs ci?served for Eﬁg of thi‘corresiﬁoq?ing simple
networks. 15 EXatipla 8 sehed 8F N Atiwdrks Basdd ofiErossli ECH%hdOn polethylene
glycol diméthaciylate(PEGOMAUMA 207260 gMesE1) &dhrepared tin ke mannaraiescribéd in
example 7, by vagying theycrosstinked PEEH-eohtent fegm 10:10 208mpy weight(= 90 to 71% of
PEGDMA). All these membranes have a satisfactory mechanical 25 strength which makes it possible
to handle them easily, and it is possible to position them on the electrode according to example 4

(composite electiod€AY. Hifve V& 4§ GssenmBly eXtibits RVary RigH polaf2dtioR ik of8éfto decrease
this polarizationy & 45 30 ecessaryinas@ aInembrang selatien placed-heiweemthereleasede and the

IPN membrane A study of the stability of composite gleciiodg A thug psepared, similag to that

described in example 6, shows that this composite electrode A has a stability curve identical 35 to that
of an electrode MHodiERFHA BHEG0% PECH BABCOMBMbrafE (il i éxammie B2 £+ on

characterized by a single intermediate peak positioned
between the two peaks observed for ezach of the
corresponding simple netwerks.

15
Example 8

A series of IPN networks based on crosslinked PECH and
on polyethylene glycol dimethacrylate (PEGDMA - Mn =

20 750 g.mol™l} is prepared, in the manner described in
example 7, by varying the crosslinked PECH content from
10 to 29% by weight (= 80 to 71% of PEGDMA).

All these membranes have a satisfactory mechanical
25 strength which makes it possible to handle them easily,
and it 1s possible to position them on the electrode
according to example 4 {composite electrode A).
However, this assembly exhibits a wvery high polariza-
tion. In order to decrease this pclarization, it is
30 necessary to use a membrane solution placed bhetween 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 stability curve identical
35 to that of an electrode modified with a 100% PECH-DABCO

membrane {{(iil} in example 6).



WO 2010/128242- 21 -PCT/FR2010/050846 Example 9 Influence of the molecular weight of the
component (cd) 5 IPN membranes are prepared, in the manner described in example 8, using, in

place of the P%@M&%&?@%ﬁ to 750 g.mol-1, a PEGDMA of MB%%?‘%%%@E&E?@ and to 550

g.morl. The decréase in At “Mass of the PEGDMA Tnakes it possi ﬁsity of
cross- 10 linking of the corresponding network. The membranes are then more rigid and their degree
of swelling in litEATRyEroXide decreases. However, these modifications did not make it possible to
increase the lifetime of a composite electrode A containing such a membrane. 15 WO 2010/128242-

22 “PCTIFR2010/050R46 CLAMS . Apelog fr preoagng ananian-exshange polypiey materia
having an interpenetratinig po - = work
(semi-IPN) structure, said method comprising the following successive steps: (A) preparing a
homogenebus reaitioresslution sompeising sinaar suitablenorghric setveat; 10¢a)catieast one organic

polymer bearing teagtive halogenated groups: » [b) gkleagionastertialy diamines o, (0) at least one
monomer compsing;an ethylenic uieaieation polymerzable by fragpadical 1spolymerization, and

550 g.mol™'. The decrease in molar mass of the PEGDMA

makes it possible to increase the density of cross-

10 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 it possible to increase the lifetime of a

composite electrode A containing such a membrane.
15



(d) optionally, at least one crosslinking agent comprising at least two ethylenic unsaturations
polymerizable by free-radical polymerization, and 20(e) at least one free-radical polymerization

initiator, (B) heaji ﬁlf snluti repared in step (A) fo a temperat r i at are
sufficient to allglvtcvBn l:% g &%%e%q%%ilic 25 substitutic;Agnireaction betwlé%%@c%gn%gr?'egnzs@%gga%% (b) and a
free-radical copolymerization reaction of components ﬁ% and optionally (d), initiated by component (e).
30 2.The method as claimed in claim 1, charactefiZéd itPthat the reaction solution prepared in step (A)

also comprises a tertiary monoamine (component (b")). 35 3.The method as claimed in claim 1 or 2,

charac- terized4n thatz&hem@gﬁe@_peéyfnefgpsgmﬁ%acgﬁe %l%@ﬂ%%@i%%%& i?eh%@&from
homopolymers and copolymers with a polyether backbone. WO 2010/128242- 2

