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General Introduction






Electric vehicles show great promise in terms of petro dependence reduction and of
greenhouse-gas emission decrease. Today, the comhzation of such vehicles is
limited, essentially due to its low driving-distancange and to insufficient recharge
infrastructures. The autonomy of electric vehickedimited by the specific energy (or
power to weight ratio) of batteries. The currerttdérées have a low energy density, their
cost is high, and their lifetime is uncertain. Rebge concerns about their safety,
depending on the chemistry and specific energye ladso arisen. The battery currently
developed for electric vehicles is the lithium-ibattery. Recently, the Tesla Model S
surpassed the 400 km driving range with an 85 kWb battery. However, this
battery contributes at least for US$ 25000 to thkisle price: Although this cost is
likely to decrease, through continued advances eichriology and reductions in
manufacturing costs via increased production voluimestill represents the most
expensive part of the vehicdledowever, the relatively low energy density of tkiad

of battery forces a limited driving range of electrehicles.

On the opposite of lithium-ion battery, metal-aatteries have the advantage of having
a positive electrode (the air electrode) with inéncapacity since the active material,
the oxygen, is taken from the surrounding air. Enestteries are of special interest due
to their high theoretical specific energy (Figure Among metal-air batteries, the
lithium-air battery has the highest theoretical csfpe energy (more than 10000
Wh/kg)* This high specific energy can lead to a signiftsaincrease in the driving
range of electric vehicles at a lower cost, andinalectric vehicles to exceed 500 km

of autonomy?

12000 u Theoretical specific energy (Wh/kg)

10000
® Practical specific energy (Wh/kg)

8000
6000
4000

2000 —
Q> 3
é\\0

0 L
N3 & $ $
RN

Figure 1: Theoretical and practical energy dersitievarious types of rechargeable battéries



The aqueous lithium-air battery consists of a dithimetal anode protected from the
electrolyte by a water stable and lithium ion cactthg ceramic. The cathode, where
the oxygen reduction takes place, is a carbon autrelde fed with ambient air. The

electrolyte is aqueous saturated LiOH solution (Fed2):

Metallic lithium

Air
O, (+C0O5 )
VWater resistant OH-
Li* conducting
ceramic ;
LiOH
saturated
solution «—— Air electrode

Anode Cathode

Lijnetsy === Li*+e 0,+2H,0+ +4e- = 40H-

Figure 2: Scheme of the aqueous lithium-air battery

However, technical barriers persist for the devedept of such a battery operating in
ambient air. For example, air electrodes show atdidnilifetime in the alkaline
electrolyte that is necessary for its operationisTia mainly caused by the reaction
between carbon dioxide from atmospheric air and lthaid alkaline electrolyte
(saturated LiOH) leading to lithium carbonate fotima The precipitation of this
carbonate inside the air electrode porosity impedggen diffusion, necessary for the
electrochemical reaction. As a result, the rescdaof the system increases during

operation, and a loss of stability is observedrafteew hours of operation.

The most common way to avoid the negative effectarbon dioxide is simply to
remove it by using commercial GQ@ir scrubbers, or by feeding the battery with pure
oxygen. But this strategy reduces the interest efafrair battery systems due to the
increment in total weight. Under atmospheric aipo#ential solution to ensure a better
electrochemical stability of the air electrode lkadine environment is to protect it with
a polymer membrane placed in the electrolyte Sities polyelectrolyte membrane must
ensure the hydroxide conduction from the electrotgteat the air electrode for the
electrochemical reactions and it must also pretrentransport of cationic species from
the electrolyte towards the electrode to avoidcdrdonate formation.
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This work carried out in thd.aboratoire de Physicochimie des Polymeéres et des
Interfaces (LPPlI — EA2528) ofUniversité de Cergy-Pontoisés part of the LiO2
project, financed by the ANR STOCK-E program. Thi®ject is directed by EDF
R&D, and combines, in addition to the LPPI, differgartners with complementary

competences:

— Renault (France) assesses of the technical conijpatid the project developments

with the electric vehicle application.

- LRCS (Amiens), ICMCB-ENSCBP (Bordeaux), CTlI and QIRRT (Toulouse)
study the cyclability of the metallic lithium anqgdée interphase between metallic
lithium and protective ceramic membrane, and ssitleeLi’ conductive-water

resistant ceramic membrane.

— Solvay (Bollate, Italy) synthesizes fluorinated@mc polymer membranes for air
electrode protection and supplies fluorinated monsnier the synthesis of semi-
IPNs and IPNs in collaboration with the LPPI.

The objective of the LiO2 project, after a succels&fyear project (LiO), is to improve
the performance of the lithium-air system, towaaidsew battery for an electric vehicle
with very high autonomy. To achieve this, the Li@®ject aims to increase the current
density of 50 mA/crhand the number of cycles to over a hundred. Atethe of the
project, the progress will be shown on a module isting of 5 cells using ambient air
with the following characteristics:

— Electrolyte: saturated (5 M) LIiOH
- 2Ah, 15V, 30 Wh

- 200 mAh/cnf, 10 cnf

— 100 cycles

The objective of this thesis, as part of the LiO@jgct, is to develop a polymer
membrane to be placed in the electrolyte side efdin electrode. As required for the
LiO2 project, the air electrode must operate inlingcof discharge and rest. As a
reference, an unprotected air electrode is staidieruthese conditions only few hours.
This membrane must prevent the precipitation oblutsle salts in the electrode during
its operatiorT. For this purpose, interpenetrating polymer netwdtlPN) combining an

anion conductive polymer network, and a neutraymper network, will be developed.

3



The ionic (positively charged) network allows thenduction of anions while
preventing the passage of cations. The neutral arktwill limit the swelling of the
membrane and will increase its mechanical and atedmesistances. The air-electrode

modified by the different polymer membranes willdiaracterized in half-cell.

In the first chapter, we will discuss the metaldaattery technology and its technical
limitations. We will continue by identifying thentfiitations of the air electrode, and the
solutions to increase its stability, or life-time alkaline medium. Particular attention

will be given to the identification of polymer menabes stable in alkaline medium.

The second chapter will describe the electrochdnpoaperties of the air electrode
chosen in this work. Then the synthesis and op#trom of an anion conductive
polymer network based on poly(epichlorohydrin) (FB®@ill be presented. Finally, the

protection of the air electrode by this membranilva analyzed.

In the third chapter, the former hydrogenated pelyteolyte single network will be
associated with a neutral hydrogenated networknfarpenetrating polymer network
architecture in different proportions. The phystwemical properties of these IPNs, and

the electrochemical properties of the electrodeifiembwith them will be quantified.

The fourth chapter will describe the associatiorthef PECH polyelectrolyte network
with a fluorinated network again in IPN architeetur As previously, the
physicochemical properties of these original IP&s,well as the properties of the air

electrode modified with them will be evaluated.

1 Burns, J. C.; Kassam, A.; Sinha, N. N.; DownieEL, Solnickova, L.; Way, B. M;
Dahn, J. RJ. Electrochem. So2013 160, A1451-A1456.

2 National Research Council of the National Acaden@vercoming Barriers to
Electric-Vehicle Deployment: Interim ReporThe National Academies Press:
Washington, D.C.2013

3 Stevens, P.; Toussaint, G.; Caillon, G.; ViaudMmatier, P.; Cantau, C.; Fichet, O.;
Sarrazin, C.; Mallouki, MECS Transaction201Q 28, 1-12.

4 Lee, J.-S.; Tai Kim, S.; Cao, R.; Choi, N.-S.; LM, Lee, K. T.; Cho, JAdv. Energy
Mater.2011 1, 34-50.

5 Merle, G.; Wessling, M.; Nijmeijer, Klournal of Membrane Scien@®11 377, 1-
35.



Chapter I: Literature Review






Batteries are devices that convert chemical enérgy Gibbs free energy of electrochemical
redox reactions at the electrodes) into electecargy and vice versa. They are composed of
two electrodes with different chemical potentiaéparated by the electrolyte. When these
electrodes are connected, electrons spontanedosglyfiom the more negative to the more
positive potential. Electrical energy can be extddy the external circuit by connecting an
electrical device represented by the cross in Eigurl Simultaneously, ions are transported

through the electrolyte to maintain the charge mzda

O.;

ZnS O,-solution CuS O,-solution
electrolyte electrolyte
Se paralor

Electrolyte
Separator

Anode Cathode

Figure | - 1: Scheme of a battery (Daniell cell)

Batteries have a limited amount of chemical redstaantained within a closed space. In non-
rechargeable batteries (primary batteries), thiereattion is irreversible. On the other side, in
rechargeable batteries (secondary batteries), theeeetion can be reversed using electric
energy, because the electrode reactions are gineeslersible’ The Ni-metal hybrid

batteries are the most common secondary systems.

Rechargeable batteries are of interest as a powrces for electric and hybrid electric

vehicles. They can be used’as

a. Energy storage devices that deliver additional gnem demand to a prime energy
source (as by a fuel cell or by a combustion engjirie/brid systems). They are charged

by the primary source when not used.

b. Discharged system (similar in use to a primarydsgjtwhich is then recharged, either
directly in the equipment in which it is included separately. Most consumer
electronics, electric-vehicle, and some stationbattery applications are in this

category.

Typical characteristics and applications of secontiatteries are summarized in Table | - 1



Table | - 1: Battery chemistries, adapted from Anchand Tarascén

Bt";t Ft)eery Features Applications Environmental impact
Lead-acid Poor energy density, Large-scale, Limited: cyclability, Lead
moderate power, low cost start-up power, toxicity
stationary Efficiently recycled
Ni-Cd Low voltage, moderate  Portable, large- High. Nickel not “green”,
Ni-Metal energy density, high powerscale toxic
Hybrid density Recyclable
Lithium ion High density, high power Portable, large Use of cobalt (low
and cyclability scale availability), but begins to
Electric be replaced by manganese
vehicles and iron

Recycling possible but
highly energy-demanding

The lead-acid battery was developed in 1859 byt&laln is still the most widely used battery
for the functioning of combustion engine. The pdgiate nickel-cadmium battery has been
manufactured since 199and was used primarily for heavy-duty industrigplications. The
sintered-plate design, which allowed increasingpbeer capacity and energy density of this
system, opened the market for aircraft engine istarand communications applications
during the 1950s. Finally, the development of thaled nickel-cadmium battery led to its
widespread use in portable and other applicatioAs with the primary battery systems,
significant performance improvements have been mdtlethe secondary battery systems,
and newer types, such as the silver-zinc and nivikef, nickel-hydrogefy and lithium iort°
batteries have been introduced into commercial Uibeis, the dominance of the nickel-
cadmium technology in the portable rechargeabl&ketdras been supplanted by nickel-metal
hydride in 1990 and more recently by lithium-ionttbey, which provides higher specific
energy and energy density. This last, invented bgySat the end of the years 198
exchanges the Liion between the graphite (0s) anode and a layered-oxide {LiT™O,)
cathode (Y = Co, Ni, Mn). Although its high cost, it is nowe most widely used battery
system in portable applications and in electric olelsi®



General battery performance can be described by:

= the electrochemical equivalent of the metal whgthe weight, in grams, produced or
consumed by one coulomb of electric charge (org),Aand can also be expressed in
Ah/g (1 Ah = 3600 C),

= the cell voltage which is the electrical potentiéference (in volts) between the two

electrodes of an electrochemical cell,

= the specific energy of a cell which is the amourglectrical energy stored per weight

unit, typically expressed as Wh/kg.

In summary, Figure | - 2 illustrates the performarm@nds of rechargeable batteries for

portable applications.
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Figure | - 2: Specific energy (Wh/kg) of portab&hargeablbatterie%

The specific energy of portable rechargeable nickeéimium batteries has not improved
significantly in the past decade. Through the useew hydrogen-storage alloys, improved
performance in nickel-metal hydride batteries haerb achieved and that system now

provides 80 Wh/kg. Lithium ion systems now providspecific energy of 180 Wh/Kg.

For higher specific energies, metal-air batteriegehlaeen developed. Metal-air cells are
composed of an electrolyte separating an anode rfrade pure metal and an external
cathode supplied with ambient air. Thus, the metakell specific energies are higher than
that of cell of common batteries because the ca&laative material (oxygen) is not stored in
the battery, but can be accessed from the environnide theoretical specific energy of
metal/air batteries is based only on the negatleetrede (anode or fuel electrode during

discharge) as this is the only reactant in thecbatt



1. Metal-air Batteries

Different electrolytes can be used in metal/aitdyas: solid, organic, aqueous, or the last
two separated by a conducting membrane (hybrid)adneous metal/air batteries using

neutral or alkaline electrolytes, the oxygen redunctiuring discharge may be written:

O, + 2HO + 46 =— 40H E°=0.401V -1
Simultaneously, the reaction at the negative eldetan be generalized as:

M —> M™ +ne -2
and the overall discharge reaction

AM +n0O, + TH,0 —> 4 M(OH) -3

where M is the metal and the value mfdepends on the valence change for the metal
oxidation. However, most metals are thermodynanyiaaistable in an aqueous electrolyte:
they are oxidized by the electrolyte and hydrogengénerated. This reaction must be

therefore avoided or minimized.

The main common advantages and disadvantages ofm#tal/air battery system are

summarized in Table | - 2.

Table | - 2: Main advantages and disadvantageseofrietal/air batteries (aqueous electrofyte)

Advantages Disadvantages

* High energy density » Depend on environmental conditions
(drying-out limits shelf life once opened

* Long shelf life (dry storage
g (dry ge) to air, flooding limits power output)

* Few ecological problems .
* Limited power output
* Low cost
e Capacity independent of load and
temperature (within operating range)

» Limited operating temperature range
H, from anode corrosion
» Carbonation of alkali electrolyte
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Table | - 3 lists the metals that have been consdlar metal/air batteries with several of their

electrical characteristics.

Table | - 3: Characteristics of metal/air cglls

Anode Electrochemical Theoretical cell Theoretical Practical
metal equivalent of voltage* (V) specific energy  operating voltage
metal (Ah/g) of metal (V)
(kWh/kg)
Li 3.86 34 13.0 2.4
Ca 1.34 34 4.6 2.0
Mg 2.20 3.1 6.8 12-14
Al 2.98 2.7 8.1 11-14
Zn 0.82 1.6 1.3 1.0-1.2
Fe 0.96 1.3 1.2 1.0

*Cell voltage with oxygen cathode

Among the potential candidates, zinc has receithednost attention because it is the most
electropositive metal relatively stable in agueans alkaline media. Problems of dendrite
formation, non-uniform zinc dissolution and depasiti limited solubility of the reaction

products, and unsatisfactory air electrode perfogaehave slowed progress. However, there

is a continued search for a practical systém>*"*®

As a result of the high specific capacity of thetah€3.86 Ah/g for lithium vs. 0.82 Ah/g for

zinc), a significant effort has gone into lithiunn/battery development. Considering the high
operational voltages (2.4 V), the theoretical maximenergy density based on Li metal
electrode can be over 13 kWh/kg, which is not onlycmhigher than that of any advanced
batteries but is also higher than that of fuelscéllhe Li-air battery however, has a maximum
theoretical cell energy density of 1.3 kwh/&RgThe significant reduction of cell capacity
from the specific capacity of Li metal is due te tlveight of the electrolyte and air electrode

materials.

Lithium-based batteries are thus the most promisoggther with their zinc counterpart.
Nevertheless, recent studies have shown that thialaiity of lithium could be a limitation
as there are not yet practical technologies toaektlithium from seawater, and intensive
recycling of used batteries is not achie%&tf.
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2.  Lithium-air Battery

Researchers at Lockheed proposed the use of amuwsjadékaline electrolyte for the Li-air

battery. The overall reaction for Li-air cell3&*

ALl + 2HO + @ = 4 LiOH -4
However, problems relating to low efficiency andjonssafety problems related to the side
reactions of Li with water and Hormation:

2L+ 2HO =— 2LIOH +H I-5

In addition, the presence of alkaline electrolygsults in air electrode failure due to the
formation of insoluble LICO; from the reaction of lithium hydroxide and €€

2LIOH + CQ —— LkCOs+HO I-6

These difficulties led to the abandonment of tliaaept in the 1980s until 1997 when new

electrolytes began to be studfed.

2.1. Lithium-air Battery Electrolyte
2.1.1. Anhydrous Electrolyte

In order to eliminate or minimize water presencéhi@ cell (ambient humidity can still enter
across the air electrode), one approach is to sisgemtrolyte an organic solvent in which
water solubility is minimized. By using an orgatiased® or ionic liquid-based electrolyte

solution, LbO and LpO, are produced during the global cell reactihs:
2L + 2 — LiO -7
2L + O —= LiOs -8

Because both kO and LpO, are not soluble in organic electrolyte solutiobeth oxides
precipitate in pores of the porous carbon-basdubdat The air electrode is gradually covered
by discharge products, which prevent oxygen froffusiing to the reaction sites of carbon.
Impedance of the air electrode is progressivelyeiased and the cell life is limited.

The aprotic electrolyte solution has advantageaweha high dielectric constant to minimize
ion pairing, a low viscosity to maximize specifiontiuctivity and to minimize water
solubility while maximizing oxygen solubility. In9D6, Abraham and Jiaffgproposed a
mixture of polyacrylonitrile, ethylene carbonateropylene carbonate and LiPFas
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electrolyte. With an operating voltage of 2.9 - ¥,1a specific energy between 250 and 350
Wh/kg and a maximum capacity of 1.41 Ah/g were inletd. Read® employed liquid aprotic
organic solvents as electrolyte solution and ole@if.91 Ah/g. Kuboki et &f obtained a

maximum of 5.36 Ah/g with ionic liquid electrolyte.

Zhang et af' assembled Li-air batteries based on non-aque@asr@lytes (1 M LiTFSI in
propylene carbonate/ethylene carbonate and 1,2tdoxgethane). However, a porous PTFE
membrane was placed airside of the air-electrodle & an oxygen-diffusion membrane and
as a moisture barrier. This membrane can also nriithhe evaporation of the electrolyte.
These Li/air batteries were operated more than ooethmwith a specific energy of 362
Wh/kg under ambient conditions. The authors fourad only 20 % of the pore volume of the

air electrode was occupied by reaction products discharge.

Crowther et af? proposed an organic-based Li-air cell in which €lective membranes
based on hydrophobic silicone rubbers (polysiloxamethacrylate copolymer and a
commercial silicone, Semicosil 964), associatedsigie- of the air-electrode (Figure | - 3).
The membranes exhibit high oxygen permeability angede water transport from the

atmosphere into the cell and solvent loss front#ikinto the atmosphere.

Figure | - 3: Protected air electrode in Li-airl&el

These cells show lower specific capacity in airedative humidity between 15 and 43 %
compared to cells discharged in pure oxygen. Tealue to the lower partial pressure of
oxygen, which results in higher overpotentialshat ¢athode, and to the precipitation ofQLi
and LpO; into the cathode.
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While literature on organic Li-air batteries suggebat it will be able to provide rechargeable
batteries with higher gravimetric energy densitiesn those currently available, the above
mentioned challenges still have to be overcome.

2.1.2. Agueous Electrolyte

Despite the fact that the theoretical specific gigefor the Li-air cell in aqueous electrolyte
solutions is lower than in organic soluticfiqueous-based systems represent an interesting
alternative approach for long operational life. dad, the reaction products of oxygen
reduction are generally very soluble in aqueoustswis. Moreover, the operational life times
of these agueous systems are “anode-limited” depgngbon the amount of metallic Li used.
In addition, the aqueous Li-air cells have “nominpbtentials (i.e., practical operating

voltage) of around 3.0 to 3.3 V instead of 2.6 to 2f6Mhe non-aqueous analog.

In accordance with the conclusions drawn from tbrener experiements on aqueous-based
Li-air cell, the key problem to be addressed inedeping an aqueous-based Li-air cell is the
complete elimination of the reaction between maetdithium and water. To protect the
lithium anode from reacting with water, a waters$ali*-conducting solid-state plate or

“membrane” must be placed on the lithium anodeshasvn schematically in Figure | - 4.

Air electrode
Lithium .
Saturated LiOH Oxygen evolution
electrode
Lithium ion
conducting glass film

Figure | - 4: Schema of the aqueous Li-airZell

Wang and Zhotf presented a non-rechargeable aqueous Li-air Batrewhich the metallic
lithium is separated from the alkaline aqueoustelbde by a super-ionic conductor glass
membrane (LiISICON). The authors reported a maxim@Bs00 h continuous discharge at 0.5
mA/cny current density.
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This result shows that agueous Li—air batterieschegnical power sources potentially viable
with high energy density. However, they are cutgent the initial stages of development.
The lithium anode is still the limiting part of thmttery. On the other hand, technological

barriers coming from carbonate precipitation indireelectrode must also be solved.

2.2. The Air Electrode

Standard air electrodes, such as those developetkdme fuel cells or zinc-air batteries, are
designed to work as oxygen reduction electrodey.omdeed, the catalyst and carbon
materials would be subjected to corrosion at higtemptial during charging process, which
causes mechanical breakdown of the fragile portsustare and subsequent electrode failure.
Typical air electrodes are composed of a mixturecafbon black, catalyst and Teffon
(PTFE) binder, supported on a porous hydropholnc. fThe current is collected by a metal
mesh embedded in the catalyst/Teflomatrix. Under operating conditions, the catalyst
particles form porous (and electronically condugtiragglomerates that are filled with
electrolyte. The binder which holds together thialgat layer creates hydrophobic channels
for gas diffusiort>3®as shown in Figure | - 5.

0, (Air)

T

Hit } Gas Diffusion Layer

} Catalyst Layer
Electrolyte

Air Air Air

-

. g Activated Carbon
Catalyst

Pore Structure
(Macro-, Meso-, Micro-)

Electrolyte

1120, + H,0 + 2¢ - 20H-

Figure | - 5: Scheme of the cathode in metal-aitebies, adapted from Eom et®al.

The electrocatalytic oxygen reaction occurs atraefphase contact zone between air, liquid
electrolyte and solid catalyst (even though oxygeay also dissolve in the electrolyte), as
schematically shown in Figure | - 6. This threegehanterface must not be flooded by the
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electrolyte, which would exclude the gas. Thus, Haance between hydrophobic and
hydrophilic properties is significantly importantrfair electrodes used in agueous metal-air

batteries’’ 38

a)
Catalyst (carbon) —

=— Electrolyte

Gas phase —= _
OH

0,

Figure | - 6: Scheme of the three-phase zone miraglectrod®

The reduction of © at carbon based solid electrodes has been a mac of
researclf**2*3Research in electrode modifications and new eleatalysts is continuous

and has permitted to decrease the electrode pdlariznd to increase its efficien&y.

The mechanism of Oreduction to H@ on carbon in alkaline solution has been examined

several times, but clear agreement on the stepévied has not emergéd?>*®*"However, it

is accepted that a first reduction step (to peroxagejrs?> #4849

Oz(g) +2e + HO —> HGOG + OH(aq) -9
Followed by the disproportionation of HQo H,O by the catalyst®4%°0>1:52:53
HO, + HO + 26 — 3 OH [-10

To obtain the overall reaction:

O, +2HO +4é —> 40H -11

2.3. Polarization Curves

The voltage of a metal/air battery drops with iagiag current. Figure | - 7 shows a typical

voltage-current (E vs. I) discharge curve for &, @ld the different causes of the polarization.
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Figure | - 7: Typical polarization curve for a fugdll: voltage drops due to (i) surface reaction
kinetics, (i) electrolyte resistance, (iii) reantgproduct diffusion ratés

At low currents, the performance of a fuel celdl@minated by energy losses associated with
the electrode reactions. This corresponds to theation energy of the electrochemical

reaction, and takes the form:
7’Iact=a+b|n i 1-12

wherenae (MV) is activation polarizatiora andb are constants, aridmA/cnt) the current
density. Activation polarization is associated wilcle electrode independently and

Hact = Nact(anode)t Hact(cathode) 1-13

At intermediate currents, ohmic polarizatiogh) represents the addition of all ohmic losses,
including electronic impedances through electroadesitacts, current collectors and ionic

impedance through the electrolyte. These lossé&sAfdDhm’s law:
Hohm = IR I-14
whereR is the overall resistance of the cell.

Polarization observed at higher currents represer@senergy losses associated with mass
transport effects (limiting diffusion processeshe$e losses are due to reactants not being
able to reach the electrocatalytic sites. Typicatlyygen cannot reach the electrocatalytic

sites when the cathode is flooded by liquid watert ions can also cause mass-transfer

limitations*’
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2.4. Limitations of Lithium-air Batteries

The capacity of the lithium-air battery is currgniiimited by the anode and the method for
storage of reaction products. However, the perfoonaas also affected by electrolyte leaking,
electrode flooding and electrolyte carbonation.

2.4.1. Electrolyte Leaking

As the cell is open to air, water vapor can bediemed outside due to the difference in
partial vapor pressure between the electrolyte tardsurrounding environment. Water loss
increases the electrolyte concentration and leadsying out and premature failure. Leaking
can cause flooding of the air electrode pores dubke inability of the air to reach the reaction
sites>”

In aqueous KOH electrolyte, the leaking of the wtdgte through the electrodes was
described as the result of physical damage to l¢wrede. Rolla et af suggested that this
was caused by the precipitation of potassium barsates § = 2.17 g/cr) in the electrode
pores, followed by the decrease of the precipitatieime caused by recrystallization into
potassium carbonaté € 2.42 g/cm).

2.4.2. Electrode Flooding

Gouérec et al’° demonstrated that for an air electrode, over @152000 h working period
(KOH electrolyte), the degradation of the perforigeumns due to a slow and constant physical
flooding (Figure | - 8).

I 1 P DI S TIXHC MRS TS
L L J

Gas diffusion layer —

Carbon

Liquid electrolyte —1

Figure | - 8: Schematic view of electrolyte filliiig (a) flooded cathode, (b) dry cathode, and (c)
wetted cathodé
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The flooding of the electrode restricts the @iffusion because Omobility is lower in a
liquid. Therefore, the kinetics of the system isvsland limits the electrode capacity. The
flooding could be due to imperfections in the webtgding coating. Several strategies have
been evaluated to stop, or to reduce, the rateooflithg. One of these strategies is the
modification of the operating procedure of the éattto minimise the time during which a
module is inoperative but in contact with the elelgte. Alternative is to use a more
hydrophobic carbons, to optimize of the PTFE qugndéihd the heat treatments of the

intermediates or the finished electrodes.

2.4.3. Electrolyte Carbonation

The CQ contained naturally in air (300 - 350 ppm) wasntifeed® as the principal factor
determining the ageing of air electrodes if the iseled with untreated air. An increase in air
humidity as well as electrode porosity was foundetard this phenomenon. This electrolyte
carbonation and carbonate precipitation were resipten for the loss of performarie
Indeed, on contact with GOthe alkaline electrolyte reacts to form the cgpending
carbonate, reducing the OHoncentration (eq. 1-6). If a significant reductiam the
concentration of OHions occurs, one observes a reduction in the doonuctivity of the
electrolyte (carbonates are less conductive tharctinresponding hydroxides), as well as an
increase of the electrolyte viscosity. This alssufts in interference with electrode kinetics

and diffusion properties.

The carbonate precipitation may block gases pardgfaus limit the gas diffusion inside the
catalytic layer to the active sites, and can alaase mechanical damage and decrease
electrode performanc@. Lithium hydroxide and lithium carbonate have a tmuower
solubility than the corresponding potassium sdl&5(g/L and 13 g/L vs. 1210 g/L and 1110
g/L, respectively}® Thus the carbonate precipitation is a criticalypem in the case of LiOH

electrolyte.

2.5. Conclusion

In summary, the main cause for the decreasing pedice of the air electrode in the aqueous
lithium-air battery is the precipitation of lithiumarbonate in the porous structure. This
carbonation is observed when untreated air feeglgléctrode. The use of pure oxygen, or air

scrubbers as feed to eliminate the presence of @@its the application of the cell for
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vehicle propulsion, due to the increase of theesystotal weight. As we will see next, in an
aqueous electrolyte cell the use of a polymer mamdbto separate the air-electrode from the

electrolyte can reduce the negative effects 0§.CO

3. Air-Electrode Protection by Anion Exchange Membrane (AEM)

The protecting membrane must be a solid polymetrelgte (SPE) that ensures the required
hydroxide conduction for the electrochemical reattiperformed at the air electrode and also
prevents the transport of cationic species, (Ki*, etc.) from the electrolyte towards the
electrode to avoid the carbonate formation (Figur®). The cationic charge of the SPE will
prevent or limit the passage of these cations.h&scations in the liquid electrolyte will not
reach the pores of the electrode, the carbonatagetbby the reaction of Ohivith CO, will

be no more observed inside. In addition, leakageelettrolyte can be reduced. Thus,

employing an anion exchange membrane (AEM) shdold down performance degradation

with time.
le
n
n
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+ -
Ambient air : MHOOH
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Figure | - 9: Structure of an air electrode pratedrom the electrolyte with a SPE

Few studies have been carried out on the air eldetprotection by an anionic polymer
membrane. However, due to the similarity betweendperating principles of alkaline fuel
cells (AFC) and metal/air batteries, most of examplreported below concern the
developments in AFC. Indeed, development of an A&Sed on anion-conducting polymer

electrolytes to replace the hydroxide solution iesn particularly studietf:°°-6%62

In addition to its ion selectivity, the air eleale modified by a polymer membrane has to

attain performances close to those obtained withadified electrode. On one hand, anion
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exchange membranes (AEM) require adequate eleemaichl properties such as ionic

conductivity which must be high enough1 mS/cm) to support a large current with minimal
resistive losses. It can be improved by increashey amount of charges groups in the
membrane. However, an increase in ionic chargellysoauses a loss of the mechanical
resistance due to an excessive water uptake. Oatllee hand, the selection of the cationic
group is crucial since it will influence the cheatistability of the membrane. Indeed, AEM
can suffer of a poor chemical stability in alkalimedia due to the hydroxide attack on the
cationic group. This degradation generally indumesmportant loss in the number of anionic
exchange groups, and leads to a decrease of tliedonductivity. Therefore, the different

properties required for the AEMs are now descrilmedetail and then the different cationic
groups and their properties are listed.

3.1. Hydroxide Transport for Conductivity

The first role of the protecting membrane is todwut hydroxide ions. Due to its early stage
of development, the fundamental studies on thedxyde transport through membranes are
not abundant in the literature and debates on Xaetdransport mechanism are always in
progresd’. Available data on proton transport in proton exufe membranes (PEM) are

usually employed to describe the different typebyafroxide transport®

Proton transport mechanisms include combinationsthef Grotthuss mechanism, mass
diffusion, migration, surface site hopping, and \extive processeé:®>®° |t has been also

experimentally observed that the proton condugtidiégpends on environmental conditions,
such as temperature, relative humidity and preSukéhoughanion conductivity is several

times smaller than proton conductivity in Nafforsimilar dependency on relative humidity
and temperature has been observed. Based on thegaries, it was assumed that
hydroxide transport mechanisms in the AEM couldabalogous to that of the transport of

protons in proton exchange membréfiesd they are schematized in Figure | - 10.
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Figure | - 10: Scheme of different hydroxide tram$pnechanisms in an AEM, from Grew and Chiu

The Grotthuss mechanism, diffusion, migration, aoedvection are considered to be the
dominant transport mechanisfis’ According to the Grotthuss mechanism, hydroxide
diffuses through the hydrogen-bonded network of ewatmolecules through the
formation/cleavage of covalent boAtisDiffusive and migration transports occur in the
presence of a concentration and/or electrical piailegradient. Convective transport appears
because hydroxides moving through the membrane wetgr molecules with them, thus
generating a convective flow of water moleculesf&e site hopping of hydroxide anions is
considered as secondary because the water intatactgyly with the fixed charges of the

membrane, and limits interaction of hydroxide wilibse groups?

Hibbs et af’ explored the transport properties of different AEMased on polysulfone with

different degree of functionalization. The effeofsthe ionic exchange capacity (IEC - the
number of moles of cationic groups per gram of goglymer) on water uptake, ion

conductivity, effective water self-diffusion coefient, and pressure-driven water
permeability have been studied. Although the siféision coefficient of free-water is greater
in AEMs than in PEMs, the ion conductivity and @@®-driven water permeability were
lower in AEM than in PEMs. The authors suggest tied is an effect of the different

morphologies. The ionic groups in the PEMs form gghaeparated domains, which can
promote high transport rates. The weak basicityhefquaternary ammonium groups (K3

— 4)? associated with the lower Othobility (20.5- 10° m%sV) compared to that of H

(36.30- 10° m?*sV)™ can also explain the low conductivity of AEMs.
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Grew and Chiff proposed that in the Grotthuss mechanism, hydeogition tends to have
stable solvation shells that reorganize the solweoliecules and perturb the hydrogen bond
network, whereas protons are naturally integrateéd the hydrogen-bonding network of
water. As the mobility of hydroxide ions is only 40 lower than that of protons, the authors
proposed that other factors, as insufficient” @l$sociation and solvation, and membrane

structure can be responsible for the lower conditgti

In summary, no unanimous agreement or consenstiseogxact mechanism and the relative
importance of the different transport mechanismshfaroxide transport occurring in AEMs
exists, and transport trough the membrane musthbeptoduct of a combination of the

mechanisms described aboVe.

3.2. lon Transport Number for Selectivity

The selectivity of a polymer membrane with resgecanions and cations can be evaluated
from the measurement of the number of transpore. dmon transport number quantifies the
amount of anion that is transported through the brame. As the sum of the transport
numbers of cations and anions is equal to 1, theerti@ anion transport number approaches

1, less cations cross through the membrane andtteeis selective towards cations.

A static method derived from Henderson’s equatietexnines the transport numbers under
diffusion.”*">"®In this method, a membrane separates a two-comearirell and each of the
compartments is filled with KOH solutions at diffate&concentrations. The resulting potential
over the membrane is measurell, & AU — Eygrsy) and allows calculating the anion

transport numbett) using Henderson’s equation:

-2l (1-E, x L i
t —zx(l EMxlna_1> I-14

az
wherea; anda, are the activities of the two KOH solutions.

The transport number can be affected by the iohaxge capacity (IEC) of the polymer. IEC
is determined as hydroxide counterions, fixed i@ plolymer matrix and it is measured by
titration of the hydroxide with HCI. If the fixedharges are monovalent, the IEC is usually
expressed in millimoles per gram or in milliequesails per gram. In general, the conductivity
increases linearly with the ion exchange capaeityl is also dependent on the nature of the

polymer/":"®
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3.3. Swelling

The swelling (or uptake according to the measurésnearried out) capacity of a membrane
determines its dimensional stability and also affetd selectivity and electrical resistance.
The swelling depends on several parameters sutheasature of the polymer and the ion
exchange groups, the counter ions (swelling ofntieenbrane increases after the replacement
of the haloid counter-ions by the hydroxide iorthg charge density and the cross-linking

density of the membrane.

The presence of water is necessary to obtain aciesff conductivity by enhancing the
mobility of the ions. However, extensive water Weataeduces the mechanical stability and
has an opposite effect on the ionic conductivity,itareduces the charge density or ion
concentration in the membrane by dilutidnThe water content of the AEM generally
increases with the increase of the temperaturehwbiitngs about the opening of the micro-

pores and the formation of the hydrated ion clgster

A final important property required for the polymaembranes is stability in alkaline media.
This will be discussed in more detail for the diéfiet types of membrane in the following

section.

4. Different Types of Anion Exchange Membranes

Solid polymer electrolytes used as anion exchangalmnane can be of two types: either non-
ionic ion solvating polymers (ISP) swelled in areatiolyte, or ionic polymers (i.e.
polyelectrolytes) with the mobile adequate courdar

4.1. lon Solvating Polymers (ISP)

An ion solvating polymer (ISP) is a polymer-saltngaex, in which the salt acts as ion-
exchanger. They consist of a water-soluble polynzerhydroxide salt (i.e. KOH) and

sometimes one or more plasticizers. These combmathave the mechanical properties of
the polymer and the electrochemical and condugtraperties of the alkaline salt. The

majority of them have been developed for Ni—Zn,NMiH-or Zn—air battery application.

The polymer contains electronegative heteroatorol ag oxygen, nitrogen, or sulfur, which

interact with the cations of the salt by a dipae-interaction.

24



Studies of ion transport mechanisms in ISP haveodsirated that the ionic conductivity is
enabled by segmental motion of the polymer hoststha binding energy between cations
and anions. Indeed, the best conductivity shoudsh thccur for the most liquid-like (lowest

T,) solid polymeric electrolyt&’

4.1.1. Poly(ethylene oxide) (PEO)

The most developed system is based on PBEcause it solvates cations by interaction with

polar ether groups in the main cH&iand forms homogeneous polymer films (Figure ). 11

® k® "
Km

OH
2 S

Figure | - 11: Mechanism of ionic transport in adPEatrix

The ionic conductivity strongly depends on the prtipn of KOH and water in the films.
Fauvarque et &®* developed ISPs, based on PEO, KOH and water wittaxdmum ionic
conductivity of 1 mS/cm at room temperature. Newadss, its conductivity cannot be
improved because the PEO matrix crystallizes witlraasing salt concentration, decreasing
the ionic conductivity. The required ionic conduii could only be obtained above their

melting temperature, which limits the operating pemature range.

Different approaches have been attempted to redhee crystallinity of PEO-based
electrolytes such as the addition of an amorphalgnger host with a similar solvating
behavior. For instance, Vassal et®aldeveloped an ISP based on copolymers of
poly(epichlorohydrin) (PECH) and PEO (Figure | - 1&jth KOH as a conducting salt.

—(o—cuz—cn chaz—cnz %»
| /n m
C

H, —Cl

Figure | - 12: Chemical formula of poly(epichloraimn-co-ethylene oxide)
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The ionic conductivity reached 1 mS/cm at room terafure. Although this value was
comparable to that of the PEO/KOH system, an irsered the hydroxide transport number
was observed. The authors suggest that a nucleohibstitution reaction occurs on the
chloride atoms leading to the formation of -CHK", which decreases in the potassium ion
mobility. This demonstrates the interest of copaymse, and the possible implication of

alkoxide groups in OHransport.

4.1.2. Poly(vinyl alcohol) (PVA)

Other works on ISP focused on poly(vinyl alcoh®&yY@) (Figure | - 13) which is chemically
stable®®®” This semi-crystalline polymer has a glass tramsitemperature at about 85 °C, a
melting temperature at 180 - 200 °C, and a storagdulus of about 8 GFH® (values

depending on the PVA’s molar weight).

o

OH

Figure | - 13: Chemical formula of poly(vinyl alcalh (PVA)

Lewandowski et al° found that the ionic conductivity of the PVA/KOH/E polymer
electrolyte was around 1 mS/cm at room temperailines conductivity highly depends on
the weight proportions of KOH and water. By inciegsthe KOH and water proportions in
the PVA matrix, an ionic conductivity of 47 mS/crm obtained at room temperatdfe.
However, the mechanical resistance diminishes wheatgr amounts of KOH (up to 4 M)
are introduced. The use of a support (such as §lasscloth) can enhance the mechanical

strength, but may lead to a decrease of conductitit

In order to increase their conductivity, PVA baséehds have been carried out to decrease its
crystalline phase amount. For example, blends oA Rvid poly(epichlorohydrin) (PECH)
containing KOH shows a conductivity between 1 a@driS/cm at room temperature because

the crystallinity ratio was decreas¥d.

Since the first studies on ion solvating polymer A&EM, new types of polymer electrolytes
have been developed. Today, the ionic conductivignegally reaches 10 mS/cm.
Nevertheless, its selectivity is relatively low goaned to ionic polymers.
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4.2. lonic Polymers

The different ionic polymers described in the hteire will be now discussed, according to
their stability at high pH. In fact, a major chaigee in the development of alkaline AEMSs is
their stability in highly alkaline solutions, whiekquires stability of the polymer backbone as

well of the cationic groups.

Degradation of the polymer backbone is generally thsult of oxygeff or hydroxide
attack®. Some polymers show good chemical stability, swumh polysulfones and
fluorocarbons*®> However, while poly(tetrafluoroethylene) (PTFE) stable in alkaline
environment (pH 10 - 14), polyvinylidene fluoridBMDF) and vinylidene fluoride (VDF)
copolymers are degraded almost immediately (Figur4) generating a darkening and a loss

of the mechanical properties of the membrané.
F A
OH + Mﬂ M
S) -HF
F F
Figure | - 14: Degradation of PVDF in alkaline eviment

More important, degradation of the cationic groupsuses a dramatic loss of ionic
conductivity and functionality of the membrane. Ségroups have to be stable at high pH to

be resistant against attack by the hydroxide ions.

Thus, to identify the chemical nature of the polyitiat would be best suited to withstand the
conditions imposed by the lithium-air battery, vehpperforming the functions assigned, a
comprehensive review, but certainly not exhaustigk,the various exchange polymer
membranes ion was performed. Different polymersHseen grouped according to the nature
of their skeleton and that of cationic group (Table4). IEC values, conductivity, water
uptake, and chemical stability were reported wheailable and will be discussed in the

following paragraphs.

Main cationic groups used in AME, with some AEM exaes that we consider of interest,
are presented in Table | - 4. In the presented mamalst the chemical nature of the cation
appears to be the determinant factor affectingAE&1 stability. For this reason, we will

focus on the cationic groups in the next part of thapter.
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Table | - 4: Properties and nature of anion exchangmbranes described

IEC Conductivity ~ Water uptake o
Polymer backbone (meq/g) (mS/cm) (wt. %) Stability at pH > 10 Ref.
M,
> T NG
""\1% —
Pyridinium
Poly(vinyl alcohol) i ) i
(PVA) 0.6-2 4-10 60 - 70 Not reported 97
T,
b
e P+\R
R
Phosphonium
0.1-05 .
Polystyrene (PS) Not reported (HCOs 10-50 Egsl,_tlable in0.1M 98
counterion)
Tris(2,4,6-
trimethoxyphenyl) 12-16 17-38 15 10 M KOH for 48 h 99,100
polysulfonemethylene
Stable in 15 M KOH
Polyethylene 0.6 2.2 50 for 138 h at room 101
temperature
N
W
N_t_
7
Imidazolium
Poly(methyl
methacrylate) (PMMA) i i Stable in 6 M NaOH,
Poly(butyl 1.5-16 33 2r-28 80 °C for 120 h 102
methacrylate) (PBMA)
Only in mild
Poly(methacryloyloxy)  Not reported 10 Not reportedconditions, [KOH] < 103
1M
Degradation after 7
Poly(phenylene oxide) 1-2 10 - 37 10-50 daysin2 M KOH at 104

room temperature
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4.2.1. Polymers Containing Pyridinium Groups

Some work has been done on poly(vinyl pyridinium$dzhmembrane$> known for their

application in electrodialysis or desalination. Fwtance, Choi et &l. prepared membranes
based on PVA on which 4-formyl-1-methylpyridiniumnzene sulfonate (FP) was grafted
(Figure | - 15). The resulting membrane exhibitelbwa electrical resistance (4-10 mS/cm)

and a swelling in water between 60 and 70 %.

|
le
| %
OH  OH o o
;‘0
4 ~ ]
4R e
° o N
|
s// R
/]

Figure | - 15: Synthesis of pyridinium PVA

However, even though these membranes show thereegeiectrochemical properties, they
are not commonly used because at pH higher tharth&2pyridinium group is chemically
degraded by the hydroxide iofi§?according to the mechanism shown in Figure | -liich

decreases the numbers of ionic sites.

| R @ (%H | X, oxidation Q
g © ; "

—_—=

Figure | - 16: Degradation of the pyridinium groupslkaline media

4.2.2. Polymers Containing Phosphonium Groups

Polymers containing quaternary phosphonium areieduds AEM materials because the
strong basicity of the tertiary phosphine suggtsds they are good anionic groups for AEM.
However, as the pyridinium group, the phosphoniuoug is rapidly degraded at pH higher
than 12, and consequently it has limited interasfAEM.>*®! Nevertheless, some research

groups are studying new approaches to increasehiggnical stability and its use in
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applications at moderate pH values. This catiommug has been grafted on polystyrene,
polyethylene or polysulfone polymer.
128

Ye et al® have prepared and characterized phosphonium-tmsadonate anion exchange

random copolymers, poly(styrene-trimethylvinylbelhglyosphonium bicarbonate) (Figure | -
17).

5T
| C e
- [ - |
| X - \ N
+ K + -
~Rer ~ ”\Hco;

Figure | - 17: Phosphonium based bicarbonate AEM.

The swelling is between 10 and 50 wt.% dependinghencopolymer composition and the
HCQO;" conductivity is between 0.1 and 0.5 mS/cm. TheEMAare thermally stable (up to
110 °C) and are chemically stable at pH lower thar(they are stable in 0.1 M,&O; but

not in 0.1 M KOH). The degradation mechanism preploby the authors is presented in

Figure | - 18.
m & ’{/\r‘]ﬂ\/[’t/rn . m [ i m n
fg/g’é S @ dg _1% ? — O O . ><°
+ CH?’
g P\/OH- —/P\:H —/P\; l H,0

Figure | - 18: Chemical degradation in KOH of phuspium-based AEM

Gu et af®® synthesized a membrane based on tris(2,4,6-trorgfhenyl)
polysulfonemethylene quaternary phosphonium hyd®irPQPOH) (Figure | - 19).
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Figure | - 19: Tris(2,4,6-trimethoxyphenyl) polyBatemethylene quaternary phosphonium hydroxide
(TPQPOH)

The conductivity of this membrane was 17 mS/cm.r&tuction in conductivity was found

after immersion in 10 M KOH for 48 h or in 1 M KO&fter 10 days at room temperature.
The authors suggest that the high stability is guéhe 2,4,6-trimethoxyphenyl groups that
take part in conjugation, and they are strong edactionors, both of which enhance the
stability of the quaternary phosphonium group. Besj the high steric hindrance of
tris(2,4,6-trimethoxyphenyl)phosphine also proteitts core phosphorus atom and tine

carbon atom against hydroxide attack.

Noonan et at® showed that a higher chemical stability was ole@inwhen

tetrakis(dialkylamino)phosphonium was grafted otyethylene (Figure | - 20).

Me_ N,Me A
N-p+

- ?iN‘ Cy

A=Cl

Figure | - 20: Phosphonium-functionalized polyetmd®*

The AEM showed a hydroxide conductivity of 2.2 m8/at 22 °C. The membrane
conductivity did not decrease significantly in 15KH at 22 °C (138 days) or in 1 M KOH
at 80 °C (22 days). The increase in stability & gihosphonium cation is due to the sterical
hindrance of the substituents.