-PCT/FR2010/050846 4 "He"frethod &8 daifiBd imtiant s SharacenZedtin tWalthe Siganic polymer
bearingredttive halogewated ¢rbtdds iscochosemfrofrgpichlerohyden Homopolypiess anteéopolymers. 5
5. The method as claimpedin aryqne pihe precading caimscharactenized indhaithe terfary diamine

is chosen from the grotugecopgisfig‘gi%‘ q’feté%-c r([)ggh i%réedsiatrgyseg1,4-diazobicyc|o[2,2,2Ioctane,
(A} preparing a homogeneous reaction solution
comprising, in a suitable ocrganic solvent,
10 {a) at least one organic polymer bearing reactive
halcgenated groups,
(b} at least one tertiary diamine,
(c) at least one monomer comprising an ethylenic
unsaturation polymerizable by free-radical
15 polymerization, and
{(d}y optionally, at least one crosslinking agent
comprisging at least two ethylenic unsatura-
tions ©polymerizable by free-radical poly-
merization, and
20 (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
sufficient to allow Dboth a nucleophilic
25 substitution reaction between components (a)
and (b)) and a free-radical copolymerization
reaction of components (¢} and optionally

{d), initiated by component ().

30 2. The method as claimed in claim 1, characterized in
that the reaction solution prepared in step (A)

alsc comprises a tertiary monocamine (component

(b')).

35 3. The method as claimed in claim 1 or 2, charac~
terized in that the organic polymer bearing reac-
tive halogenated groups 1s chosen from homo-
polymers and copolymers with a polyether backbone.



10N-methylimidazole, bipyridine, diimidazoline and mixtures thereof. 6. The method as claimed in
claim 2, characterized in that the tertiary monoamine is chosen from the 15group consisting of

triethanolaminewg)ui%cilgi}rlez ér}uclidinol and mixtlérgs thereof. 7;%1(‘@?&??%#0?%@(%%@%%

of the preceding claims, charac

fized in that the he&ting tempera-

in any one

tween 30

and 130C, preferably between 35 and 100C and in particular between 50 and 80C. 8. The method as
claimed in any dhe of the pré&dding 288lafms EhafactsriZetiithay the HeaaRG AMidRM 6Mstep (B) is
between 1 and 24 houts; preferabily betweer 6:and 1Gbayrse 9. Thesaethnd as claimeadiircany one of

the preceding 30 claimssshayacigrizad s hemonarmer sompyisinoan eyl yasaraton i

chosen from the group, made up of C1
acrylates and methacr @Y

alkyl acrylates and methacrylates, C1_10

YIgHEPE

xyalkyl
BRE End e deTRAGVEE B8 - polyethylene glycol acrylates and

methacrylafes, vinyl acetate, N-vinylpyrrolidone, acrylonitrile, (vinylbenzyl)tri(C10 alkyl)Jammonium

chloride or bromide, trifGik-Sradlevvinyloxyearbonylalkyl, WRQ,2QL4128242x 24 sRCT-R2010/050846
ammonium chloride or bromide, aggaalIglog(gcarbogy%(r(l)1;[6‘11%@%%01 6 _alkyl)ammonium chloride or

bromide.

10

15

20

25

30

35

aims, racterize Tertiary diamine
is chosen from the group consisting of tetra-
methylenediamine, 1,4-diazobicyclo[2,2,2])octane,
N-methylimidazcle, bipyridine, diimidazocline and

mixtures thereof.

The method as claimed in claim 2, characterized in
that the tertiary moncamine 1is chosen from the
group consisting of triethanolamine, guinuclidine,

quinuclidinol and mixtures thereof.

The method as claimed in any one of the preceding
claims, characterized in that the heating tempera-
ture of step (B) 1s between 30 and 130°C, prefer-
ably between 35 and 100°C and in particular
between 50 and 80°C.

The method as claimed in any one of the preceding
claims, characterized in that the heating duration
of step (B) 1s between 1 and 24 hours, preferably
between ¢ and 16 hours.