While improvements have been made to the stalfifghosphonium-based AEM, this type
of membrane has not yet attained an industriateste Additionally, these two last examples
show that, for an equivalent ionic group, stabilifythe polymer depends additionally on
backbone
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4.2.3. Polymers Containing Imidazolium Groups

There is a growing interest in imidazolium functdined AEMs, partially due to its relatively
high conductivities, Much work is being done ontspolymers to improve their low stability
in alkaline medid® Guo et af% reported the synthesis of copolymers of 1-allyl-3-
methylimidazolium chloride (AmimCl) ionic liquid wh methyl methacrylate (MMA) and
butyl methacrylate (BMA) (Figure | - 21 A). No défifence was found between the MMA and
the BMA-based copolymers. The AEM showed a hydrexahic conductivity of 33 mS/cm
at 30 °C. The membranes retained good conductfigr treated with 6 M NaOH solution at
80 °C for 120 h.

o

" G OCHICHICHCHs
H 2 2
+e—cffe-ek; o o—
?Hz CHj
S]

N OH
® 2
2 O
i

A B

Figure | - 21: Structure of poly(AmimCI-BMA) (A) aBIm-PPO AEM (B)

It should be noted that it would have been intémgsif the authors had crosslinked the
membrane by introducing a few percent of crosstigiduring synthesis of the copolymer for
long term mechanical stability.

Ye et al'®® characterized the chemical stability of poly(1-ft@thacryloyloxy)ethyl]-3-
butylimidazolium hydroxide) (Figure | - 2By ionic conductivity measurements. This AEM
presented a maximum conductivity of 9.6 mS/cm. Higlemical stability was observed in
mild alkaline conditions ([KOH] < 1 M) at 25 °But the membrane is not stableder dry
conditions (10 % RH) at 80 °C or at higher alkaloo&centrations ([KOH] > 1 M). Figure | -

22 shows the degradation conditions and productgifekel by NMR spectroscopy.
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Figure | - 22: Chemical structure of poly(1-[(2-inatryloyloxy)ethyl]-3-butylimidazolium
hydroxide) and degradation produtis

11° studied benzimidazolium (BIm) functionalized AENRigure | - 21 B). These

Lin et a
AEMs show good mechanical and thermal stabilittees |JEC between 1 and 2 meqg/g, water
uptake between 10 and 50 wt.% and an anionic cdnaycbetween 10 and 37 mS/cm.

However, the authors found that the conductivitg IEC and the water uptake of the AEM

decreased after 7 days in 2 M KOH at room tempezatu

These recent published studies suggest that furtisearch should be made to find a suitable
Bim-based AEM.

This initial analysis shows that among the studeadionic groups, sterically hindered
phosphonium salts appear to have the best chestatality in concentrated alkali. However,
the behaviour of quaternary ammonium groups i$ ttibe examined. They are the most
studied anionic group in the literature and willgzesented in the following paragraph.

4.2.4. Polymers Containing Ammonium Groups

Ammonium degradation in alkaline conditions canurdbirough different mechanisms. The
cleavage of the quaternary ammonium by @dllowed by elimination is called Hofmann
degradation or E2 elimination. The hydroxyl ionsaek ap-hydrogen of the ammonium,

leading to the formation of an alkene, an amineamter molecule (Figure | - 23).
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Figure | - 23: Degradation of the ammonium grouplikali by E2 elimination (Hofmann degradation)

When the atom carrying the charges is bulky, aneklhination can occur on the carbon
located in thex or B position of the ammonium. The hydroxide ions &ttt hydrogen of
the methyl group belonging to the ammonium, anah theearrangement occurs, leading to

the formation of an alkene and an amine, like ifirkbnn degradation (Figure | - 24).

—C—— — —f,I:—(|:— ——m= —C=C—— + CHyNHR;
Jl@'r!mz H N;}
Cff H (—-,. Cf
H—" ‘-..\H % \_'BI“N-.H

—_— H0

Figure | - 24: Degradation of ammonium groups byekthination

A last mechanism consists in the degradation byeopdilic substitution & at thea-carbon

on the ammonium. This results in the formation olmohol and an amine (Figure | - 25).

(-‘EID(CH ) ol
oH ... /\< ala _ /\( + N(CH3)3
— & H\"

HA % H
Figure | - 25: Degradation of ammonium groups bglaophilic substitution

All the reviewed degradation mechanisms lead toltise of the ionic group, and thus, a
decrease in ionic conductivity. Thus, current redeato find stable anion exchange
membrane at high pH focuses on polymers that doecootaina-hydrogens to the cationic

groups to prevent @ substitutioh’’ (Figure | - 25) orp-hydrogens to prevent Hofmann
degradatior>
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Bauer et al®® compared the stability of different benzyl ammanigroups in relatively

severe conditions (Table | - 5).

Table | - 5: Half-time (in min) of different quateary ammonium ions (2 M KOH, 160 °C; N
atmosphere) from Bauer et'8f.

Bis-(quaternary ammonium) compounds tyz (min} Mono-{guaternary ammonium) compounds t12 (min)

o000 O
P O
N, N
OO >0
O O
4.7 H 42.0

They found for these model compounds that a motewith two neighboring ammoniums is
less stable than its mono-ammonium homologue. énliterature, particular attention has
been given to 1,4-diazabicyclo-[2.2.2]-octane (DABC(Figure | - 26) as reagent for the

formation of cationic groups.

Figure | - 26: 1,4-diazabicyclo-[2.2.2]-octane (DEB)

The mono-quaternary DABCO was indeed the most estabkhe tested ammonium groups
(Table I - 5, 1= 42 min). This stability would be due to the mailkec conformation that
makes ionic groups less sensible to eliminatiostreas (see below). Nonetheless the authors
found that the bis-quaternary DABCO structure candiegraded into a piperazine system
(Figure | - 27).
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Figure | - 27: Degradation of the bis-quaternaryBO structur&’®

Similar results were obtained with poly(vinylbenzghloride)-grafted poly(ethylene-alt-
tetrafluoroethylene) (ETFE-g-PVBC) films subseqletreated with different amines (Figure
| - 28)10°

- .
[+

AEM1(CI) AEM2(CI) AEM3(Cl) AEM4(1)

Figure | - 28: Anion exchange membranes studieldgt al. (shown before counterion exchafe)

These membranes were immersed in 10 M NaOH solatidcd0 °C for 3 days. AEM1(OH)
having quaternized trimethylamine was found to hable while AEM4(OH) having
bisquaternized DABCO was found to be unstable is tlondition (Figure | - 29). The low
chemical stability of AEM4(OH) is considered to lam effect of the bis-quaternary
ammonium group which is known to be prone to nyahda substitution by hydroxyl ions.
The initial decrease in chemical stability of AENI2{) and AEM3(OH) can be also
attributed to bis-quaternized DABCO linkage that ¢éarm via the reaction of two adjacent
chloromethyl groups during the quaternarizatiorhvil#ABCO. After 3 day test. AEM2(OH)
and AEM4(OH) with lower water uptakes maintaine@ithshapes but AEM1(OH) and
AEM3(OH) with higher water uptakes did not.
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Figure | - 29: Evolution of IEC vs. time for AEM1t), AEM2(OH), AEM3(OH), and AEM4(OH)
tested in alkaline condition (10 M NaOH at 60 °€ 3odays)®

We must note that the authors used for this staygyic quaternary ammonium compounds.

However, it is known that benzylic quaternary amiors are subject to the Sommelet—

Hauser rearrangement when exposed to strong basesgfFi- 30)*>*1°

® ©
CHzNMe_} X CH;

NaNH, CH,;NMe,

Figure | - 30: Sommelet-Hauser rearrangement areylic quaternary ammonium

and to the Stevens rearrangement at high tempesdfigure | - 31)2*

Figure | - 31: Stevens rearrangement of a bengylaternary ammonium

Thus, the use of quaternized benzylic groups shbeldvoided in highly alkaline conditions.
To avoid any degradation favored by a neighboriegzlyl group, DABCO has been used to
form quaternary groups with different polymers, fxample with poly(epichlorohydrin)

(PECH) (Figure | - 32).
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Figure | - 32: Poly(epichlorohydrin) (PECH)

PECH is similar in structure to PEO. In contrasEOM is hydrophobic and does not
crystallize. PECH homopolymer is an elastomer wideted in fuel hoses, air ducts, and
engine compartments due to its oil and ozone eesist PECH can be used as anionic

exchange membrane if quaternary ammoniums are draift&s skeleton.

PECH substituted by DABCO shows higher chemicabibta in alkaline medium than the
examples previously described. Indeed, DABCO moidbes not undergo Hofmann
degradation, because the hydrogen atom and thegeiir group involved in the process
cannot adopt &rans or cis configuration to one another with a dihedral arafld80° (anti-
periplanar) or 0° (syn-periplandff Though the reaction may occur at the polymer backb
(Figure 1 - 33) it is assumed to be negligible daethe lower reactivity of the secondary

carbon and the hindering of the C-O bond.

5 =t O

N

Figure | - 33: Schema of possible degradation oBO®-modified PECH

PECH based membranes have been largely studie@uyafgue et al. for alkaline fuel cell
application (AFC).>"®*2Fjrst, PECH in DMF was quaternized with 20 mol BLCO and
then the membrane was prepared by solvent evapofati* An IEC in the range of 0.5 -
0.6 meq./g after 2 days of immersion in a KOH solutias measured. The authors found this
value to be lower than the theoretical, and explaithat this could be due to an incomplete
counterion exchange. However, longer exchange tditesot increase the IEC values. Water
uptake (WU) of 13 - 18 wt.% for the PECH-DABCO meante in the Clform was found to
be smaller than in the OHorm, with a maximum of 31 - 45 wt. %. This memb@anas

selective as its hydroxide transport number wasvéem 0.95 and 1. The intrinsic
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conductivity (in water) of the quaternized PECH nheames was low (between 0.05 and
0.10 mS/cm). Swollen with KOH, the ionic condudyviat 25 °C depends on the KOH
solution concentration with a maximum of 40 mS/cnrm #©15 M KOH. The authors

successfully assembled AFCs with the developednaex@hange membranes. When the
mechanical resistance of the membrane was notcmuffj the authors used a polyamide

support, but this was suspected to reduce the caniycf the membrane.

4.2.5. Fluorinated Polymers Containing Ammonium Groups

Fluorinated polymers can be used as anion exchawagerials. Indeed, it is well known that
fluorinated polymers exhibit high chemical stalilimparted by the strong C-F and C-C
bonds and shielding of the polymer backbone bystteath of nonbonding electrons from the
fluorine atom&™. For example, Valade et al. synthesized fluorinatgblymers with pendant
ammonium groups via radical polymerization of fimated olefins with vinyl ethers,
quaternized poly(chlorotrifluoroethylerst-vinyl ether) (Figure | - 34§16

~{ CF,-CF-CH,~CH)—
0

X ]
CGH,
CHa o
HyC—N~-CHz OH
CHs

Figure | - 34: Quaternized poly(chlorotrifluoroetbygealt-vinyl ether)

Resulting membranes showed hydroxide conductivity acound 0.1 mS/cm at room
temperature. However, no information on the stabdit the cationic group is given by the

authors, but a low stability at pH higher than 18 ba expected.

The same authors prepared AEMs of chlorotrifludigiene (CTFE) and
diallyldimethylammonium chloride (DADMAC) (Figure-135)!*" The membranes soluble in
DMSO but insoluble in water presented an IEC of 8nd a maximum conductivity of

0.9 mS/cm.
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Figure | - 35: Copolymer of chlorotrifluoroethyle(@TFE) and diallyldimethylammonium chloride
(DADMAC), poly(CTFE-co-DADMAC)

Similarly, Couture et ai*® report the synthesis of the copolymers poly(CEREVE)-co-
poly(CTFEalt-FAVES) for use in solid alkaline fuel cells (Figut - 36). The synthesized

AEM are reported as hydrophobic, but no furtherabirizations are described.

—N— CgF17

Figure | - 36. Poly(CTFE-alt-VE)-co-poly(CTFE-alAWES8) (R can be aromatic or aliphatic)

Recently, anionic exchange membranes have been ddseloped from fluorinated
commercial proton exchange polymers, such as NafiGtecently, Salerno et al. have

reported the modification of Nafi6rwith different cations (Figure | - 37§21

\E€ /CFZ% /CFH\ _m \E( ,CFz;( A:F)ﬂ\ \E( ,CFZ% /CF&

\(|:F2 \<|:F2 cr:2
CF CF CF
Fic” FC” Mo (X
| | |
F,C F,C F,C
2 \?F2 2 \(‘F2 2 \CFz
o:?:o 0=S=0 0=s=0
F * v
F HO
(1) Reactant, 3 days
(2) 1M KOH, 3hrs
ANFAAN I\ \
Y= NN H30>N N—CHs H30— \ HGC\,L LHs  HC | -CHy
N/ __/
CH3
DABCO DMP MPY TMA T™MP

Figure | - 37: Synthesis of Nafion-based AEM wiiffatent cations: DABCO, piperazinium (DMP),
pyrrolidinium (MPY), pyridinium (PYR), trimethylamonium (TMA) and
trimethylphosphonium (TMP).
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The hydroxide conductivities with the different icats are all in the same range: 1.4 -
4.1 mS/cm at 30 °C. The chemical stability of thpslymers was also tested. Polymers with
DABCO, DMP, MPY, or TMA cation were not significapthffected when they are exposed
for 24 h at 80°C either under water saturated & KOH solution. However, significantly

lower conductivities were observed for the polynberaring the TMP cation. The most
extreme case was at 1 M KOH at 80 °C, where the bn@me with the TMP cation lost

mechanical strength and broke apart into fragmehtg were too small to measure

conductivity.

Though fluorinated polymers containing cationicuge are of great interest, its use as AEM

materials is still in its early stages of developine

Chemical ageing studies of polymers with differamtmonium groups are generally done by
immersion in solutions of sodium or potassium hydie, in concentrations ranging from 1 to
15 M, but also at temperatures ranging from roompirature to 80 °C. Given the diversity
of possible experimental conditions, it has prosgé#ficult to clearly conclude on the stability

of these different ammonium groups.

Another approach to improve the resistance of ABMirniting their swelling is to crosslink

the cationic polymers, as will be subsequentlyussed.

4.3. Cross-linked Anionic Membranes

To restrict the membrane swelling and improve ieschanical strength and eventually its

chemical resistance while increasing the IEC, onthautkis to crosslink the polyelectrolyte.

4.3.1. Cross-linked Quaternary Ammonium Polymers

In this section, we have considered only the cholssti polymers containing ammonium
groups whose stability has been tested in alkaiedium. All identified materials and some
of their properties are summarized in Table | t&hbuld be noted that most of these studies
are very recent, showing the interest of develogungh materials.
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Table | - 6: Representative cross-linked quateraamnonium polymers

. IEC Conductivity Water Stability
Polymer backbone Cation (meq./q) (mSiem) uptake Ref.
a9 (Wt.%) Solution Temp. Time
Polystyrene networkin - p\pco  11-13  5-38 ag-47 M goc  75n 1
porous PE NaOH
ggg(g/cljr_lgl_tnmethoxysn From 1 to

. . TMA 2.1-29 3.8-6.6 555 8M 25°C 24h 122

(dimethylamino)ethylm

NaOH
ethacrylate)
poly 1,5-

. DABCO o 10
)o(lilgéethylpolyphenyleno and TMA 0,6-1,1 0,9-54 -- 1M KOH 90°C days 123
quaternized 5M
poly(vinylbenzyl) TMA 1,3-1,7 26-43 3569 \.oH 50°C  1500h 124
ammonium
poly(ether ether i i i 1M o 12
ketone) TMA 0,9-1,4 12-17 25-32 NaOH 60°C days 125

From 1 to
poly(ETFE) grafted DABCO 4 251 22-34 54-89 10 M 60°C  120h 126
vinyl benzyl chloride and TMA KOH
copolymer of styrene,
acrylonitrile,divinylben
zene and N,N,N-
trimethyl-1-(4- TMA 1,6 10 86-92 1 M KOH 60 °C 100 h 127
vinylphenyl)
methanaminium
chloride
Hexyl methyl styrene T™MA 3-4 n.a. n.a. dry 100°c * 128
divinylbenzene month

TMA = trimethyl ammonium, DABCO = 1,4-diazabicyd®@-2.2]-octane, DMA: dimethyldialkyl ammonium

Hybrid anion exchange membranes have been syndéldeBiam poly(vinyltrimethoxysilane-

Co-2-

crosslinked by sol-gel reaction in the presend@\¢A (Figure | - 38):%2
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Figure | - 38: Crosslinked poly (vinyltrimethoxyaile-co-2-(dimethylamino)ethylmethacrylate)
(VTMS-co-DMAEMA) (A) and weight (B) and IEC (C) Issunder alkaline environment for different
membranes

Stability of this hybrid AEM in NaOH solutions atifiérent concentrations has been
characterized by IEC and weight measurements. kossgeight and IEC were increased
with DMAEMA content (density of functional group$ligure | - 38 B and C). Further,
deterioration in weight and IEC was less than 20%gause of cross-linked silica network.
Moreover, AEMs were less stable in alkaline mediantomparison with neutral or acidic
media. The hybrid materials do not seem thus tarbappropriate pathway to obtain stable

membranes in alkaline medium.

In a similar way, Tomoi et df® used DVB to cross-link quaternized polymers based
bromoalkoxy styrenes and bromoalkoxy methyl stysef@lowed by quaternization with
trimethylamine (Figure | - 39). The ion exchangeamity is a function of the bromoalkoxy
used, and was in the order of 3 - 4 meq./g. Thismbrane exhibited no change in the IEC
after heating for 1 month at 100 °C. No informatisngiven on the conductivity or water

uptake of the membrane.
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Figure | - 39: AEM based on DVB and quaternizedimwbexyl methyl styrene

Anion exchange membranes have been also synthes@adcross-linked poly(ether ether
ketone)s containing pendant quaternary ammoniumpgrovith different IEC value¥® One

of the cross-linked membranes with an IEC of 1.18qmy showed a conductivity of
36 mS/cm and a swelling ratio of 6.6 % at 80 °Cadldlition to a good chemical stability in 1
M NaOH at 60°C. Indeed, the conductivity remainédalaout 25 mS/cm after 30 days. It

proved that the aromatic-side-chain type could Kéepguaternary ammonium groups with a

reasonable stability.

30

Komkova et al.”™ studied the stability in 2 M NaOH solution at 40 8f polyether sulfone

membranes crosslinked with various aliphatic diasiteading to quaternization (Figure | -
40).

Cl- CHjy (“3(,]_

©)

CHy—N——(CH,), —— N=—CHjs;
CH; CHj
CH; CH3
Cl- |
CHy— N—— (CHp), —N
CHj3 CH;

Figure | - 40: Quaternization with aliphatic diaminof various lengths of the aliphatic cH&in

The loss of the quaternary ammonium is observethenfirst hours of immersion and the
longer the aliphatic chain of the diamine, the ®lowhe degradation rate. Contrary to the
behavior observed previously by Bauer et®lon model molecules (cf. § 4.2.4), the

membranes based on the bis-quaternization were stabte than the membranes based on
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the mono-quaternization. In this case, the incr@asgeric hindrance seemed to decrease the
stability. Therefore, non-sterically hindered diass seem the most promising quaternization

and crosslinking agents.

Two cross-linked anion exchange membranes witlséinee IEC, were synthesized via in situ
copolymerization of DVB, styrene, acrylonitrile atdmethyl-3-(4-vinylbenzyl)imidazolium
chloride (MVBIm), or N,N,N-trimethyl-1-(4-vinylphe) methanaminium chloride
(TMVPMA), respectively (Figure | - 47’

0.025
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—y e
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Conductivity (S/cm)

—a— [PMVBIm|[OH]
o~ [PTMVPMA|[OH]|

[PMVBIm][OH] [PTMVPMA|[OH] 3
Time (h)

Figure | - 41: [PMVBIm][OH] and [PTMVPMA][OH] aniorexchange membranes and change in
hydroxide conductivity after immersion in 1 MKOHIstion at 60 °C'?’

Both types of copolymer membranes exhibit hydrox@mductivity above 10 mS/cm.
Alkaline imidazolium showed an excellent chemidabdity of up to 1000 h without obvious
loss of ion conductivity after immersion in 1 M KOBblution at 60 °C, whereas the
membranes based on quaternary ammonium salts @egmachigh pH. The results of this
study suggest that the imidazolium cation is madable in alkaline medium than trimethyl

ammonium (not hindered ammonium group) one in aselioked polymer.

Diamines can also be used to cross-link polymerstbasetyrene leading to a very high ratio
of ammonium groups. AEMs based on poly(ethyleng¢et@fluoroethylene) (ETFE) films on

which vinyl benzyl chloride (VBC) was grafted bydration followed by quaternization and
crosslinking with 1,4-diazabicyclo-[2.2.2]-octaneABCO) (Figure | - 42)-%°
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AAEM
Figure | - 42: ETFE-based radiation-grafted AAEH.

The conductivity of these membranes was stablel#fy h at 60°C in KOH solution, the
concentration of which varying from 1 to 10 M. Témme polymer has been also cross-linked
with divinylbenzene and included into porous PEaasmposite pore filled AENF Then,
their alkaline stability was evaluated by immersind M NaOH at 60 °C for 75 h. The ionic
conductivity did not significantly changed, suggegtithat the functional groups were not
significantly degraded in the composite pore-filaEMs. The alkaline stability of these
AEMs has been explained by the physical reinforcentgy the PE substrate in which the
membrane is synthesized. The pore-filled structisedescribed as advantageous for
maintaining functional groups at extreme pH valugss result is confirmed by study on a
cross-linked polymer between N,N-bis(acryloyl)pgmne and poly(vinylbenzyl)
trimethylammonium chloride in a porous polyolefirbstrate*** The resulting membrane has
hydroxide conductivity in excess of 40 mS/cm andsdoot exhibit significant changes in ion
conductivity and IEC in 5 M NaOH at 50 °C for 1500

DABCO has been also used to cross-link brominategidiimethylpolyphenylenoxide
(BrPPO) (Figure | - 43)?® To investigate the influence of the size of themoek, additional

diiodobutane (DIB) was used.
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Figure | - 43: Cross-linking of BrPPO with DABCOddiiodobutane, Clonductivity and IEC
evolution vs. immersion time in 1 M KOH at 90 °Q the two membranes types

With additional DIB, the ion conductivity rises froth3 to 5.4 mS/cm and an IEC around
1 meq./g was reached. The alkaline stability wagstigated at 90°C in 1M KOH for 10
days. The different membranes show a stable cowgtycand IEC values under these
conditions showing that DABCO cross-linking is d&ab

From these aging studies, it appears that DABCG@sl¢a the formation of the most stable
ammonium groups in concentrated alkaline medichals the added advantage of being
simultaneously the ionic group and a crosslinkiggrd. We will describe this in more detall

in the next section.