The method as claimed in any one of the preceding
claims, characterized in that the monomer
comprising an ethylenic unsaturation is chosen
from the group made up of Cjp alkyl acrylates and
methacrylates, Cii¢ hydroxyalkyl acrylates and
methacrylates, styrene and its derivatives,
polyethylene glycol acrylates and methacrylates,
vinyl acetate, N-vinylpyrrelidone, acrylonitrile,
(vinylbenzyl)tri{Ci_s alkyl)ammonium chloride or

bromide, trii{Cqi g alkyl)vinyloxycarbonylalkyl-



5 10. The method as claimed in any one of the preceding claims, characterized in that the crosslinking
agent comprising at least two ethylenic unsaturations is chosen from divinylbenzene, ethylene glycol

di(meth)acrylat oxide) glycol di(meth)acrylate and bisphenol A dj(meth)acrylate.
11The method ‘gvgpc alnjeiqu)l#ﬁzr.geﬁé%ne of claims 1-8, ¢Haracterized |n%ﬁ§};ﬁﬁ8&96)r§§?5 d (d) are

15 replaced with or combined with an organic polymer comprising at least two groups comprising a
polymerizable double 58HtPIeofiponent @t} prefetably et the @Ad of the brganic polymer. 20
12. An anion-exchange polysagrimateriakhaving apinterpensirating sehwnernetwark-FR N or
semi-interpenetratingpglymernetwark(semi-TEN) structure that can be obtained by means of the
25method as claimed in any one of the preceding claims. 13. A composite air electrode, made up of an
air electrode and an anion-conducting TEN material or 30semi-IPN material polymerized in situ at the
surface of the airelectitide. 14t Theconsposite iaietecirode agclaineedirt claim 18 reharadtesized in that
the IPN or semi- 35 IRN material extends.into- a-past of;the pargys network of the, ﬂrrg@%ode and

penetrates this porous network to a depth at most equal to 5%,
agent comﬂ%lslng at least

two ethylenic
unsaturations is chosen from divinylbenzens,
ethylene glycol di{meth)acrylate, poly{ethylene
10 oxide) glycol di(meth)acrylate and bisphenol A

di(meth}acrylate.

11. The methoed asg claimed in any one of claims 1-8,
characterized in that components {c¢) and (d) are
15 replaced with or combined with an organic polymer
comprising at least two groups comprising a
polymerizable double bond (component (ed) ),
preferably located at the end of the organic
polymer.
20
12. An anion-exchange polymer material having an
interpenetrating polymer network (IPN) or semi-
interpenetrating polymer network (semi-TPN)
structure that can be obitained by means of the
25 method as claimed in any one of the preceding
claims.

13. A composite air electrode, made up of an air

electrode and an anion-conducting IPN material or

30 semi-IPN material polymerized in situ at the
surface of the air electrode.

14, The composite air electrode as claimed in
claim 13, characterized in that the IPN or semi-

35 IPN material extends into a part of the porous
network of the air electrode and penetrates this

porous network to a depth at most equal to 5%,



WO 2010/128242- 25 -PCT/FR2010/050846 preferably at most equal to 2% of the total depth of the air
electrode.  15. The use of an anion-exchange polymer material as 5claimed in claim 12, as a solid

electrolyte in a&glqé%?f?g?a&gevice, preferably in an alkaline fugl-Ge/s{Jg £§ {%55@4‘%‘ cell or
alkaline fuel ¢

battery.  16. An ell, comprising a cathode, an 10 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 inBrBeReratng polyMer ﬁet%%?l?%ypgoasechair%gd?r% (e:la)ilcn? ‘iilg TV "The alkaline
fuel cell as claimed incfai 6, acharacterizedifethat the cathode is an air electrode. 20 18. An
air-metal cell or battery containing an air electrode, a second electrode of opposite to the air electrode

and a liquid eI_ei:[.frh(-)lytef:g gsed on a oncentg%tfgnq Lueous 3%%;%?) 9{6 %Iggli mg;vaé ]Euyg&oxigg,

characterized in thHat the a[r%?e%tr‘g e 25 is covered, over at least a part of its surface, preferably over
its entire sBrface, in cedtaémmith te Iighid BlettolyisS with 8Polyméer faterl ¥slatfedh claim 12.

electrochemical device, preferably in an alkaline

fuel cell or in an air-metal cell or battery.

16. An alkaline fuel cell, comprising a cathode, an
10 anode and a solid electrolyte placed between the
anode 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.
15
17. The alkaline fuel cell as claimed in claim 16,
characterized in that the cathode 1s an air

elactrode.

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

material as claimed in claim 12.