4.3.2. Poly(epichlorohydrin) Networks

As DABCO is considered as one of the most stablmesn it was widely used for PECH
membrane preparation according to a procedure itlescin detail by Yassi™® In a first
step, 8 wt. % of non-modified PECH was dissolved MMat 90 °C. 20 mol % DABCO with
respect to PECH moieties were added. The membraas obtained by solvent-casting

process at ambient temperature, and after evaporati the solvent the membranes are
heated at 120 °C for 30 min.

The obtained membrane presented a high swellingaiter and was very fragile. It is not

possible to conclude on the membrane crosslinke¢ha author does not report solubility
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tests of the material. To reduce the swelling angrove the mechanical resistance the author
used a second cross-linker, 0.1 % of trithiocyanadd was added to the modified PECH
solution. The membrane IEC was 1.2 meq./g. A 30 wtugtake was measured in 0.1
M KOH solution. lonic conductivity in 1 M KCI soldn was 15 mS/cm, and chloride
transport number was 0.97. The author reports arigation test on a laboratory built AFC

modified with this membrane, but no further infotroa is given.

To increase the mechanical resistance of the mermapratoica et a' synthesized a
poly(epichlorydrin-allyl glycidyl ether) copolymermembrane quaternized by the
incorporation of DABCO and 1-azabicyclo-[2.2.2]-aaé (quinuclidine), in DMF at 80-90 °C
for approximately 10 h (Figure | - 44). To crosklithe polymer, hexanedithiol (30 mol %
versus allylic functions) and a photoinitiator @ayré 2959, 3 wt. %) were added to the
solution. The membrane was obtained by solutionirgadbllowed by UV curing. The
authors do not mention the possibility of DABCOimagtas a crosslinking agent, but the
modified PECH is not post-cured in this study.

Q. &.

t‘i ¢l &Ija
O \°‘A\Eo.vl~°/\\[°.v‘ \0/\\(0\
0 (v} 0

Irgacure® 2959 j \)\ J\
0

HS/\/\A/SH

1,6-hexanedithiol (?j

Figure | - 44: Cross-linked quaternized poly(epicirin-co-allyl glycidyl ether).

An IEC of 1.3 meq./g was measured for the membrambs. cross-linked membranes
exhibited an elastomeric behaviour with g &t -4 °C. The mechanical properties of the
membrane swollen in water cannot be measured duiés téragility. So it was further
reinforced by a polyamide support. A swelling rat{@R) of 35 and 50 wt.% was obtained
for polyamide-supported and non-supported membraaspectively. The intrinsic ionic
conductivity of the non-supported membrane was 2.EmSat 20 °C and increased to

13 mS/cm at 60 °C, comparable to the conductivitABMs based in linear polymers. The
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use of the non-conducting polyamide support onlgh$ly decreased the conductivity of the
membrane. Therefore the mechanical properties wepgoved by the polyamide support
without compromising the ionic conductivity.

Another possibility to limit swelling and improvéed properties of AEM is to combine the
crosslinked polyelectrolyte with another polymertwak, to obtain an interpenetrating

polymer networks (IPN) architecture which is preedrmow.

5. Interpenetrating Polymer Networks (IPNs)

Sperling®? defines IPNs as the combination of two polymemoeks that are synthesized in
juxtaposition. According to the IUPAC,ah IPN is a polymer comprising two or more
polymer networks which are at least partially indeed on a molecular scale, but not
covalently bonded to each other and cannot be s#pdrunless chemical bonds are
broken”.**®* Analogously, 4 semi-IPN is a polymer comprising one or more &y

networks and one or more linear or branched polyyararacterized by the penetration on a
molecular scale of at least one of the networksabileast some of the linear or branched

chains.

The purpose of this type of polymer associationg@serally to combine each partner’s
properties inside a homogenous material while thaws can be cancelled. These materials
have been used in many applications due to thgiraued solvent resistance and mechanical
properties 213+135136.137.138rha  gynthesis of fuel cell membranes based on tiffie of

architecture has been initiated with success inahoratory:>%*4°
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5.1. Synthesis

IPNs can be synthesized from two synthetic pathwaggjuential synthesis dn-situ

synthesis.
5.1.1. Sequential Synthesis

In the sequential synthesis method, a first netwsriormed and subsequently swollen with
the reagents of the second network, which is tlyathesized inside the first network (Figure
| - 45). By this method, the morphology is gengrathposed by the first network, and the
IPN composition range is limited by the maximum Kkweg of first network by the second

network reagents.

o g0 o o ="\ Monomer or oligomer 2 J o
o WO Polymerization 1 @ Crossiinking agent 2 / ,. A. Polymerization 2
e a ——> _— RSN —————>
" g 7Y% N “4‘"
L o n °® ZA) AX
3

® Monomeror oligomer 1

® Crosslinkingagent 1

Figure | - 45: Sequential synthesis of IPN

5.1.2. In-situ Synthesis

In the in-situ method, all reagents are mixed at the beginninghef synthesis. The two

network formations can be, or not, started simeltausly (Figure | - 46). It is necessary for
the two network formation mechanisms to be differ@md independent. Otherwise a single
polymer, or copolymer network, is obtained. By timsthod the ratio of the two networks can

be almost freely modified by adjusting the reagenportions.

. -
A’ “. ’A Polymerization 1
o’.o ° ’ Polymerization 2
A

4 Monomer or oligomer 1 A Monomer or oligomer 2

@ Crosslinking agent 1 = Crosslinking agent 2

Figure | - 46:In-situ IPN synthesis

These two synthetic methods allow the associatibrerosslinked polymer networks of
different chemical nature. The properties and tloepmology of the obtained materials can be

adjusted by modifying the partner proportions, fibrenation rates of each network compared
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with the other, the thermodynamical phenomena dritke phase separation (before
crosslinking) of most polymers. Thus, IPNs undepbase separation, but at a smaller scale
than linear polymer blends. During polymerization aetwork formation, the polymer molar
weights increases, the mixture deviates from doyuilim, and demixing appears. Network
formation opposes to phase separation, and thugatter the network formation and the

smaller the obtained domains.

Phase separation in the polymer blend can occuardiog to two mechanisms, depending on
the temperature and composition of the mixturestFin a nucleation/growth mechanism,
nodules of one of the two components are formedsdhwdules increase with time and

eventually percolate during phase separation (Figu#y).

° o
lLle@
L
o o ° ...

Figure | - 47: Nucleation and growth mechanism

The spinodal decomposition mechanism is also plessilhis mechanism produces materials
in which domains with a high concentration of ordymer are dispersed in a matrix with a
high concentration of the second polymer. It cqroesls to a meta-stable system in which
domains with complex shapes appear. Chemical cotipo®f these domains evolves with

time; each species becomes predominant in oneeofldmains with time. This mechanism

creates a co-continuity of the two phases thatsis mamed as gyroidal structure (Figure | -
48).132

Figure | - 48: Gyroidal structure

The phase separation mechanism depends on the ripop®f the two polymers.

Nucleation/growth mechanism is favored if one @& grecursors is in low concentration. As
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the concentration of this component increases aumaxof discrete nodules and complex
domains formed by spinodal decomposition are oleserif the two components are present
in equal amounts, phase separation often occussdpynodal decomposition mechanism and

two co-continuous phases are obtaified?*

Few studies have reported the synthesis of PECEeb&#Ns***41°|n these cases, the
PECH network was synthesized starting from a hyidexerminated polyepichlorohydrin
and a pluri-isocyanate cross-linker via an alcabotyanate addition leading to a urethane
group formation. This PECH network has been astmtiaith a poly(methyl methacrylate)
(PMMA) or poly(ethyl methacrylate) (PEMA) networka order to obtain a reinforced
elastomer. All the IPNs with various compositioressé a single J; which corresponds to
only one mechanical relaxation detected by DMA raeaments. However these relaxation
range from -30 °C to 150 °C, which is typical ofthibution of relaxation temperature
corresponding to various degree of polymer intéwactindeed, both partner networks are
partially phase separated as confirmed by TEM mswpy (Figure | - 49).

Figure | - 49: TEM photograph of (b) PECH/PMMA, @ECH/PEMA®

The black area on the photos is the PECH netwadingd by Ru@), and the white area is
the partner network. The phase separation in tNs WWas dependent on the miscibility of two
networks and polymerization conditions. PECH andMVhave almost the same solubility
parameters (10.14 vs. 9.5 kcal/md) so the miscibility is good between the two netkgo

The solubility parameters of PECH network and PE&K& more different (10.14 vs. 8.9
kcal/molK) and phase separation is more important but alhges have two-phase

structures: the domain size of PECH network hamge of 40 - 120 nrif°

However, PECH is neutral in all the presented IRNd cannot be used as anion exchange
membrane. On the contrary, a few AEM has been sgitld in a semi-IPN architecture (one
of the polymer is not cross-linked) and they arer poesented.
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5.2. Semi-Interpenetrating Polymer Network (semi-IPN) asAEM

The combination of a polyelectrolyte with a neutpdlymer in a semi-interpenetrating
polymer network (semi-IPN) allows combining the medies of both polymers in the
resulting material. Thus, the ionic conductivity tbie polyelectrolyte has to be maintained
while an improvement in the mechanical properti@snf the neutral polymer, which limits
also the water swelling, is expected. For examplm et al**® reported the synthesis of a
guaternized poly(methylmethacrylate-co-vinylbenzyl chloride) (QPMV) /
poly(divinylbenzene) (PDVB) semi-IPN for use as AEMalkaline fuel cells (Figure | - 50).
The addition of 10 wt.% of the PDVB network was riduto reduce the water uptake from
200 to 60 wt.%, but also the conductivity of thewaak was also reduced. A conductivity of

10 mS/cm was obtained above 50 °C.

Hy :FHi“z H
+c —c\-};{c ~c-
c=0

= -~ TN

Figure | - 50: Synthesis of QPMV/PDVB semi-IER|

Less than 20 references related to semi-IPNs conthiaipolycation and a neutral network
have been described in the literature. Among thesly, the stability of some of them has

been tested and they are summarized in Table | - 7.
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Table | - 7: Properties of semi-IPN anion exchamgenbranes described in this work

. . IEC Conductivity Water o
Linear polymer Crosslinked polymer uptake Stability Ref.
(meq./g) (mS/cm) (Wt.%)
Unstable in 2
Quaternized poly(2,6- vinylbenzyl chloride M NaOH at
dimethyl-1,4-phenylene (VBC) - divinylbenzene 1.55 22 20 25°C and 147
oxide) (PPO) (DVB) copolymer KOH 2M >
50°C
Unstable
Polystyrene (PS) quaternized chitosan 0.85 28@0° 21 KOH 1M 148
60°C
poly(diallyldimethylammo o Stable in 8 M
nium chloride) (PDDA) PVA 0.77-0.89  15-25 (80 °C) 80-220KOH 149
trimethyl amine Not stable in 2
quaternized PDVD - PS copolymer 1.43-1.72  19-22 15-16 KOH, 25 150
cardopolyetherketone °C
quaternized Stable in 6M
hydroxyethylcellulose PVA 0.27-1.3 (19 °C) KOH at 60°C 151

ethoxylate

for one week

Wu et al**’ synthesized an ammonium quaternized poly(2,6-dighet,4-phenylene oxide)
(PPO) / crosslinked poly(vinyloenzyl chloride) (VBC divinylbenzene (DVB) semi-IPN

(Figure 1 - 51). This semi-IPN shows a conductivfy22 mS/cm, 20 % water uptake and an

IEC of 1.55 meq./g. However, this membrane is taible in NaOH 2 M at room temperature,

probably an effect of the unstable trimethylammaniationic group.

G

BPO
70 C
Cl

Network of VBC-DVC Copolymer

%Qﬁo}_@io
Br CH,Br

BPPO

Figure | - 51: poly(2,6-dimethyl-1,4-phenylene &dBPPO) / crosslinked vinylbenzyl chloride
(VBC) — divinylbenzene (DVB) semi-IPN, later quatized with trimethylamin¥’

Wang et al*®

reported the synthesis of trimethylammonium quted chitosan network in

which polystyrene is entrapped (Figure | - 52).
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Figure | - 52: Crosslinked quaternized chitdéan

A conductivity of 28 mS/cm at 80 °C, and 21 wt.% wéter uptake were reported. The
membrane conductivity remained stable in 1 M Na®@kbam temperature for 72 h and at 60
°C for 50 h. However lost mechanical resistance taedconductivity could not be measured
after immersion in 1 M KOH at 60 °C. This examph®ws the importance of the electrolyte

nature in which the ageing test is carried out.

Qiao et af*®#1*3 synthesized semi-IPNs from crosslinked poly(viaidohol) (PVA) and
poly(diallyldimethylammonium chloride) (PDDA) (Figei | - 53). The AEM presented a
conductivity between 15 and 25 mS/cm at 80 °C, andater uptake between 80 and 200
wt.%. The authors conclude that the semi-IPN aechitre reduces the swelling and improves

the chemical and mechanical resistance of the [edirelyte.

Cl-
n
OH N n
(PVA) HaC™ “CHy
(PDDA)
H H [ Accetone/30°C
m
PVA ch'.lins—-m;m
3.3
GA —»;
la¥a¥y
PDDA
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Figure | - 53: PVA/PDDA semi-IPN
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PVA network has been also used as partner netwoduaternized hydroxyethylcellulose
ethoxylate (QHECE) (Figure | - 54}

RO
[ R=Hcr
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Figure | - 54: Quaternized hydroxyethylcelluloskatylate (QHECE)

The chemical stability was tracked by immersinggbami-IPNs in 6M KOH solution at 60°C

and no decrease in conductivity was observed.

Recently Lin et at*® synthesized a semi-IPN of vinylbenzylchloride-dibenzene and

cardopolyetherketone quaternized with trimethylamiAn IEC between 1.43 and 1.72, a
conductivity between 19 and 22 mS/cm and a watéakepbetween 15 and 165 wt.% was
reported. Nevertheless, the synthesized semi-IPBi® wot stable in 2 M KOH at room

temperature.

5.3. Conclusions

Use of a semi-IPN architecture for AEM is a verycemt topic of research, and the
development of semi-IPNs for AEM are still in th&bbratory stage. Indeed, it was not
possible to find in the literature IPNs for useaason exchange membranes. AEMs reviewed
by Merle et aP* and presented as IPNs do not have a true IPNtectiiie, but are instead
polymer mixtures, co-polymers or semi-IPNs presgpi@viously. Similarly, AEM reviewed
by Couture et &' and Wang et & only present membranes of semi-IPN architecture. O
the contrary, a few proton-conducting membranedRi architecture are found in the
literature for use in fuel celfS? Particularly, IPNs of hydrogenated and fluorinapedymers

are developed in our laboratdry:*>®
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6. Commercial Membranes

In parallel with these fundamental studies, aniamembranes have been or are currently
sold. Their commercialization suggests that theywskthe required stability of the polymer
backbone and of the fixed chargd@sble | - 8 summarizes some of the few commercially
available AEM.

Table | - 8: Properties and nature of commerci@mexchange membrarnés®

lonic
Membrane and Chemical nature IEC conductivity Comment: Ref.
manufacturer (meq/g)
(mS/cm)

PS/DVB Attacked by KOH
Neosepta AMX backbone and ammonia . .
Tokuyama Corp. and 1-2 6 - http://www.astom-corp.jp
ASTOM Corp. Japan Quaterr_lary _ Semi-RIP

' ammonium cation PS/DVB + PVC

AMI-7001 PS/DVB 1(in 0.5 M http://www.membranesint
Membranes Quaternary 1.3 NaCl) ' Stable at pH 1-10 ernational.com/tech-
International Inc. USA ammonium cation ami.htm

Not specified .
FAA-3-PK-130 8 (CI form in
Fumatech GmbH, P(_)kaetone 1.4 0.5 M NacCl, Statzle atpH 1-14 http://www.fumatech.com

reinforced o (25 °C)
Germany 25 °C)

membrane
AM(H), AMHSE-HD  S52CE0nE MOt Stability not
MEGA a.s., Czech P 1.8 5 ii yd http://www.mega.cz
Republic Quaterr_lary _ specifie

ammonium cation
Morgane Fluorinated Production
Solvay S.A., Belgium Quaterr)ary . 1-3 1-3 discontinued http://www.solvay.com

ammonium cation

Heterogeneous:
MA-41
Shchekinoazot United po!yethylene + Stability not .

. anion exchange  -- 3 o http://n-azot.ru

Chemical Company, specified
Russia p0|ym.er not

specified
Shanghai Nanda o Stability not http://www.nanda-
Chemical Plant, China Not specified 18-20 3 specified chem.com
Tianwei Membrane Co. Not specified 12-14 3 Stability not http://en.sdtianwei.com
Ltd., China specified

Some AEMs, as Solvay Morgdhenembrane are no longer available. The Mor§ane
membrane was developed for use in alkaline metHaebkells. It could be used up to 60 °C.
lts methanol diffusion coefficient was between 2 & times lower than for Nafifh
However, this membrane was not stable in strongliakk media since it discolors in 1 M
NaOH°71%8

The most interesting membrane for use in alkalleetlyte seems to be the FAA-3-PK-130
produced by Fumatech which is claimed to resist algHin ambient temperature. The
apparent lack of commercial membranes confirmsitierest of continuing fundamental

research in this area.
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In 1996, Sata et &f° studied the stability of commercially availableiaan exchange
membranes in concentrated (4 — 6 M) sodium hydroatdeigh temperature (up to 75 °C).
The different membranes were obtained from Tokuyabmaporation, Asahi Chemical
Industries Co., Pall-RAl, ... and were reinforced ttwpoly(vinyl chloride) generally). The
authors show that the membranes deteriorated Il@e throcesses: deterioration of backing
fabric, decomposition of the polymer matrix to whanion exchange groups are bonded, and
decomposition of anion exchange groups. At highabikty was obtained with benzyl
trimethylammonium cationic groups than with N-megyyldinium groups. This result is in

agreement with the stability reported for eachvitlial cation in the literature.

7. Anion Exchange Membranes for Metal-air Batteries

Very few publications, to our knowledge, report esimental results on the assembly of an
air cathode protected by an AEM in a configurattomparable to that of an aqueous metal-

air battery.

Tsuchida et at®®*®* demonstrate the assembly of an aqueous zinc-#jrircavhich the air
cathode was protected with a pressure assemblg(hphylsulfonio-1,4-phenylenethio-1,4-
phenylene trifluoromethanesulfonate) membrane (Eigurb5).

OO

Figure | - 55: Structure of poly(methylsulfonio-ipienylenethio-1,4-phenylene
trifluoromethanesulfonate)

The polysulfonium was effective in preventing catipermeation and that the cell capacity
was increased (0.6 V, 124.8 h, 86.4 mAh/g) comptrdte use of a polypropylene separator
(2.32 V, 70.5 h, 14.5 mAh/g). However, the capacityas not increased at KOH
concentrations higher than 1 M, and no informat®given on the chemical stability of the

cation, which we can expect to be very low.

More recently, an air electrode was modified witthyalrogenated AEM with quaternary
ammonium groups (1.4 meq./qg, thicknesu¥, AEM non-specified, supplied by Tokuyama
Corp.) by hot-pressing over the home-made air electféd@he modified electrode was

tested in half-cell, in a configuration equivaletat that used in rechargeable metal—air
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batteries, with aqueous KOH electrolyte from 0.58td1. It showed excellent activity and
durability. The AEM-type air electrode was lesseaféd by CQ (even in an accelerated
experiment with pure C£ compared to conventional air electrodes withautAEM. As
expected, the AEM prevented the entry of,G@o the alkaline electrolyte and inhibited the
permeation of cations from the alkaline electrolytehe air electrode, while suppressing the
precipitation of carbonate in the pores of the eectrode. No other information of the
capacity of the intended battery is detailed.

8. Conclusions

In view of this bibliographic chapter, the protecti of the air electrode by a polymer
membrane, as proposed in the LiO2 project, seentsirgrpossible. The present problem is
the choice of the membrane that will be permeabldydroxyl ions but impermeable to
lithium ions, and at the same time stable for tbegést possible time in contact with
concentrated lithium hydroxide, an electrolyte tttabur knowledge has not been reported in

stability studies.

Among the different cationic groups studied, quzdey ammonium is the most stable in
alkaline electrolyte, and is thus the preferredocain AEM. The chemical resistance of an
ammonium ion is strongly dependent on its structArparticular molecule, 1,4-diazabicyclo-
[2.2.2]-octane (DABCO), is reported to produce amimm ion highly stable at high pH. This
compound, a diamine, can react onto a polymer clwaithform a quaternary ammonium ion.
Being bifunctional, it can also be a crosslink poin a polymer network. Indeed, the
crosslinking of the polyelectrolyte is an interagtiapproach to improve its physicochemical
properties, i.e. prevent polyelectrolyte dissolnficeduce the water uptake and increase the
mechanical resistance. Poly(epichlorohydrin) (PEC#&) be modified by DABCO and this
modification has been studied in the last decade dbtained crosslinked polyelectrolyte
shows interesting characteristics for use as an Aifdel cell application.

To improve the properties of an AEM polyelectro)ytieis can be associated with a second
polymer, to obtain a combination of their propestiaVhen one of these polymers is
crosslinked, a semi-interpenetrating polymer netwmd&mi-IPN) is obtained. AEMs with
semi-IPN architecture are only very recently repain the literature, and, to our knowledge,
consist of two hydrogenated polymers. However, erigs of an AEM consisting of two

polymers can be further improved if both are cliogsld. In this last case, an interpenetrating
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polymer network (IPN) architecture is obtained. Hyathesis of anion exchange membrane

based on IPN has not been reported in the litexatur

In this work we propose the use of IPN architecttoe the synthesis of AEM. The
polyelectrolyte network will be poly(epichlorohydji cross-linked with DABCO. This last
will be associated to, on the one hand, a hydrdgenaetwork and, on another hand, a
fluorinated network. These original materials wié used to modify a commercial air-
electrode which will be tested in working condisonf the air cathode of the lithium-air

battery.
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To ensure a better electrochemical stability of déireelectrode in alkaline electrolyte and
under atmospheric air (close to standard conditimnstemperature and pressure), it was
chosen to protect the air electrode with a polymembrane set on the electrolyte side.
Poly(epichlorohydrin) (PECH) quaternized by 1,4zdibicyclo[2.2.2]octane (DABCO) will
be used as polyelectrolyte network because oftdébilgy in alkali, as described in the

previous chapter.

In a first time, to demonstrate the concept of thatqetion of the air electrode under the
conditions imposed by the aqueous lithium air bgtteve will identify and characterize a
commercial air electrode. In a second time, the IREBEworks will be developed by different
synthetic routes and will be characterized. We ¥atius particularly on the effect of the
proportion of DABCO introduced during synthesissuiéing more or less important charge
and crosslinking densities. In a third time, welwikcuss the assembly of these membranes
on the air electrode. A particular attention wil given to the interface between the electrode
and the membrane to obtain the membrane electissardly (MEA) with a polarization as
close as possible to that of the bare electrodéhatat does not have an impact in the battery
performance. Once the best method of assemblyeistified, the effects of the membrane
thickness and of the DABCO amount on the air ebelgr stability will be studied. The
stability tests will be performed by cycling themyg developed MEA, to verify the efficiency

of the electrode protection by the polymer membrane

1. Unmodified Air Electrode

First we studied the electrochemical propertiestn&f commercial air electrodes and we

estimated their lifetime under the lithium-air leayt conditions.

As previously mentioned (Chapter | 8§ 3), the aqgedhium-air battery can be divided for
practical purposes in the oxygen half-cell andlifmeum half-cell, as shown in Figure Il - 1.

The electrode reactions correspond to the folloveiggations:
Oxygen half-cell (positive electrode): ;.G 2HO + 4 € =— 40H -1

Lithium half-cell (negative electrode): L= Lit € -2
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Figure Il - 1: Aqueous lithium-air batténya: O, reduction electrode with anion-exchange membrane.
b: O, evolution electrodec: LISICON membrane]: protective LiPON filmg: stainless steel current
collector, Li film: electrochemically deposited eéficell assembling.

In the lithium half-cell, a ceramic membrane prateitte metallic lithium from the aqueous
electrolyte. In the oxygen half-cell, the anion excpe membrane will separate the electrode
from the electrolyte. This electrolyte is a 5 moliOH aqueous solution (LIOH solubility at
25 °C is 5.2 mol/Lj in order to assure an excess of Huring the battery charge. Rest /
discharge cycling was chosen because of anothbnaéagical limitation for the metal-air
batteries to be rechargeable. Typical air-elecsate designed to work as oxygen reduction
electrodes only. Indeed, the catalyst and carbotemaés would corrode at high potential
during charging process, and oxygen evolution caddse mechanical breakdown of the
fragile porous structure. This problem was solvgdBDF with the development of a bi-
electrode consisting of an air electrode (usednduthe discharge for oxygen reduction)
coupled with an oxygen gas evolution electrodedul&ing charge), without being a penalty
for the energy density of the battéy/During the battery charge, the air-electrode ieest.

At present, performance of the battery is limited the lithium half-cell in which the
maximum current density is between 2 and 6 mARWe have thus decided to characterize
the stability of the air electrode by cycling 1@Gtrest followed by 10 h of discharge at -10
mA/cn?.
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1.1. Characteristics of Air-Electrode

Two commercial air electrodes produced by Eled&ief® Ltd., denoted E-4 and E-5 have
been used. As schematized in Figure Il - 2, botbteldes are composed of an active layer of
porous carbon black that contains the catalystetaliic nickel mesh that serves as current

collector and a blocking layer of laminated porposy(tetrafluoroethylene) (PTFE) film.

Catalyst layer

Nickel mesh —— ¢—— Teflon layer

Electrolyte
Side

Air
Side

Figure Il - 2: Cross-section of a commercial agotlodé

The E-4 electrode contains manganese based catatgzbon. It was designed for low and
high power applications, in metal-air batteries afichline fuel cells. It is currently used in
commercial alkaline primary batteries.

The E-5 electrode contains cobalt based catalyzeldon and was designed for oxygen
reduction in high power applications. It is curtgnised in prototype applications. Its porous

structure has been observed by scanning electromsaopy (Figure Il - 3).
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Figure Il - 3: SEM image of E-5 air electrode (EtecFuel) on electrolyte side (A and B) and cross-

section (C)

SEM micrographs show carbon black particles blensigdl PTFE binder in a 400 um thick
active layer. The nickel mesh (current collect@omposed of 150 um thick filaments is

visible on the catalyst side (Figure Il - 3 A). ThBXanalysis is shown in Figure Il - 4.

Figure Il - 4: Distribution of cobalt on E-5 aireetrode surface analyzed by EDX. Magnification:
500x, HV: 15 kV

The EDX cartography shows that the cobalt, the lgsttaused in the E-5 electrode, is
uniformly distributes in the the air electrode.

1.2. Experimental Conditions

All the electrochemical characterizations will nefe the oxygen reduction reaction (ORR) at
the air electrode which was characterized in hongen@nventional three electrodes glass
half-cell (Figure 1l - 5).
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Figure Il - 5: Scheme and photograph of homemastehedf-cell for electrochemical characterization
of air electrodes.

The working electrode was consisted of an air sdelet with circular geometric area of 0.78
cn. An Hg/HgO/1 M KOH electrode was used as referamm a platinized titanium grid as
counter electrode. The air electrogesitioned between two plastic gaskets was tightly

fastened to the half-cell with a metallic clamp.

A 5 mol/L LiOH aqueous solution was used as allaktectrolyte. All measurements were

made at ambient temperature and pressure withatettair, unless otherwise stated. The air-
electrodes were equilibrated in the electrolyteutsoh for at least 1 h before starting the

measurements to obtain the potential versus cufpaiarization) or potential versus time

(stability) curves. Measurements were made with wdtirohannel potentiostat-galvanostat

(VMP Biologic®).
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1.3. Electrochemical characterizations

1.3.1. Cyclic Voltammetry

The electrochemical stability domain of air eledgavas determined by cyclic voltammetry.

The voltamperogram was recorded on the E-5 air eetiro5 mol/L LiOH at 2.5 mV/s.

[
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-60-

-80

I (mA)

-100

-1204

-1404

-160

-1801 ; ;
-1500 -1000

E (mV)/ Hg/HgO/1 M KOH

Figure Il - 6: Cyclic voltammogram of E-5 air elesde - Electrolyte: 5 mol/L LIOH. Room
temperature and atmospheric pressure. Referendeoele: Hg/HgO/1 mol/L KOH. Counter
electrode: platinized titanium grid

Neither oxidation nor reduction of the electrolyteas detected between 0.2 and -1.3
V/(Hg/HgO) (Figure Il - 6). The @ reduction reaction (ORR) is observed from -40
mV/(Hg/HgO), witnessing the cobalt based catalgsivay.

1.3.2. Polarization Curves

For the polarization curves, the current densifliag was increased step-wise from -1 to -30
mA/cn?. Each current density was maintained until a stalallue of potential is obtained,

usually after 5 min (Figure Il - 7 A). The electropetential is measured at the end of the
stabilization period. Figure Il - 7 B shows the gmtial vs. current polarization curves for the

E-4 and E-5 electrodes.
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Figure Il - 7: Potential vs. time (A) and potential current density (B) polarization curves of k=4
and E-5 ¢) air electrodes and linear regressions in theoregontrolled by ohmic polarization in 5
mol/L LIOH

In Figure 1l -7 A, the E-4 potential is about -50 mV/(Hg/HgO) atmA/cnt current density
and attains a value of -160 mV at -10 mAfand -350 mV at -30 mA/ciThe E-5 potential
is about -30 mV/(Hg/HgO) at -1 mA/éneurrent density and attains -130 mV at -10 mA/cm
and -290 mV at -30 mA/ciThus, polarization of the E-5 electrode is lowm for the E-4

one.

As discussed in chapter | (cf. § 3.1), the polamracurve can be divided in three areas
(Figure Il - 7 B). The linear part corresponds t@ tohmic polarization #nn) which
represents the addition of all ohmic losses, indgdelectronic impedances through
electrodes, contacts, current collectors and idfusion impedance through the electrolyte.
These losses follow Ohm’s lawnm = IR. Thus, the total cell resistance can be calculated
from the linear region of the polarization curveellCresistances with E-5 and E-4 air
electrodes are 9 and 1Q-cm? respectively. Consequently, we decided to use HFb
electrode to obtain the best electrochemical perémice at the current densities required in
this project. The polarization curve obtained fbe tnon-modified E-5 will be used as

reference curve for the characterization of theiffemlelectrodes.

1.3.3. Electrode Stability

As previously justified the electrode was cycled I6h at rest followed by 10h of discharge
at -10 mA/cni to evaluate its stability. The 10 h at open cirsuitage (OCV) represent the

time the battery is in charge. For all stabilitystte we consider that the electrode is
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irreversibly damaged after reaching a potentiald® mV/(Hg/HgO). This time is recorded
as the life-time of the electrode. The stabilitylod fir electrode is thus equal to 50 h (x 20 h).

To confirm the role of carbon dioxide in the lossperformance of the air electrode in
aqueous alkaline electrolyte (cf. Chapter | - 8§ 3.,4the E-5 stability was evaluated, on the
one hand, with ambient air, and, on the other hauith, CO, free air for comparison (Figure
Il - 8). To obtain the C®free air, a low-pressure air flow was bubbled tigto a 6.4 mol/L
KOH solution? and then through a saturated KCI solution to ddjsselative humidity to 84
% to match that measured in the laboratory. Aftediieg the half-cell, the air flow was
bubbled through a saturated Ca(@Hbdlution. No CaCe@precipitate was observed in this

solution confirming thus the absence of LO
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Figure Il - 8: Potential-time curves of an E-5 bakectrode supplied with untreated (A) and treated
(B) air. Cycle: -10 mA/crhfor 10 h and OCV for 10 h. Electrolyte: 5 M LiORoom temperature and
atmospheric pressure. Reference electrode: Hg/HgO.

When the half-cell is fed with untreated (ambieat), the electrode polarization is -130
mV/(Hg/HgO) at the beginning of the first cycle.érhit begins to increase and attains -300
mV/(Hg/HgO) at the end of the third cycle. Durirgetfourth discharge, the potential reaches
-400 mV/(Hg/HgO) and then drops abruptly. Under,@@e air, the air electrode potential
remains stable (between -130 and -160 mV/((Hg/Hg@thout significant polarization
increase during cycling in 5 M LIOH for more thaB0D h (the experiment was stopped at

that time). The comparison of results of both eixpents clearly confirms that the loss of the
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air electrode performance is essentially due tgotlesence of COin air, as described in the

literature’'®

This initial study shows that the commercial agattode cannot be used in the lithium—air
cell fed with untreated air without the quick laggts performance due to the precipitation of
lithium carbonate. To protect the air electrode fribva precipitation of lithium carbonate, a

polymer membrane can be placed at the interfaceeeet the air electrode and the aqueous
alkaline electrolyte. This membrane must be sudfitly selective, allowing the passage of
hydroxyl ions while preventing the passage of lithiions, as presented before (Chapter I,
Figure | - 9). To block or limit the passage of,lthe membrane must contain cationic groups
that will repel the cations by electrostatic repars At the same time, these cationic groups

will conduct the hydroxyl ions produced by the elechemical reaction in the air electrode.

The effects of the anionic exchange membrane artieofnterface that is created with the

electrode will be particularly studied thereafter.

2. Poly(epichlorohydrin) (PECH) Based PolyelectrolyteNetwork

Poly(epichlorohydrin) (PECH) substituted by 1,4zdikicyclo[2.2.2]octane (DABCO) was
chosen as polyelectrolyte because of its chemteailgy in alkaline condition (Chapter 1 §
4.2.4). Indeed, in alkaline medium, as previouslycdssed, the degradation of polymers
bearing quaternary ammonium groups generally ocbyrshe Hofmann mechanism: this
reaction is reported as negligible in the case @&BDO modified PECH. Moreover,
DABCO containing two tertiary amines, their reantieads to the PECH cross-linkif.

2.1. PECH modification by 1,4-diazabicyclo[2.2.2]octan¢DABCO)

PECH can be modified according to a nucleophiliossitution reaction (&) between one
tertiary amine and a secondary carlerio a chloride atom of PECH. This reaction, catrie

out at 80-95 °C, leads to quaternary ammonium grougieipolymer chain (Figure Il - 9 A).
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Figure Il - 9: Reaction scheme of PECH and DABCQ 4Ad crosslinking of modified PECH (B)

The first amine group of DABCO is more reactiverththe second one. In addition, the
DABCO diffusion is limited once grafted into the €H chain, and because of steric
hindrance of the polymer chathln consequence, the network synthesis is obtaifted two

consecutive steps at different temperatures: DABfE&iting (quaternization) below 95 °C

and the cross-linking reaction (network formatiomgr 95 °C (Figure Il - 9 B).

In a first time, we tried to modify the PECH withABCO just before the network synthesis
in aone-potprocess. However, the quaternization and the diolsisg of PECH under these
conditions proved to require very long synthesises (at least 8 h at 100 °C) after which the
cross-linking was not necessarily complete. Fos tldason we choose to synthesize the
PECH network directly from a PECH pre-modified with mol % DABCO, available in 10
wt.% DMF solution (ERAS Labo, France). In this wpotke materials obtained from this
solution will be designated as PEGHwhere the subscript 10 refers to the DABCO
proportion, 10 mol % / PECH repeat unit.

2.2. PECH Network Synthesis

Solution casting and reaction molding methods wesed in this work for membrane

synthesis. Indeed, solution casting is currentlgdutor the fuel cell membranes synthesis.
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However, this method cannot be applied when thetice require an inert atmosphere or
when it is preferable that solvent cannot evapodateng the synthesis. That is why the

membrane synthesis by reaction molding has beersaislied.

2.2.1. Solution Casting

The PECH network can be synthesized by castindi@fcommercial 10 mol % DABCO
modified PECH solution in DMF according to a prosesipreviously describéd.Routinely,

the PECH network was prepared by pouring an apjai@olr amount of the commercial
solution in an open mold (Petri dish). It was tiheated in a ventilated oven at 100 °C for 4 h.
The synthesized material (noted PEg@Hetwork) is homogeneous, transparent and slightly

yellow colored.

To confirm the correct crosslinking of the matesiaolid-liquid (Soxhlet) extraction of
materials with DMF has been carried out by quamgythe amount of soluble material,
which can be unreacted monomers or linear polyroerExperimental part). Thus, a low

soluble fraction confirms the correct cross-linkofghe network precursors.

First, the extraction time needed has been detedriily measuring the soluble fraction of the
PECH,, network at different extraction times with DMF (Erg Il - 10).

N
o
|

[iny
a1

Soluble fraction (wt.%)
o O

0o ® .
o 1 2 3 4 5 6 7 8

Extraction time (days)

Figure Il - 10: Soluble fraction vs. extraction &with DMF of a PECI network synthesized from
solution casting — Synthesis: 4h at 100°C.

The soluble fractions increased from 1 to 6 wt.%ween 1 and 3 days of extraction. As the
soluble fraction increases only marginally thereattee extraction time has been set at 3 days
for all samples. This represents a good comprometevden a complete extraction and

adequate essay duration.
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These measurements show that the commercial 104nDBIABCO grafted PECH can be
efficiently cross-linked by solvent casting. Howeviy this technique, volatile components
such as light molar weight monomers cannot be umed maintaining an inert atmosphere is

complex.

2.2.2. Reaction Molding

The synthesis of the PEG#network has been also studied in closed mold.tkat, the
reaction solution was injected into a mold madenftvo glass plates clamped together and
sealed with a Tefldh gasket (Figure Il - 11). Then the mold was seafnoven and the

suitable thermal program was applied.

Teflon

Clamp

Glass
plates

Figure Il - 11: Scheme and photography of the niatdhe reaction molding of polymer membranes

It is not possible to obtain a PEgHhetwork by reaction molding from the commercial
PECH solution at 10 wt. % in DMF. Indeed, evenra8eh at 100 °C, the solution remains
liquid thus the gel point is not reached. In costiré the same PECH solution is left at room
temperature for 1 month in a closed mold, a gelb&ined indicating an effect of reaction
rate. Reactant concentration is an important fatttat influences the reaction rdfeln a
closed mold, the DABCO concentration is lowl(wt.%) and constant during synthesis
because solvent does not evaporate, as it doas apen mold. We have calculated by the
Carothers method for a solution at 10 wt.% PECH ifretiwith 10 mol % DABCO that gel
point is reached when 0.1 mol % of the DABCO secamihe have reacted (50.1 % of total
amines). This value is very low and it should beclheal. However, in a dilute medium, the
polymer should be in the form of statistics sphesttsi the DABCO mainly inside. Thus,
when the amines react, in a first time microgetsusth be obtained. Indeed, Kumar et al. have
observed on polymerization of phenol with formalgida that the gel point is preceded by the
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formation of microgel particles, which are too shtalbe visible to the naked eye™*Hence,

no gel is observed even if enough functions haaetesl to reach the theoretical gel point.
However, in our case this point cannot be verifiedeed, all analyses carried out by infra-
red spectroscopy to follow the reaction in real etilvere unsuccessful because no

characteristic absorption band could be identified.

To obtain a PECH network in closed mold in an itdally acceptable time, the
concentration of reactive functional groups shouldd increased. By increasing the

concentration, we should increase the reactionanatethe material should be obtained.

PECH commercial solution in DMF was concentratedenrvacuum at ambient temperature
to around 18 wt.% prior to use. This is the higloestcentration that can be obtained without
causing a spontaneous gelification of the solutibms concentrated solution was poured
inside a mold and heated at 100 °C for 4 h. A homegas, transparent, slightly yellow
colored material was obtained, with a soluble foacof 9 wt.% (DMF, 72 h), which proves
the correct cross-linking of PECH. Under those expental conditions, the PEGhInetwork

can thus be synthesized by reaction molding.

Properties of the membranes synthesized via salg@sting and reaction molding were then

characterized and compared.

2.3. Physicochemical Characterization of Different PECH, Networks

In order for the membrane to protect the air ebtetdr it must satisfy some contradictory
features. For example, it must not show an imporsavelling in water or in an agueous
electrolyte to preserve a high selectivity towalitsum ions. But, for the same purpose, its
ionic exchange capacity must be high to ensurdfeismt ionic conductivity and a transport
number as close as possible to 1. Finally, it fbesstable in concentrated lithium hydroxide,
electrolyte in which it will be immersed during peration. These different properties have

been thus analyzed.

The PECHy network (synthesized by solution casting) was dirédter synthesis under

vacuum (< 5 mmHg) at 70 °C until constant weight.

All the networks were tested in their hydroxyl forfor counterion exchange (from™@b
OH), the samples were immersed in a 1 M KOH solutmn24 h, rinsed with water until

neutral pH and then equilibrated in water for 24 h.
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2.3.1. Water Uptake

The water uptake (WU) of PEGHKnetwork synthesized by solution casting was ddtexth
by swelling of the material in water up to equiiiim (i.e. at least 24 h). The WU value is
calculated from the difference between the dry Wefg,) and the swollen weight) of the

sample according to the following equation:
WU (wt. %) = 100 x (w— W) / Wy -3

The PECH), network synthesized by solution casting has a mester uptake of 110 wt.%.
The PECH, network synthesized by reaction molding is swolldth DMF after synthesis.
The water uptake was thus measured by an adaptdbaneéifter synthesis, the membrane
was unmolded and immediately immersed in a 1 M lggdolution, in which the synthesis
solvent and Clions were exchanged with the alkaline solution @l ions, respectively.
Then the membrane was rinsed with water until m¢ptd and stored in water to equilibrium,
weighted () and finally dried and weightedwf). The WU of the PECH network
synthesized by reaction molding is 1200 wt.%; 1L8.times higher than that of PEGH

network synthesized by solution casting.

To explain this difference, the effect of dryingsh@ be taken into account. As the solvent
evaporates during solution casting, the PEQtetwork synthesized by this method is dry at
the end of the synthesis. The network synthesizereaction molding previously described

was not dried after synthesis. Instead, it was imsetein 1 M KOH for counterion exchange,

and then rinsed and equilibrated in water to meagsrswelling. When this PEGknetwork

is dried before WU measurements, its water uptakedsa2@%6 (5 times lower).

The difference in water uptake can be explainedahyifreversible collapse of some domains
of the polyelectrolyte during drying. Another pddsiexplanation is the post-crosslinking of

the network during drying at 70 °C.

To evaluate the charge density and the crosslintergsity, the ionic exchange capacity and
the mechanical properties of the material wereuatatl. The charge density can be estimated
from the ion exchange capacity (IEC) of the matavizereas the cross-linking density affects
the mechanical relaxation temperature))(6f the material. These different parameters have

been thus measured and compared.
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2.3.2. lonic Exchange Capacity (IEC)

lonic exchange capacity allows determining the neinds functional ionic sites in a gram of

dry material, expressed as meq./g (cf. Experimeras).

The IEC of a PECk network synthesized by solution casting is 1.6 figeddowever, when
this network was synthesized by reaction moldingEa@ of 0.8 meq./g was measured. The
charge density is lower in the PEgHhetwork synthesized by reaction molding than that
solution casting. We must note that both resulés lmlow the theoretic value 1.9 meq./g,
calculated assuming all nitrogen atoms have readtedhe case of the reaction molded
membrane, the measured IEC of 0.8 meq./g is ewearlthan the theoretical IEC of linear
PECHy (1.0 meq./g). This observation is not in agreenwitih the fact that an insoluble
material is obtained. An underestimation in the &S already been observed and could also
be associated with an incomplete exchange of thiex@ in the network. Stoica et &lreport

an IEC value of 1.3 meq./g for a comparable PECtvork (cf. Chapter | § 4.2.4). The
authors found that the exchange reaction with 1 ®HKwas incomplete even after 7 days,
with 0.6 meq./g of Clions still present in the material. Therefore, ith@mplete exchange of
CI" for OH ions can explain the lower measured IEC, as opemxental procedure relies on

the titration of OHions in the material.

However, the IEC values suggest that the reactietwwvéen PECH and DABCO is more
exhaustive by solution casting that in reactiondimg. If that was the case, the crosslinking

density should be higher, which was verified by DMAasurements.

2.3.3. Thermomechanical Analysis

To determine if there is a difference of cross4ligkdensity, the thermomechanical properties
(cf. Experimental part) of solution casted and tieac molded PECH, networks were
compared. Their storage modul&s)(and tad were reported as a function of temperature in
Figure Il - 12. Indeed, the more the network issstmked, the more the mechanical
relaxation (tad) peak is shifted to higher temperatures and theentioe rubbery plateau

modulus is hight®
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Figure Il - 12: (A) Storage modul&s and (B) tad versus temperature of PEGHhetworks

synthesized by solution casting) (@nd reaction moldings(

The storage modulus at the rubbery plateau (ab6veC) is about twice lower when the
membrane is synthesized by solution casting (Figurel2 A). However a shift in the tan
peak from 19 to 32 °C is observed for this samplese two observations are contradictory
but one have to take into account the shape dfatidepeak. The peak of PEGHby solution
casting is Gaussian-like, which indicates a homegaa crosslinking density. Contrarily, that
of the reaction molded network is not symmetricelx¥f a main peak is observed at 19 °C,
the mechanical relaxation continues up to 150 °@e Teactive molded network has an
inhomogeneous cross-linking density, which is &gwmenced by a weak tampeak at 90 °C.
This is consistent with the assumption of formatxmmicrogel particles at the first stage of
the network synthesis. The inhomogeneity of the simdeng for the reaction molded
network can also explain its high water uptake.uatly, the loosely crosslinked domains

should absorb more water.

It is important to note the slight increase in agw modulus observed for the two networks
above 100 °C. This corresponds to a post-crossiinkif the PEChb networks. This was
confirmed by a second scan in DMA, in which a higlmedulus was obtained together with a

wider tard peak.

In conclusion, the solution casted membrane apgedrave a higher crosslink density, at the
same time and the crosslinking is more homogendountrast, the ionic charge cannot be
directly compared by IEC measurements because efutiderestimation of this value

probably due to an incomplete counterion exchange.
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2.3.4. lonic Conductivity

Measurements of ionic conductivity were made atiantitemperature on the fully swollen
materials. After synthesis each membrane was egeltb®H form and stored in water at
ambient temperature. A sample of network with thesst and surfac& was placed between
two stainless steel electrodes connected to antretbemical impedance spectroscopy
apparatus in order to measure the sample resis{&®\.c€onductivity ¢) is calculated from

the following equation:
o=t/(S'R) -4

The intrinsic conductivity is 1.0 £ 0.1 mS/cm foetPECHy network synthesized by solution
casting, whereas that of the PEGHetwork synthesized by reaction molding has a
conductivity of 0.4 + 0.1 mS/cm. This last netwask2 times less ionic conductor than the
PECH,, network synthesized by solution casting. Thisettéghce is in agreement with its IEC
value which is 2 times lower. In addition, it sveellhan 10 more times in water. This
excessive water uptake could explain the conduygtdifference because it can lead to a
dilution of the ionic sites and thus to a decremseonductivity'®. Indeed, if the PECH
network synthesized by reaction molding is drig@ragynthesis and then swollen with water,
the water uptake is reduced to 200 wt.% and thewdivity increases to 1.7 + 0.3 mS/cm.
However, we cannot exclude the effect of a posssinoking during drying of the membrane,

and a difference in the crosslinking density of tihe membranes.

2.3.5. Transport Number

The anion transport numbei)((cf. Experimental part) informs about the ion&estivity of

the sample.

The PECH, network synthesized by solution casting has adwide transport number of

0.92 which is in agreement with the transport numizdues generally reported for similar
PECH-based netwotk When the PECH network is synthesized by reaction molding (not
dried after synthesis), the hydroxide transport bems 0.78. The difference between the
selectivity of the two networks can be also in agrent with the higher charge density of the
solution casted material (IEC value of 1.6 vs. &q./g for the reaction molded network).
The difference can be also explained by the diffeveater uptake of the materials: 110 and
1200 % WU for the solution casted and the reaatioided networks respectively. Due to the

higher water uptake of the reaction molded netwthk, grafted positive charges are more
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diluted than they are in the casted material. Avbrgdistance between the grafted quaternary
ammonium should make the membrane less selectivallowing the passage of cations
together with anions. However, both reaction moldesmbranes, dried (WU = 200 %) and
not dried (WU = 1200 %) after synthesis have a laimti (0.80 and 0.78, respectively).
Therefore the different WU cannot be the only reasw the lower selectivity. We can also
propose that the lowdr is caused by the inhomogeneous crosslinking: teakly charged
domains will have a low selectivity and the totalestivity of the membrane could be

reduced.

In conclusion, the & reaction is more effective in open mold thanlosed mold due to the
increase of reactive function concentration dumagction. The further completion of the
reaction should lead to a higher number of ioniessiand possibly to a higher crosslinking
density. Indeed, a PEGKInetwork synthesized by solution casting shows dlis\geof 110
wt.%, while the same network synthesized by reaatilding, has a swelling of 200 wt.% if
dried after synthesis and of 1200 wt.% when noeedrafter synthesis. The IEC values
indicate that the casted membrane has a higher ewrmb ionic sites. However, this
measurement appears to underestimate the numbeiooi@sites in the material and no clear

conclusions can be made.

DMA measurements show that the solution casted rmeamebhas a higher crosslinking
density, and that the crosslinking density is hoemmgpus. Inversely, the reaction molded
network, with a lower crosslinking density, preseatsinhomogeneous crosslinking. This is
revealed by a wide mechanical transition from @6@00 °C, a main tanpeak at 19 °C and

a second at 90 °C. WU difference could also beampt by the difference in crosslinking
homogeneity. It is also important to note a possslinking of both networks beginning at

100 °C, revealed by an increase in E

Both networks have an ionic conductivity around 3/em. In the case of the reaction molded
network, the conductivity is higher when the membrandried after synthesis. This could be
due to the difference in WU between the dried drerton-dried network. Alsd; is higher

for the casted membrane, possibly due to the I&Midr Both differences can be explained by
the different crosslinking. The more homogeneouossimking of the solution casted network

can explain its higher conductivity and higher stlty.

The properties of both networks are appropriateciar application; nevertheless, the best
characteristics are obtained when the membraneasted. Thus, the optimization of the

reaction molded membrane has been carried outgowe its properties.
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3. DABCO Concentration Effect

The effect of the DABCO content in the network $wsized by reaction molding was
studied. The DABCO content in the PECH network @sponsible of antagonist features.
Indeed, the cationic sites formed in the PECH - [@ABreaction are responsible for ionic
conduction: the higher the DABCO concentration, ifgher ionic conduction and the higher
water swelling. However, DABCO is also the crodstinof the PECH network: the higher
the crosslink density, the lower the water swellifignerefore the DABCO content can
significantly affect the properties of the resudtiproperties of the material that has to be

experimentally assessed.

In consequence, PECH networks with different DABQG®nNcentrations have been
synthesized by reaction molding. These network$ lval designated as PEGHwhere the
subscript X refers to the DABCO proportion in mol & PECH repeat unit.

For the network synthesis, a suitable DABCO praporthas been dissolved in the
concentrated 18 wt.% PECH solution in DMF to attdf 20, 30, 40 and 50 mol % with
respect to chloromethyl function. The reaction nmajdwas carried out at 100 °C for 4 h.
After synthesis, the membranes were unmolded ancedrately immersed in a 1 M KQ4)
solution, for Cl exchange with OHThen the membranes were rinsed with water uatitnal
pH and finally dried and weighted. Soluble fraciooontained in these networks were

quantified (Figure 1l - 13).
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Figure Il - 13: Soluble fraction of PECH networkgwdifferent DABCO content synthesized by
reaction molding. Soxhlet extraction with DMF fd2 .

The soluble fraction decreases when the DABCO obnircreases. The increase in
crosslinker concentration reduces the probabilithaving free linear PECH in the material,

thus decreasing the soluble fraction. This decratseconfirms that additional DABCO has
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reacted with PECH. Indeed, if this was not the dasg¢he PECH, for example, all added
DABCO would have been extracted, and a solublditna®f 18 wt.%, corresponding to the
weight proportion added in the reactive medium, dwave been obtained (corresponding to
20 mol % DABCO). Additionally’H and**C NMR analysis of the extracted material did not
revealed the presence of unreacted DABCO. Cons#gueve can conclude that added
DABCO reacts with the PECH.

The DABCO addition must lead to a higher crossitigkdensity of the PECH network,

which will be verified by different analyses.

3.1. Cross-linking density

First, to evaluate the crosslinking density of ®ECH networks, their thermomechanical

properties were measured (Figure 1l - 14).
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Figure Il - 14: (A) Storage modull&s and (B) tad versus temperature of PEgHe), PECHs (D),
PECHy (0), PECH, () and PECH, (#) networks synthesized by reaction molding

The storage modulus at the rubbery plateau (atnard20 °C) increases regularly with the
increase in DABCO content in the network. The PEgtétwork storage modulus is about 3
MPa while that of PECH it is of 500 MPa. This behavior is characteristican increase in
the crosslinking density with increasing DABCO camit Consistently, a shift in the tan
peak is observed fromaE19 °C for PECH, to 79 °C for the PECH one, and to about 110
°C for PECH,, PECHp, and PECH, networks. Simultaneously, the tapeak intensity
decreases. The simultaneous increasecofaiid the decrease of intensity of dgmeak are
characteristic of an increase in the crosslinkimgsity with an increase in the DABCO

content. Addition of 5 % and more of DABCO (PEfHnd above) leads to an increase in
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crosslinking homogeneity. At the same time, anaase in DABCO should increase the IEC

value.

3.2. lonic Exchange Capacity

The IEC values for PECH networks with 10 to 50 #0DABCO are reported in Figure 1l -
15.

0 10 20 30 40 50 60
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Figure Il - 15: Experimentale( and theoreticald) IEC values for PECH single networks of different
DABCO content

The measured IEC value increases from 0.8 to 2dq)/mevhen the DABCO molar proportion

increases from the 10 to 15 mol %. At DABCO conraians higher than 15 mol %, the IEC
does not further increases, remaining at aroundn./g. As in the case of the PEGH

networks (cf. § 2.3.2), the theoretical IEC are bigthan the experimental values for all the
composition tested. The difference is even moreomamt when the amount of DABCO

introduced is high. The measurements of solubletilas and DMA analysis show that the
additional DABCO leads to a higher crosslinking sign thus a higher charge density. As
previously assumed, the incomplete exchange of d@unterions could lead to the
underestimation of the IEC value. However, anotkason for this underestimation could be
the counterion condensation, resulting in a ne@ttabn of the ionic sites. This phenomenon,
the Manning condensatibit®® consists in the condensation of counterions ot t
polyelectrolyte until the charged density betweenghboring charges along the chain is
reduced below a critical value. To calculate thisical value, the polyelectrolyte chain is
represented by an ideal line of zero radius andeficharge density. The condensed

counterion layer is assumed to be in equilibriumthwihe ionic surrounding of the
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polyelectrolyte. The counterion condensation occwsen the dimensionless Coulomb
coupling strengthl” = Ag/lcharge (Ag represents the Bjerrum length angkde the distance
between neighboring charged units) is superior.ttnlthis case the Coulomb interactions
dominate over the thermal interactions and the ion condensation is favored. For many
polyelectrolytes, this condensation is relevami¢sithe distance between neighboring units is
close tokg (which is= 7 A in pure water, and decreases with the incresmic strength). In
PECH networks at DABCO proportions superior to 20l §0, the distance between ionic
charges would approaéla. Thus the effect of increase in the ionic sitesuMide masked by
the partial neutralization of ionic sites due to riieng condensation. To confirm this
assumption the water uptake of the materials waasuared. Indeed, if the ionic sites are
partially neutralized, the water uptake will be notreased by the DABCO proportion

increase.

3.3. Water Uptake

The water uptake of the different networks havenbeeasured and calculated using equation

[I-3 and shown in Figure II - 16.
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Figure Il - 16: Water uptake of PECH networks wdtfferent DABCO contents. Networks
synthesized by reaction molding immersed afterlggis in the hydroxide exchange solution, rinsed

and equilibrated in water.

The water uptake of the networks increases witlieesing DABCO content to attain a
maximum of 2400 wt.% at 20 mol % DABCO (Figure 16). The WU does not increase any
further with an increase in DABCO content. Up to 2@l % DABCO the cationic sites
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formed in the PECH - DABCO reaction do not leagtwater uptake increase. This result is
in agreement with the assumption of the Manningleasation when the DABCO proportion
is higher than 20 mol %.

The effects of the DABCO content on the other proge of the PECH networks have been
then studied.

3.4. lonic Conductivity

The cationic sites formed by the grafting of DABQ®@olecules into PECH must be
responsible for anion conduction; the conductivfythe network should thus depend on
DABCO concentration (Figure Il - 17).
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Figure Il - 17: lonic conductivity of PECH networksth variable DABCO content. Network

synthesized by reaction molding, non-dried aftetisgsis.

In the studied range of DABCO proportions, all BleCH networks are ion conducting. They
have a conductivity increasing from 0.4 mS/cm f&CP; network to 4 mS/cm for PEGH
network. Thus, although the ions partially condénskeie to Manning condensation when the
DABCO proportion exceeds 20 mol %, the latter, unthe action of an electric field,
contribute to the ionic conduction of the materidévertheless 15 mol % DABCO content is
enough to obtain a PECH network with an ionic cantidity in the mS/cm range, sufficient

for our application.
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3.5. Transport Number

Finally, transport numberg’\ were measured on a series of the PECH netwonresthi
immersed in 1 M KOH after synthesis and then ringed equilibrated in water (Figure Il -
18).
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Figure Il - 18: Transport number for PECH netwdbksreaction moldingq) vs. DABCO content.

As previously reported, the PEGHnhetwork has d& of 0.78. An increase in the DABCO
diminishes the¢™ value of the networks until 0.68 for the PE{Hetwork. The slight decrease
in selectivity with the DABCO content increase d@ndue to the increase in the water uptake
of the network compared with that of PEGHand PECHs networks. Indeed, the WU
between 10 and 20 mol % DABCO, reaching a maximahesfor PECH, and then remains
stable. Nevertheless, all the networks have between 0.68 and 0.79, and they can be

considered as selective.

In conclusion, when the synthesis of PECH netwarkcarried out in a closed mold, it is
preferable to set the molar ratio of DABCO to 15 #foper repeat unit of the PECH. Indeed,
under these conditions, crosslinking of the PECHvagk is more homogeneous, the ionic

conductivity is sufficient and the membrane is sile.

Before the electrochemical characterization of éhastworks assembled on air electrode,
their chemical stability was studieéx-situ in concentrated lithium hydroxide, the

environment in which they will be immersed later.
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3.6. Chemical Stability

The chemical stability of the PEGH network synthesized by solution casting was
chartacterized after immersion at room temperatuge5 M LiOHgq) solution from 1 up to 7
days. The LiOH saturated solution was chosen becausill be the electrolyte in contact
with the membrane in the alkaline agueous Li-aitdsg. The possible degradation of the
ionic sites (cf. Chapter | § 4.2.4) would causeeardase in PECH network conductivity.
The conductivity values of the material, previousiysed and equilibrated in water, are

reported as function of the immersion time in Li@H=igure 1l - 19.
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Figure Il - 19: lonic conductivity of solution cast PECH, network after different immersion time in
5 M LiOH at room temperature

The conductivity of the PECld network remains unchanged after 7 days at roompeesiture
in saturated LiOH, confirming the stability of thisaterial.

The degradation can be accelerated by increasentethperature. Additionally, the stability
of the PECHs synthesized by reaction molding was determine8 i LiOH solution, at
50°C (Figure 1l - 20).
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Figure Il - 20: lonic conductivity of reaction med PECHs network after different immersion time
in 5 M LiOH at 50 °C.

The PECHs network conductivity begins decreasing noticeattgr 10 days of immersion in

5 M LIOH at 50 °C. After 14 days the conductivity 0.4 mS/cm and after 21 days the
conductivity is 0.2 mS/cm, 5 times less than atlieginning of the ageing test. Thus, the
accelerated aging shows that, although the ammosites of PECH-DABCO are described
as the most stable in relation to the Hofmann dedia (cf. Chapter | § 4.2.4), they can

however be degraded during their prolonged immersiconcentrated lithium hydroxide.

In conclusion, the increase of DABCO molar proportin the PECH network synthesized by
reaction molding increases the water uptake andctreluctivity of the network, while
decreasing its selectivity. In fact, it appears thanaximum of water uptake and conductivity
is reached at 20 mol % of DABCO, further increaséhenDABCO content has no effect on
these network properties. The selectivity of themoek, evaluated by, diminishes from 0.78
to 0.68 when DABCO is increased from 10 to 50 moltks effect is probably due to both
Manning condensation and an increase in WU. Ind#esl,network properties appear to
evolve with the DABCO content between 10 and 20 #olAfter 20 mol %, stabilization in
its properties is observed. A PEgHmembrane appears to have the most appropriate

physicochemical characteristics for its use asraaichange membrane.

In the next part, the membrane-air electrode assewitiythese membranes will be studied.
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4. Electrochemical Characterization of PECH Network / Electrode

Assembly

In the first part of this chapter (cf. § 1.3) wevbacharacterized electrochemically the air
electrode. We will next present a method for as$eigpba PECH network over the air
electrode to form the membrane/electrode assenMiBA]j. The membrane should allow the
passage of hydroxide ions while preventing the gges®f lithium ions. It should also block
the permeation or leakage of the alkaline electeoigto the gas-diffusion layer. However,
this structure should yield a low additional resigte in order to not decrease the air electrode
performance. First, we investigated the importasfcassembling the membrane dried or wet,
exchanged or not, with or without a membrane soiuinh order to decrease the interface

resistance.

4.1. Membrane / Electrode Assembly (MEA) Optimization

The optimization of the MEA was made using PE&hetworks as described in § 2.2. Before
assembly, the chloride anions were exchanged iyfdroltide ions after synthesis by

immersion in 1 M KOH for 24 h, rinsed until neutpdt and equilibrated in water.

4.1.1. Membrane Synthesized Ex-Situ

In a first time, a PECH network synthesized by solution castind@0 um thickness) was
placed over the electrode but it does not adherieoair electrode. Nevertheless, after a
prolonged contact with the electrolyte, we can ekpe obtain an ionic contact between the
two. However, after assembly and 5 h of rest initai-cell, the polarization of the MEA is
always very high (< -1 V/ Hg/HgO) and no furthesteecan be performed. We can conclude
that the PECkh network synthesized by solution casting causengpoitant ohmic drop,

because of the no ionic contact with the electrode.

Subsequently, the MEA was prepared by lightly pressa PECH, network, previously
swollen in water, on the electrolyte side of thecwtae (Figure Il - 21). The swollen

membrane adheres slightly to the electrode.
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Figure Il - 21: Photograph of an air electroB&CH,, networkassembly

First, the electrochemical stability domain of thag electrode/PECH assembly was
determined by voltamperometry. The voltamperogravase recorded in 5 M LIOH at 2.5

mV/s (vs. Hg/HgO), with a platinized titanium coantlectrode. (Figure Il - 22).
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Figure Il - 22: Cyclic voltammograms of non-moddiair electrode (A) and modified with a PEGH
network (B) - Electrolyte: 5 M LiOH. Room temperetland atmospheric pressure. Reference

electrode: Hg/HgO

As for the air electrode, neither oxidation noruetibn peak of the electrolyte were detected
between 200 and -1300 mV/(Hg/HgO). Thus, the PROketwork does not reduce the
electrochemical stability domain of the air-eledgoNevertheless, the electroactivity of the

electrode is slightly reduced by the presence efrtetwork. Indeed, at -1 V the current is
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reduced from -130 mA to -110 mA. This reductionthie activity can be due to the slower
diffusion of the active species through the meméraHowever, this reduction can be

considered as sufficiently small to not affect pleeformance of the air electrode.

Agel®® and Akrouf' demonstrated that a “membrane solution” is necgsbatween the
electrode and the membrane to assure the ioni@aciorithey obtained the best performance
with a polyacrylic acid/KOH gel. During a previosgidy in our laboratory, it was found that
a concentrated PECH solution in DMF could be used more efficient membrane solution.
Consequently we used concentrated PECH solutiofmasnbrane solution”. This highly
viscous solution was applied over the electrolyde ®f the electrode as an adhesive and then
a dry, on the one hand, and a water-swollen, owtier hand, PECH networks were lightly
pressed against the electrode and assembled ili-eelaPolarization curves were recorded
on the both MEAs by applying current densities iragyfrom -1 to -30 mA/crh (Figure Il -

23).
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Figure Il - 23: Potential-current density curvesareled on air-electrode ) unmodified and modified
with PECH, network water swollen without (+) and with)(membrane solution, and with dry
PECH, network associated with membrane solution Electrolyte: 5 M LiOH. Room temperature,

atmospheric pressure. Reference electrode: Hg/HgO

As previously reported (cf.§ 1.3), the bare eletgrpotential is about -30 mV/(Hg/HgO) at -1
mA/cn? current density and attains a value of -130 mvlatmA/cnf. When a wet PECH

network is placed over the electrode without memérsolution, the potential is significantly
increased from -130 to -700 mV at -10 mAfcrithe polarization of the MEA is 570 mV

higher than that of the bare electrode at the sanrent density. This sharp increase indicates
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an important resistance due to an insufficientdotwntact between the electrode and the
membrane. Indeed, when the same water-swollen REG#twork is assembled over the

electrode with the membrane solution, the potemgidiecreased from -700 to -400 mV at -10
mA/cn?. To confirm, when a dry PEGH network is placed over the electrode with the
membrane solution, the electrode potential is #00at -10 mA/cm while it is not possible

to measure it without the membrane solution. THaration of the MEA is 370 mV higher

than that of the bare electrode at -10 mA/cm

The polarization of MEA is smaller when the memlaraolution is used but it is still high for

the operation of a half-cell.

Finally, observation of the MEA was carried oukafthe polarization test and 24 h in contact
of the electrolyte in the half cell (Figure Il - 24)

Figure Il - 24: Photography of MEA after 24 h infheell. Electrode modified with (A) dry and (B)

water swollen PECH network and assembled with membrane solution.

The networks are torn, they are detached from kbetrede, and the interface between the
electrode and the membrane is not preserved. TidHREetworks being damaged, the air
electrode was then exposed to the electrolyte.rliptire of the membrane can be explained
by the volume variation the PEG¢etwork in contact with the membrane solution loa t
one side and with the cell electrolyte on the otkidle. To confirm this assumption, the
volume swelling ratios of dry PEGhkInetwork were measured in different liquids (Talble

1).
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Table Il - 1: Swelling ratios of a PEG§hetwork synthesized by casting method,
dried and immersed in different liquids at roommperature for 24 h.

Swelling ratio

Liquid (vol. %)

Water 27
1M KOH 85
5 M LIiOH 90

DMF 170

Dry PECHg network swells of 27 vol.% when it is immersed in@vdthis corresponds to the
110 wt.% water uptake previously reported). The sdrjanetwork swells of 170 vol.% when
it is immersed in DMF, while its swelling in 5 M@QH is only 90 vol.%. Thus a dry network
in contact with the membrane solution containing ®8vells and when the network is then
exposed to the electrolyte in the half-cell, theeliwg is lower. The strain caused by the
different swelling ratio on the both sides of thEdM,o network after assembly can be

responsible for its mechanical failure.

The high polarization of the MEA along with the gioal damage of the membrane caused
by the volume variations in the half-cell test madkis assembly method inadequate for the
application. Consequently another approach has Istedied to assemble the polymer

membrane and the electrode.

4.1.2. Membranes Synthesized Directly over the Electrode

To obtain a better interface between the electanttethe polymer membrane, the later was
synthesized directly over the electrode. Initiallye verified that the air electrode was not
damaged and its electrochemical performance wasalteted by the synthesis process
(temperature and solvent presence). Two tests mace: first the electrode was heated for 4
h at 100 °C in air and second, the electrode wasetdesimilarly, while immersed in DMF.

Both electrodes were tested afterwards and theatreichemical characteristics were found to

be unaltered.

In a first test, the PECld network was solution casted over the electrod2.28l). A 50um
thick membrane was obtained. When this MEA was inseekin a 1 M KOH solution for

counterion exchange, the membrane increased imwland detached from the electrode.
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Thus this membrane could not be exchanged, andested directly in half cell. After 24 h at

rest in the half cell (for counterion exchange)éapzation test was run. A polarization curve
equivalent to that of the non-modified electrodeswsbtained. Immediately after, a stability
test was run, and stability equal to that of the-nwdified electrode was obtained. Thus a

solution casted membrane has no effect in the peeoce of the air electrode.

Therefore, the PECH network was directly synthesized over the eledrdy reaction
molding. The PECIh network synthesis was made by pouring the reacauation (cf. 8
2.2.2) over the catalyst side of the air electrquaced between two silylated glass plates
(Figure Il - 25 A). The membrane thickness wasdikg the Tefloff gasket (500 pm), which
acts also as a hermetic seal during the reactitier 8ynthesis, once removed from the mold,
the PECHg network in the MEA is swollen in DMF and in"@brm. It has the same thickness
than that of the gasket of the mold used for thehegis (Figure 11 - 25 B).
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Figure Il - 25: (A) Schema of the mold for the meanie synthesis over an air-electrode and (B) 500
pum thick PECH, network synthesized by reaction molded over aelattrode

To remove the DMF and exchange the counteriongtprecedures were tested. First, the
assembly was dried and then placed in half-cgfleidorm the exchange in the electrolyte (5
M LiOH). Once dried, the PECH network has a final thickness of about 100 pumsThi
assembly presents an important polarization (< }leven at low currents. To allow its
swelling by electrolyte and the ionic exchangedhsembly was left at rest in the cell and the
polarization was recorded every 24 h. The potentedched a minimum of -500
mV(/Hg/HgO) at -10 mA/crhafter 7 days and this value did not reduced furthkis high
polarization reveals insufficient membrane condugtiand this MEA cannot be further
characterized.
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Second, the assembly was dried and then immersddirKOH for 24 h for counterion
exchange, dried and mounted in half-cell for testige dried PECK network on the
electrode has also a thickness of about 100 pmilgBiynto the previous MEA, the
polarization was lower than -1 V immediately aftee assembly, attained a minimum - 500
mV at - 10 mA/cr after 4 days at rest in the cell and did not fartévolved.

From the both precedent results, we can concludedtying of the membrane should be
avoided.

Finally, the assembly was immersed immediatelyr dfte synthesis in 1M KOH for 24 h for
counterion and DMF exchange with the aqueous elgtt; and the assembly was then
mounted in half-cell for testing. The polarizati@f this assembly was measured and

compared with that of bare electrode (Figure I1). 26
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Figure Il - 26: Potential-current density curvesareled on bare air electrode) @nd modified with
PECH, network @) directly synthesized over the electrode. Elegteol5 M LiOH. Ambient
temperature, atmospheric pressure. Referenceadectrig/HgO

The modified electrode potential was -190 mV at ri&/cn?, i.e. only a 60 mV polarization
higher than that of the bare electrode. This aoldti polarization is the smallest when the
PECHy network is synthesized over the electrode. The cell reasigtacalculated from
polarization curve is only 1®-cn?, and thus the membrane imposes only an additional

resistance of ®-cn? (the resistance of the bare electrode 8@ cf. § 1.3.2).

As previously detailed, a PECH membrane synthedigesblution casting has a conductivity
of 1.0 £ 0.1 mS/cm and the same membrane synthikdizereactive molding has a
conductivity of 0.4 = 0.1 mS/cm (cf. § 2.3.4). Cegaently, the lower polarization of the
MEA cannot be explained by the membrane intrin@aductivity. The reduction of the

polarization could then be due to a better intexfaetween the polymer membrane and the
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electrode. The reaction solution can impregnate dleetrode and effectively cover the
catalyzed carbon black particles, reducing thestasce of the MEA. This behavior was
described by Fujiwara et & for an air electrode modified with an anion exajamembrane
to be used in rechargeable metal-air batteries adgfireous KOH as electrolyte (Figure 1l -
27).
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Figure Il - 27: Schematic illustration of AEM moidiél air electrode, adapted frdaujiwara et af?

To confirm the migration of the polymer into thealgst layer, a transversal cut of a PEgH

MEA was observed by scanning electron microscopyufeidi - 28).

MEA PECH-E5 2
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Figure Il - 28: (A) SEM image of a PEGHMEA. 1: PECH network. 2: Current collector (Ni). 3:
Catalyst layer. 4: Teflon film separating electrdiden air. (B) EDX analysis.

SEM micrograph (Figure 1l - 28 A) show the polymmembrane (1) covering the catalyst
layer (3) in which the current collector is (2).eTRTFE film that serves as a separate from
the air is also observed (4). The EDX analysis fagll - 28 B) shows the chloride atoms
from the PECHh network inside the catalyst layer. This demonetathat the polymer
network has impregnated the catalyst layer, cogetie carbon black particles and forming a

good interphase. This confirms the interest of ¢heice of our method to assemble the

104



membrane over the air electrode. As a result, Plg@etwork can be directly assembled with
an air electrode by molding without important periance losses compared with the bare
electrode.

4.1.3. lon Exchange Time

To define the immersion time in 1 M KOH of the ME#r an optimal exchange of the Cl
ions and the synthesis solvent, several PECGldtwork-modified electrodes were prepared
and immersed in 1 M KOH for different durationsiéfthe fixed immersion time, the MEA
stability was measured in half cell in 5 M LiOH.rRbat, each modified electrode was cycled
for 10h at rest followed by 10h of discharge at riA/cn?. We consider that the electrode is
irreversibly damaged after reaching a potential -400 mV/(Hg/HgO). This time is
considered as the life-time of the MEA (Figure #9).
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Figure Il - 29: (A) Polarization at the beginninigtiee first discharge and (B) Stability of PEGH
network MEA (time at which polarization attains @4MV) vs. immersion time in 1 M KOH before
measurements. Cycle: OCV for 10 h and -10 mA/fon 10 h. Electrolyte: 5 M LiOH. Room

temperature and atmospheric pressure. Referendeoele: Hg/HgO

The polarization at discharge is nearly -300 mV mitee electrode has not been immersed in
1 M KOH before the test. This can be due to the DWé&sent in the membrane, and the ClI
ions that have not been exchanged into hydroxméhis case, the MEA stability is of 30 h,
I.e. lower than the bare electrode (50 h — cf. §3).3fter 48 h of immersion in 1 M KOH
the polarization attains -190 mV, and does not gekamoticeably with increasing immersion
time (Figure 1l - 29 - A). However, the stabilitpareases when the MEA is previously
immersed for 3 days in 1 M KOH to attain 150 h. $hwe decided to immerse systematically
all the MEA for at least 3 days before the differer@asurements in half-cell.
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4.1.4. Stability of PECH o Network / Electrode Assembly

Figure 1l - 30 shows the evolution of the potenaal function of time of the air electrode
modified with a PECkp network synthesized over the electrode and immndelice3 days in
1M KOH. The same measurement carried out on nonfraddelectrode is reported for

comparison.
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Figure Il - 30: Potential-time curves of a barectlede (A) and a PEClimodified electrode
(B).Cycle: OCV for 10 h and -10 mA/ctor 10 h. Electrolyte: 5 M LiOH. Room temperature,
ambient air and atmospheric pressure. Reference@de: Hg/HgO.

At the beginning of the first discharge the MEA gmtial is -200 mV/(Hg/HgO), and
corresponds to the value measured during the patayn test (Figure Il - 26). The MEA
potential decreases slowly during the stability,tesd it has reached -400 mV after 160 h. To
verify the validity of this result, the synthesisdathe electrochemical measurements were
repeated more times and a mean stability of 160th a standard deviation of 50 h was
obtained. Thus the PEGHMEA is considered as stable for 160 + 50 h.

The MEA stability is about 3 times higher than tbata bare electrode (50 h). These results
confirm that an air electrode functioning in 5 MOH aqueous solution, with ambient air, can
be protected from the lithium carbonate formatigrapplying an anion conducting/selective

membrane on the electrolyte side.
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4.1.5. MEA After Functioning in Half-Cell

After the half-cell test end (polarization highkaih -400 mV/(Hg/HgO), the PEGkinetwork
modified electrode shows no apparent damage, agrnshioFigure Il - 31. A decrease of the

polarization has been obtained and physical dansggevented.

Figure Il - 31: Tested area of PEgHetwork reactive molded over the air electroderaf60 h of
stability test

Inversely to PECkp network synthesized by casting method (Tablell), when the PECH
network was synthesized by molding and was immeirsddM KOH directly after synthesis,

its volume was reduced by 45 %. When it was themensed in 5 M LIOH, its volume was
reduced by 50 %. The contraction of the polymer im@ame molded over the electrode,
opposed to the expansion of a casted network, andegplain that in the first case no
delamination is observed. At the same time, ther lbetter adhesion between electrode and

membrane in the case of the direct synthesis oeldwtrode.

We will thereafter study the improvement of the MB#erformance, focusing on the

membrane characteristics such as its thicknes®ABLTO content.

4.1.6. Effect of the Membrane Thickness

First, the effect of the membrane thickness waslistlh MEAs with different PECH

network thickness were prepared and their stabilag evaluated (Figure 1l - 32).
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Figure Il - 32: Stability of MEA as the function BECH, network thickness. Cycle: OCV for 10 h
and -10 mA/crhfor 10 h. Electrolyte: 5 M LiOH. Room temperatuaenbient air and atmospheric
pressure. Reference electrode: Hg/HgO.

A 500 pum thickness at least is necessary to inersggificantly the air electrode stability.
Above this values, the stability increases withré@asing thickness of the polymer membrane.
Thus, a MEA with a 1000 um thick PEghetwork shows a stability of 400 h. However, a
1000 um thickness is not suitable for application in theair battery. For practical
application the thickness must be kept as low asipte. Thus, a thickness of 500 um was

preferred in our work.

4.2. Effect of the DABCO content

As previously shown (c.f. § 3.4), it is possibleitorease 10 times the conductivity of the
PECHy network by increasing the DABCO content. This amcttvity increase implies a
resistance decrease that should lead to a redumladzation of the corresponding MEA.
Thus, PECH networks with different DABCO amountsrevprepared over an air electrode
(cf. 8. 3 and § 4.1.2). The polarization curvesha different MEAs recorded in 5 M LiOH

electrolyte are shown in Figure II - 33.
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Figure Il - 33: Potential-current density curvesareled on bare electrode) @nd PECHh (+),
PECH; (0), PECHy (A),PECH, (#) and PECH, (e) network modified electrodes. Electrolyte: 5 M
LiOH. Room temperature, atmospheric pressure. Beberelectrode: Hg/HgO.

Regardless the current density, the polarizatioth®fMEA decreases as the DABCO content

increases. For PEGhand PECH, networks, the polarizations of the modified and blaee

electrode are equivalent. When the DABCO contetavieer than 20 mol %, the potential of
the MEA is only 35 mV higher than that of the batectrode at -10 mA/ct The total cell

resistances and those of the MEAs were calculated these polarization curves and they

are presented in Table Il - 2.

Table Il - 2: Resistance of in-situ PECH networkeified electrodes vs. DABCO mol %

Tested MEA

In-situ molded PECH network

Assembly Additional

Resistance @-cm?)  resistance {2-cm?)

Non modified electrode 9
PECHo MEA 12 3
PECHs MEA 10 1
PECH, MEA 9 0
PECH,y MEA 9 0
PECH, MEA 9 0
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When the DABCO molar proportion in the networkseeds 15 %, the additional resistance
imposed by the membrane becomes negligible. Thssiltras in agreement with the
conductivity values of the PECH network which beednigher than 1 mS/cm (cf. § 2.8fdr
DABCO contents superior to 15 mol %.

Stability tests were then run on the electrode$ Wit usual rest/discharge cycles: OCV for
10 h and -10 mA/cffor 10 h (Figure Il - 34).
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Figure Il - 34: Potential at discharge vs. timevesrfor the bare electroda | and PECHh (¢),
PECH; (o), PECHy (e),PECH;, (m) PECH;, (X) network modified electrodes. Cycle: OCV for 10 h
and -10 mA/crhfor 10 h. Electrolyte: 5 M LiOH. Room temperatuaenbient air and atmospheric
pressure. Reference electrode: Hg/HgO.

The reduction of the MEA polarization observed he potential-current curves (Figure Il -
33) according to the DABCO proportion in the netkgors also observed at the beginning of
the potential vs. time curves. The potentials dythre first discharge for MEAs with DABCO
proportions superior to 15 mol % are equivalenttlie potential of the non-modified
electrode. The tests were repeated several tinmelsfhee mean stability was calculated for

different membrane compositions (Figure Il - 35).
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Figure Il - 35: Mean stability and standard dewatfor electrodes modified with PECH networks
synthesized with different DABCO contents. Cycl&€\Dfor 10 h and -10 mA/chfor 10 h.
Electrolyte: 5 M LiOH. Room temperature, ambiemtaaid atmospheric pressure. Reference

electrode: Hg/HgO.

Stability of PECHs and PECH, networks can be considered to be equivalent: 360 h.
With a further increase in the DABCO concentratilba stability diminishes. This result is in
agreement with thex-situphysicochemical characterization since these misvshow also
the best selectivity. Thus, after the physicochamand the electrochemical characterization
of the membranes, we decided that the PEQidtwork was the best polyelectrolyte network

for the protection of the electrode.

5. Conclusion

In a first time, we have identified and charactedizair electrodes under the operating
conditions of the lithium air battery. These eledis when supplied with untreated air show a

significant increase in polarization after 50 h oégtion.

In the literature review conducted previously, wed hdentified the DABCO modified /
crosslinked poly(epichlorohydrin) as a polyelecttel membrane that may protect the
electrode. Thus, the PECH network synthesis washg®d. It can be synthesized at 100 °C
for 4 h from the commercial solution of modified ®& in DMF either by solution casting or
reaction molding from concentrated commercial sotutof modified PECH in DMF
(18 wt.%). The correct crosslinking of the matesjalerified by Soxhlet extraction, as well as

a high conductivity and high ionic selectivity dhe most important characteristics of the ion
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exchange membranes. For the reactive molding, wedf¢hat the most interesting network is
the PECHs network. At this DABCO concentration, the higheshic conductivity and
selectivity are obtained. Then, we have succegsadhieved a suitable interface between the
electrode and the membrane that give the sameizaiian as bare air electrode. The best
compromise was obtained with PECH membrane syrbeslirectly over the electrode, not
dried, ion exchanged in 1 M KOH for 3 days befoeb8ity test.

In particular, the stability of the bare electrdus been increased from 160 h to 360 h by
increasing the DABCO content in the PECH networkrfrl0 to 15 mol %. This increase
corresponds to an increase in conductivity fromt6.4.0 mS/cm for the PEGhand PECHhk
networks, respectively. The best performance obdaiwgh the PECHE network is in

agreement with the physicochemical characterisfitsi® network.

With the purpose of reinforcing the mechanical rtips and limiting the electrolyte swollen
of the anion exchange membrane, in the next chapterwill discuss the use of
interpenetrating polymer networks (IPN) architeetdor the MEA. We will describe the
synthesis and characterization of hydrogenated ,|Bised on PECH network and poly(2-
hydroxyethyl = methacrylate) @ (PHEMA) cross-linked  hwit ethylene  glycol
dimethacrylate(EGDMA).
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As we have seen in the previous chapter, the satgabf the polymer membrane protecting
the air electrode is an important parameter for shbsequent stability of the membrane
electrode assembly under the conditions imposédtid¥ithium-air battery. This selectivity is
dependent on the swelling of the membrane in agisolutions increases. To reduce the
swelling of PECH network used as polyelectrolytee gossible approach is to increase its
crosslinking density. However, we have previoudipwn that increasing the proportion of
DABCO as the PECH crosslinker beyond 20 % did restrit to significantly improve the
stability of the assembly. Different methods arepmsed in the literature to crosslink the
PECH network. For example, the use of crosslinkaggnts that do not lead to cationic
groups formatiorf.Nonetheless, the single PECH network exhibitsga hiater uptake which
causes a loss in its dimensional stability. The REE@sed membrane can be also synthesized
inside a polyamide suppdrtdowever, the intrinsic conductivity of the polyateisupported
PECH membrane was found to be low: 0 102 mS/cm against 1 mS/cm for the pure
PECH material. The polyamide support was suspetiiedecrease the membrane water

affinity as well as ionic mobility.

Another strategy that could limit the water swaliof such PECH network consists in
including it into an interpenetrating polymer netiw® (IPN) architecture with an neutral
polymer network. The purpose of this type of polyrassociation is generally to combine
each partner’s properties inside a homogenous rakater this case, PECH network would
continue to ensure the ionic conductivity of thetenal, while the neutral network limit its

swelling in the electrolyte. The synthesis of fuell membranes based on this type of

architecture has been initiated with success inahoratory’°°

In this chapter PECH polyelectrolyte network wik lassociated with an adequate partner
network that should not interfere with the elechramical reaction at the air electrode.
Therefore, it should be permeable to oxygen. Idedllghould also increase the mechanical
resistance of the PECH network so that the matanahe form of thin film, can be easily
handled and applied on the electrode when the rakiemot synthesized on the electrode. A
polymer with a glass transition temperature ab@ar temperature (working conditions of

the battery) is preferable.

Therefore, we decided to associate the PECH netwaalqpbly(2-hydroxyethyl methacrylate)
(PHEMA) network. Indeed, this polymer is used ia thanufacture of contact lenses and thus
it is permeable to oxygert Crosslinked PHEMA has a glass transition tempeeabfiaround

100 °C? The network can be synthesized by a radical palipagon reaction which should
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not normally interfere with the nucleophilic sulbstion reaction leading to PECH network
during the IPN synthesis. As a result, PHEMA wassidered as a suitable partner.

1. Synthesis of PECH/PHEMA IPNs

Ex-situPECH¢/PHEMA IPNs presented in the first part of this ptest, were synthesized and

characterized without air electrode. These synthesel characterizations were made in
parallel to the optimization of the PECH networkthesis and of the membrane/electrode
assembly (MEA) discussed in Chapter Il. For thigsm, DABCO content was set at 10
mol % for the optimization of the PECH/PHEMA IPNs#yesis. For the same reasons, the
assembly on the electrode of these new membrangsbéan done, at first, with the

membranes synthesized in a mold and then placedeoalectrode. An optimized procedure

is presented in the next part of this chapter.

1.1. Experimental

The PECH, network used in this part as reference correspand$?ECH, network
synthesized by molding in the previous chapterQtiapter Il § 2.2.2).

In a typical synthesis, PHEMA network was synthediby free radical polymerization by
mixing 0.9 g 2-hydroxyethyl methacrylate (HEMA),10g ethylene glycol dimethacrylate
(EGDMA - EGDMA:HEMA = 1:9 wtwt) as cross-linker and0 mg 2,2Azobis(2-
methylpropionitrile) (AIBN - 4 wt.% with respect tmonomers) as thermal initiator. The
mixture was degassed under argon for 15 min andegointo a mold made from two
silylated glass plates clamped together and seeitech 500 um thick Teflohgasket (Figure

II - 11). The mold was heated at 60 °C for 16 h andomogeneous, rigid and transparent
PHEMA network was obtained. The material was dueder vacuum at 60 °C for 24 h.

The PECHy/PHEMA IPNs were synthesized byoae-potprocess: in which all reactants are
initially mixed. The PHEMA network is formed by &eadical polymerization initiated with
AIBN at 60 °C, and as seen in the previous chapiter,PECH is crosslinked at 100 °C by
nucleophile substitution (Figure Il - 1).
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Figure Ill - 1: Scheme of PECH/PHEMA IPN synthesis

For this, HEMA and EGDMA (EGDMA:HEMA = 1:9 wt.) weradded to the PECH solution
(18 wt.% in DMF, [DABCOJ/[C-CI] = 0.10) at the apppriate ratios for the desired
composition of the IPN. For example, to synthesizZRECHyYPHEMA 68/32 IPN, 0.085 g
EGDMA and 0.762 g HEMA (0.847 g of methacrylate morers) were added to 10 g PECH
solution (1.8 g PECH). The mixture was stirred undegon for 10 min and then 0.034 g
AIBN were added (4 wt.% of methacrylate monomeFske solution was stirred under argon
for 15 min more. The solution was then injectedhi& mold previously described, which was
then heated, according to a non-optimized curingP&C for 16 h and at 100 °C for 2 h.

IPNs with different PECH contents ranging from 8720 wt.% were synthesized by keeping
the same proportions between monomer, cross-liakdrinitiator for PHEMA network. All
the materials were synthesized from 10 g PECH isolu(18 wt.% in DMF) to which
different HEMA and EGDMA amounts were added. Allvaéstigated PECH/PHEMA
compositions are reported in weight ratio. The IPMe noted PECHPHEMA y/z IPN
where y and z are the weight proportions in the fargl material of PECH and PHEMA,
respectively. The index X of PECH corresponds t® BABCO molar proportion in the
PECH network.
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The PECH/PHEMA IPN films were unmolded at room tenapure. The materials were dried
under vacuum at 60 °C until constant weight. Ak ti°PNs are homogeneous, rigid and

transparent.

To verify that the cross-linking is complete, thaeaunt of soluble fraction contained in the
different materials was determined by Soxhlet etioa for 72 h with DMF, which is a good
solvent of the different precursors (Table 11l - 1).

Table Il - 1: Soluble fraction in DMF of PEGK/ PHEMA IPNs and corresponding single networks

PECH1¢/PHEMA IPN (w/w) Soluble fraction
(wt.%)
PHEMA network 8
37/63 7
43/57 9
50/50 7
68/32 5
PECH,, network 9

All the soluble fractions are lower than 9 wt.%r legample, the PECI{PHEMA 68/32 IPN
contains 5 wt.% of soluble fraction, which confirntise correct cross-linking of these
polymers. This fraction was identified byl NMR as being linear PECH and PHEMA.

1.2. Evidence of True IPN Architecture

The nucleophilic substitution and the radical podyimation reactions were chosen in order to
synthesize these IPNs, assuming that they are mterféring processes, without chain
transfer reactions of radicals at the C-Cl bondP&CH, for instance. To confirm that no
grafting reaction occurs between both networks rduthe IPN synthesis, three different
PECH(PHEMA 68/32 semi-IPNs were synthesized. If no ngfreaction occurs, the linear

polymer can be extracted quantitatively with DM&nfreach semi-IPN.

These semi-IPNs were synthesized according toaime synthetic method as the IPNs. First,
to obtain semi-IPNs in which PHEMA is linear, EGDMAas not added to the reaction
mixture. The soluble fraction of the obtain mateiga equal to 32 wt.%, i.e. the weight
proportion of HEMA included in the IPN synthesisielsoluble fraction has been identified
by **C NMR as linear PHEMA. This result shows that naftyng reaction occurred between
the PHEMA and the PECH network. Second, a semiifPiNhich PECH is not crosslinked,
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was synthesized. For that the cure at 100 °C wasaroied out to avoid the cross-linking
reaction of the PECH. The soluble fraction of ttmaterial is equal to 47 wt.% instead of the
expected 62 wt.%. The soluble fraction was idestdifby *C NMR as linear PECH. This
result suggests that the PECH modified with DABCED partially cross-link at 60 °C. To
verify this assumption, a similar semi-IPN has begnthesized with linear PECH non-
modified with DABCO and the post-cure at 100 °Cnigemaintained. In this case, the soluble
fraction in DMF is equal to 72 wt.% confirming thatear PECH can be extracted from the
PHEMA network.

As the linear polymers can be quantitatively extrddrom semi-IPNs, we can conclude that
both networks are formed independently without siae reaction. The PECH does not play
the role of chain transfer agent in the free rddicdymerization of HEMA. As a result the

synthesized materials can be considered as IPNs.

1.3. Physicochemical characterizations of PECHYPHEMA IPNs

Before the characterizations, all samples wereddaéer synthesis under vacuum until
constant weight. It is important to verify that tRECH based IPNs show suitable mechanical
properties, i.e. they are easy to handle and shemgraficant resistance such that they can be
placed over the electrode by pressing on the sarédcair electrode without breaking or
perforating. Indeed, this was the protocol used Widse membranes before the optimization
described in Chapter Il 8 4.1. Thus the IPNs hasenbcharacterized, in a first time, in dry

state and in a second time, in water swollen state.

1.3.1. Thermomechanical properties

Storage modulus (Eand loss factor (tai of the single networks and IPNs were measured by

dynamic mechanical analysis (DMA) (Figure 1ll - 2).

121



10000

1000 A s.
T ] St
c ]
g | \ gi\
»n 100 A X
= ]
> ]
B ]
o
L 10 4 s, =
© ]
§ M
§ N,
1 AN
-100 -50 0 50 100 150

Temperature ()

Figure Il - 2: Storage modulus (E") versus tempeeaof single PECHY and PHEMA ¢) networks
and PECH/PHEMA 37/634), 43/57 (), 50/50 (+) and 68/32 (*) IPNs

As previously described (cf. Chapter IlI), singleMgo network displays a glassy plateau
(E'= 3 GPa) at temperatures lower than 0 °C. Abovetdnigperature, the storage modulus
value decreases sharply and a rubbery plateawathed at 50 °C (E’ = 2 MPa). PHEMA
network shows also a single mechanical relaxafltne glassy plateau extends up to 50 °C
and the rubbery plateau is reached at 130 °C (ELO=MPa). At room temperature,
PECH/PHEMAIPNs show a higher storage modulus than single REGé&twork whatever
their composition. Thus PECH network associatiotinvai PHEMA network as inside an IPN
architecture leads to an improvement of the storagdulus (i.e. stiffness). In addition, the
IPN storage modulus is higher than 1000 MPa upOtd@ This storage modulus value is
comparable with that of PECH network supported bpodyamide support. Thus, IPN
materials can be used from 0 to 40 °C without drange in its mechanical properties.

The ta@ vs. temperature curves recorded on PRFHHEMA IPNs and corresponding
homopolymer networks are shown in Figure lll.- 3
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Figure lll - 3: Tad versus temperature of single PEGK) and PHEMA ¢) networks and
PECHJ/PHEMA 37/63 ), 43/57 (), 50/50 (+) and 68/32 (*) IPNs

The mechanical relaxation temperatures, locatédeanaximum of tahpeak (&), of single
PECH, and PHEMA networks are detected at 19 and 120ré€pectively. All the IPNs
show a main mechanicalrelaxation characterized by one dgreak detected at intermediate
temperature in between those of the two single odsv This &t depends on the IPN
composition. For example, PEGHPHEMA (68/32) IPN shows a mechanical relaxation at
77 °C, while then-relaxation of PECIyPHEMA 50/50, 37/63, 43/57 IPNs occur at 84, 88,
and 93 °C, respectively. Thus, when the PHEMA propio is above 50 wt.% in the IPN, the
relaxation temperatureaTapproaches that of the PHEMA single network. Tres@nce of a
main mechanical relaxation temperature confirmsraect interpenetration of both networks
inside the IPN architecture. In fact, if that wax the case, two mechanical relaxations would
be detected at temperatures near those of theesiegivorks.

1.3.2. Thermogravimetric Analysis (TGA)

The thermal stabilities of the IPN membranes wetauated by TGA measurements. This
property is of interest for the battery operatiag,its temperature in an operating vehicle can
reach 50 °C, or even 60 °C in hot climates. Figlre4 shows the thermograms recorded on
single PECH, and PHEMA networks and on IPNs containing differ@ECH, weight
compositions.
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Figure IIl - 4: TGA thermograms recorded on singEECH,,(¢), and PHEMA) networks and
PECHYPHEMA 37/63 (), 43/57 (), 50/50(+) and 68/32 (x) IPNs under argon atmosphéeating
rate: 20 °C/min.

The main weight loss of the PEgthetwork starts at 270 °C up to 320 °C. This thérma
degradation in a single step has been associatdd the loss of chlorine radicals and
production of HCE® This result is similar to that obtained by Stoiemal® The single
PHEMA network presents a one-step degradationirsgagt 330 °C indicating a higher
thermal stability compared with that of single PEgHetwork. The different IPNs show an
intermediate behavior between those of the PRGHd PHEMA networks. IPNs exhibit a
first thermal degradation at 250 °C which can beigmed to the PECH network
degradation. The second thermal degradation ic@etat 350 °C and can be assigned to that
of the PHEMA network. Therefore, the degradatiomgerature (5 wt.% weight loss)
increases from 270 to 300 °C when PHEMA proporiimreases from 32 to 63 wt.%. The
higher the PHEMA proportion, the higher the degtima temperature. Thus, the
incorporation of the PHEMA network inside a PECHwwmk increases also its thermal
stability. In addition, the measurements carrietl @u the different IPNs deviate from the
thermogravimetric curve calculated as the weiglaeerage of those of the single PEGH
and PHEMA networks. Thus, PEGHPHEMA IPNs cannot be considered as a polymer
blend in which the networks would be independarieractions exist between both associated

networks.

These different materials have been then charaetkin wet state because of their use in

agueous electrolyte environment.
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1.3.3. Water Uptake

The maximum water uptake (WU) at 20 °C of the ddfe PECH, based IPNs as a function

of the PECH proportion is shown in Figure Il - 5hi§ WU is measured after 24 h of
immersion in deionized water.
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Figure Il - 5: Water uptake of the PEGHPHEMA IPNs as a function of the PEghveight
proportion at 20 °C

Single PHEMA and PECH networks show water uptake of 10 and 200 %, resedy.
Water uptake of IPNs varies linearly from 26 to %3when the PECH weight proportion
increases from 10 to 68 wt.%. The total amount afewin a swollen IPN is lower than the
weight average of water that can be absorbed bl eatwork separately. This behavior
highlights that, as expected, the PHEMA neutralvoet limits the water swelling of the
PECH, network in the IPN architecture. That is possiniéy if both phases, each rich in one
of the polymers, are co-continuous on the wholeenmsit

1.3.4. Storage and Loss Shear Moduli of Water Swollen IPNs

In order to quantify the mechanical resistancenefrhaterials in the swollen state, as close as
possible to the conditions of the networks in thexteolyte, the mechanical strength of the
wet materials, storage (Gand loss (@) shear moduli were measured at 25 °C. The single
networks and PECHJ/PHEMA IPNs are in Clform in the maximum swollen state. All the

signals are stable on the studied frequency rabde—-100 Hz) and storage and loss moduli
measured at 1 Hz are reported in Figure Il - 6.
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Figure lll - 6: Storage (Gwhite bar) and loss (Ggrey bar) shear moduli of water swollen single
PECH, and PHEMA networks and PEGHPHEMA 37/63, 43/57, 50/50, and 67/33 IPNs.

The loss moduli of the swollen PHEMA and PEfgHetworks are equal to 4.2 and 0.1 kPa,
respectively. The IPN loss moduli are in betweerséhvalues and decrease with the PECH
weight proportion. Whatever the membrane compasitibe storage modulus is higher than
the respective loss modulus that is characterdter solid viscoelastic mechanical behavior.
The G’ values vary from 17.2 to 1.6 kPa with theCOPEproportion ranging from 0 to
100 wt.%. The mechanical stiffness is consisteri Wieir water amount absorbed, which is
an important parameter related to intrinsic congitgtperformance, as well. If the amount of
water is too high, mechanical performance is ngtabipaired. On the other hand, an
insufficient water amount would produce a weak ¢oconductivity, since water is essential
for anion mobility. The ionic conductivity of thdffiérent materials has been thus measured
then.

1.3.5. lon Conductivity

The ion conductivity values of water swollen IPNghwarious PECH weight proportions
were measured=igure Ill - 7. The materials were tested in their @d OH form. For the
ionic exchange the materials were immersed in 1 @HKor 24 h, then rinsed in water until
neutral pH, and equilibrated in water for 24 houwfoke the test.
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Figure 1l - 7: lonic conductivity of the water silen PECH, based IPNs as a function of the weight
proportion of PECH in Cio) and OH (e) forms. T=20 °C.

As expected, the PHEMA network is not an ion comidgomaterial 6 = 3- 10* mS/cm). The
anionic conductivity of the single PEG¢hetwork in the fully hydrated state and OH- fosn i
1 mS/cm (WU = 200 wt.%). Conductivities of the PERHEMA IPNs depend on the
PECH weight proportion. The conductivity is lowdrah 0.5 mS/cm when the PECH
proportion is lower than 20 wt.%, which correspotala threshold percolation value. This is
confirmed by the conductivity values of the netwsorin CI form. For higher PECH
proportions, all the IPNs have conductivity valuwésse to 1 mS/cm, not depending on the
IPN composition. Accordingly, for these compositions, the PEGHetwork forms a
continuous phase in the entire material. For thienghed application the membranes must
show the highest possible conductivity, and thasattaining a conductivity of 1 mS/cm the
IPNs must contain at least 50 wt.% in PECH.

However, these anionic conductivity values are tiemes lower than the highest values
generally reported for quaternized polymer memtsaireleed, Slade et Varcdeeported a
conductivity of 10 mS/cm for quaternized poly(vinghzyl chloride) membrane. Anionic
conductivities of 7 mS/cm were also reported foossrlinked quaternized poly(vinyl
alcohol)? and nearly 10 mS/cm for quaternized chitosan manes> The difference
between the conductivity values of PECH-based IPN ather cross-linked quaternized
polymer membranes can be explained by a lower wgtatke of the IPNs. For example, the
cross-linked quaternized poly(vinyl alcohol) shosvsvater uptake of 240 % instead of less
than 100 % for the PECH-based IPNs, explainingotttéer ionic mobility.
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Additionally, the measured IEC of the PEGIHPHEMA 68/32 IPN was 0.5 meq./g which is
consistent with the measured IEC of the PEQketwork 0.8 meq./g (cf. Chapter 1l § 2.3.2).
Furthermore, the IEC of this PEG/PHEMA 68/32 IPN is lower than the 1.2 meq./g IEC

reported for quaternized poly(vinylbenzyl chlorigegmbraned?

1.3.6. Transport Number

The anionic transport numbédr) (delivers information on the ionic selectivity @aimembrane
under an electric field. The values of PECIYPHEMA IPNs in OH form are reported in
Table Ill - 2. For these measurements, all the sasnpave been synthesized by molding

reaction, have been dried and then water swollen.
Table Il - 2: Anionic transport number of PEGHPHEMA IPNs

v
(OH" transport number)

PECH1o/ PHEMA IPN (w/w)

PHEMA network 0.64
37/63 0.84
43/57 0.86
50/50 0.87
68/32 0.90

PECH network 0.80

The single PECky network shows a hydroxide transport number of Qd@0Chapter Il §
2.3.5). Whereas the PECH network can be considered astiseldowards cations, the
PHEMA network is less selectivé € 0.64). This value is higher than the expectedifoon-
selective network (0.50) probably due to the efffoDH groups in PHEMA that can have a
slight complexing effect on cations. When the PHEM@&twork is included into the IPN
architecture, it induces a significant increaseha IPN selectivity compared with that of
single PECHp network synthesized under the same conditionedddthe PECH/PHEMA
IPNs are characterized by a transport number vaging from 0.84 to 0.90 indicating that
the ionic transport inside the IPN is mainly an@rifhis improvement can be explained by
the lower water uptake of the IPNs compared witt tf the single PECH network. Thus, the
alkaline ions (K, Li*, Na, etc.) of an electrolyte will be blocked, or aage their diffusion

would be considerably retarded by the IPN placeat tive air electrode surface.
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For the application pursued, it is important fag thnic conductivity to be as high as possible,
but with a limited water uptake to preserve theswlity of the membrane. Therefore, from
the ex-situ characterizations, the PEgPHEMA 68/32 IPN which has & value of 0.90, a
water uptake of less than 80 % and a conductivity.® mS/cm appears as an appropriate

candidate.

1.4. Electrochemical Characterization of PECHy/PHEMA IPNs MEA

For the first electrochemical characterizationh@dse IPNs, the membranes were synthesized
between two glass plates (cf. chapter Il § 2.2Agd after synthesis, were assembled over
the air electrode without membrane solution, akwd. The water swollen membranes in
OH form (100-150 um) were pressed at 3 bar for 30 the catalyst side of the air electrode.
Then, the MEA was placed between two Teflmiates which were pressed at 3 bars at 60 °C
for 30 min. This procedure was developed priorhte optimization of the PEGKH network
MEA (Chapter 1l § 5.1). The optimized procedurelvoié presented in the next part of this
chapter.
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Figure 11l - 8: Polarization curves recorded oraagbelectrodes() and MEA with a PECIg network
(A) and PECHYPHEMA 68/32 IPN #g). Electrolyte: 5 M LIOH, room temperature, untezair,
atmospheric pressure, reference electrode Hg/HgO.

Figure 1ll - 8 shows the polarization curves of thie-electrode modified or not with a

PECH, network and a PECKHPHEMA 68/32 IPN (polarization curves are identical
whatever the IPN composition). The modified eledéropotentials are about -100

mV/(Hg/HgO) at current densities of -1 mA/€mand reach a value of about -800 mV at -30
mA/cn? indicating a similar ohmic loss when the electresimodified with PECHb network

or IPN.
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Finally, the polarization vs. time (stability) cew of the MEAs were recorded in cycling, 10 h
at OCV and 10 h discharge at -10 mAfdffigure IIl - 9). We must note that the polarizatio
of the MEA is further reduced after 10 h at restha half cell (the first part of the stability
test). For this reason, during the first dischangihe stability test a polarization between -130

and -190 mV is measured, instead of about -400 mihepolarization curves.
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Figure Ill - 9: Potential at discharge - time cigvecorded one(- A) bare electrode#(- B) air
electrode/PECIK network assembly, air electrode/PERAHEMA 37/63 @ - C), 43/57 X - D) and
68/32 (A - F) and 90/10 - E) IPNs assemblies

The stability curve recorded on PEgGHhetwork MEA shows that, as seen in Chapter Il, the
presence of the single PEGHhetwork increases the air electrode stability unaofegreated air

to about 100 h, which is lower than that obtaine@nvRECH network is directly synthesized
over the electrode (160 h — cf. Chapter Il 8§ 4.14)e PECHy/PHEMA IPNs however,
causes a much important increase in the stabilitghe MEA stability. The results for
PECHPHEMA IPNs of different compositions are summadlize Figure 111 - 10.
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Figure Ill - 10: Time at which the assembly potehis higher than -400 mVv/(Hg/HgO) vs. PECH
weight proportion in the IPN. Cycle: OCV for 10 hda-10 mA/cm for 10 h. Electrolyte: 5 M LiOH.
Room temperature, untreated air, atmospheric presReference electrode: Hg/HgO.

Accordingly, even if the polarization curves armiar, the stabilities of the MEAs depend
strongly on the IPN composition. Thus, PERAHEMA 68/32 IPN increases the stability of
the air electrode from 50 to approximately 300 meCan note that this IPN shows the
highest conductivity of 1 mS/cm, and the highestdpmrt number of 0.90.

At the end of the polarization test, the half-cgls disassembled and it was found that the
membrane was mechanically damaged and detachedtimalectrode (Figure Il - 11).

Figure Ill - 11: PECHYPHEMA 68/32 IPN MEA after 300 h stability testhalf-cell

These results have been published in the JourrRdwer Source¥:

As for the PECHhb network MEA described in chapter Il, to obtaineitbr interface between
the electrode and the polymer membrane, the laierbeen directly synthesized over the
electrode by reaction molding to form the MEA teate a better interface. The MEA is then
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immersed in KOH 1M solution to exchange syntheslsent and counter-ions. This method
should reduce volume variations that cause physizahage to the membrane or its
detachment from the electrode. We decided to opéntihe assembly of PEG#PHEMA
68/32 IPN which showed the highest stability andadequate balance of properties among
the different composition tested.

2. Optimization of PECHs/PHEMA 68/32 IPN Synthesis

As for the single PECH network, we have modifieé bDABCO content to increase the
number of ionic sites and the PECH network crasisiig, and the method for assembling the
membrane over the air electrode according to thienaged procedure (cf. Chapter 1l § 4.1.2).

2.1. Experimental

The IPNs in which the DABCO content is increasedehbeen synthesized according to the
same protocol as the previous IPNs but additionraBOO was added to attain 15 mol %,

which was found to be an appropriate concentratigarevious chapter.

10 g of PECH solution (1.8 g PECH = 17.3 mmol DAB@&Igzady grafted) were mixed with
0.097 g DABCO (8.67 mmol) and stirred until complelissolution. 0.089 g EGDMA and
0.804 g HEMA were added. The mixture was stirredemrargon for 10 min and then 0.036 g
AIBN was added (4 wt.% of methacrylate monomers)e $olution was stirred under argon
for 10 min and the solution was injected in a molade of silylated glass plates separated by
a 500 pm thick Tefloh gasket.

In these new syntheses, we chose to carry outittstestep of the IPN synthesis at 70 °C
rather than 60 °C to accelerate the rate of the NPAEetwork formation and decrease the
synthesis time (6 h instead of 18 h). This is gdedbecause the AIBN half-life.{tis 6 h at
70 °C and 23 h at 60 °C (in benzef&The assembly was then heated at 70 °C for 2 faand
100 °C for 4 h. Under these new conditions, thelldel content in PECH/PHEMA 68/32
IPN was found to be 3 wt.%, equivalent to the RAvtor the previous conditions, and the
membranes can be also considered as correctlyiokesh

The storage moduli vs. temperature for PEgPHEMA 68/32 IPNs synthesized according
both cure programs and for PEGHPHEMA 68/32 IPN are compared in Figure Il - 12.
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Figure Ill - 12: Storage modulus (E') versus terapge of PECHY/PHEMA 68/32 IPN synthesized at
70 °C for 2 h and 100°C for 4 ) and at 60 °C for 16 h and 100°C for 4elp, @nd PECHYPHEMA
68/32 IPN synthesized at 70 °C for 2 h and 100%Glfb @).

With the former protocol, PEGRHPHEMA 68/32 IPN is glassy below -25°C before agken
relaxation occurs with storage modulus decreaséd 0t MPa at 125°C. With the new
protocol, PECHyYPHEMA 68/32 IPN is in glassy state (E’3 GPa) at temperatures lower
than 0 °C. Above this temperature, the storage housdralues decrease sharply and a rubbery
plateau is reached at 125 °C (E1 MPa). The change in the thermal program caugefokl
increase in the conservation modulus at tempematbedween the glassy and the rubbery
plateau. PECH/PHEMA 68/32 IPN shows also a single mechanicaxation, the glassy
plateau extends up to 10 °C and the rubbery plateseached at 140 °C (E 1 MPa). The
PECHsPHEMA 68/32 IPN shows a higher storage modulus tttee PECHyYPHEMA
68/32 IPN.

The corresponding tanvs. temperature curves recorded for different IRNXs shown in
Figure Il - 13.
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Figure Il - 13: Taa versus temperature of PEEHPHEMA 68/32 IPN synthesized at 70 °C for 2 h
and 100°C for 4 he), and at 60 °C for 16 h and 100°C for 2¢lp @nd PECHYPHEMA 68/32 IPN
synthesized at 70 °C for 2 h and 100°C for 4. (

The presence of a main mechanical relaxation testyo@r confirms a correct interpenetration
of both networks inside the IPN architecture whatdte protocol. With the former protocol,
the single mechanical relaxation of the PREPHEMA 68/32 IPN, displayed by the
modulus decrease, is associated with a single targepeak centered on 85°C. With the new
protocol (synthesis at 70 °C), the mechanical wdian temperatures ¢ of
PECH(PHEMA 68/32 IPN was unchanged but thedtgmeak is spreading on smaller
temperature range witnessing of a more homogenaogs-linking density. Simultaneously,
the tad peak intensity is increased from 0.95 to 1.10.s€haight modifications witness of a
slight change in the IPN morphology according thetlsesis protocol. When the DABCO
proportion is increased from 10 to 15 mol % in tAECHsPHEMA 68/32 IPN, the
mechanical relaxation temperatures:)Ts shifted from 85 to 110 °C. The shift to higher
temperature points out a higher crosslinking degrées analysis confirms the importance of
the development of the new protocol. In additidme tncrease in the DABCO content

appears, as expected, to increase the crosslirgitgen the network.

For the next characterizations, the PEZPHEMA 68/32 IPN was immersed in a 1 M KOH
solution just after synthesis to exchange the aont and synthesis solvent, and then rinsed
and equilibrated in water. If necessary, it is thdned for the physicochemical

characterizations.
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2.2. Physicochemical Characterization of PECHy/PHEMA 68/32 IPN

The PECHsPHEMA (68/32) IPN presents a water uptake of 10096, while the WU of
the single PECI# network is 2200 wt.% (cf. Chapter Il. 8§ 4.3). Thas, previously, the
introduction of only 32 wt.% PHEMA in an IPN araature still reduces the WU by 2.
However, the present PEGHPHEMA 68/32 IPN swells more in water than the
corresponding PEC{JPHEMA 68/32 IPN (800 wt.%). The same effect of {hcess
synthesis has been observed on the water uptake BfECH network (cf Chapter II).

IEC was found to be 1.3 meq./g, as expected forlPdh with 68 wt.% PECHK; (IEC
PECHs= 2.0 meqg./g). Next, th€ was measured for the water swollen PEZPHEMA
68/32 IPN. At of 0.74 was found, while it is 0.79 for the PEfgIHetwork synthesized under
the same conditions. Thus, contrarily to the presisynthesis process, the association of the

PHEMA network to the PECH network leads to a slidgtrease of membrane selectivity.

The ionic conductivity of the PEGEHIPHEMA IPN is 2 mS/cm, twice the conductivity ofth
PECHs network. This conductivity increase while the gaéctrolyte in the material is lower

can also be explained by the limited swelling. Tharges are thus twice lower diluted.

Finally, the chemical stability of a PEGHPHEMA 68/32 IPN was tested by immersion in
5 M LIOH at 50 °C to accelerate the chemical degiadgrocess and was compared with a
that of a PECH} network in Figure Il - 14 (cf. Chapter Il - § 3.6).
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Figure 11l - 14: Conductivity versus immersion tinme5 M LiOH at 50 °C for a single PEGH
network @) and a PECKH/PHEMA 68/32 IPN ¢)
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The non-aged IPN has a conductivity of 2 mS/cm. ddreductivity increases slightly for the
first 6 days. This increase could be due to a nedfieient counterion exchange in the
material. In the starting material the counteri@nr@nge would be incomplete, and only after
6 days a complete exchange and a maximum condyctisviattained. The conductivity is
about of the same order of magnitude for 10 daj&erA5 days of immersion, a conductivity
of 1 mS/cm is still obtained. Consequently, thess hot been significant degradation of the
ionic sites in the IPN under those conditions. Iseéy, the single PECEnetwork shows a
drop in conductivity after 10 days of immersiongdame can conclude that, as expected, the
IPN architecture is protecting the PECH networlafrdegradation. Visual observation of the
membranes after 10 days of ageing test (Figurell) shows a color change but the physical
integrity of the two membranes is maintained.
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Figure 1lI - 15: Single PECH and PHEMA networks and PEGHPHEMA 68/32 IPNs before and
after 10 days of ageing in 5 M LiOH at 50 °C

Additionally, the PHEMA single network was not vadly altered during the test. At the end
of the 21 days in 5 M LiOH, the PHEMA network maiimted its integrity and did not showed
any color change. The yellow color observed on aged IPN is thus due to the PECH
network.
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3. Optimization of the PECH/PHEMA IPN Electrode Assemby

In the end of chapter I, we concluded that the letectrochemical properties were obtained
for the PECHs network membrane directly synthesized over thetedde, and that drying of

the membrane should be avoided. To obtain the ferébrmances, the MEA was immersed
immediately in 1 M KOH to counterion exchange beftite test in half cell. This procedure

was used for the following characterizations.

3.1. Experimental

All syntheses were made by pouring the PRIFHEMA 68/32 IPN reaction solution over
the catalyst side of the air electrode and placetiéen two silylated glass plates as
previously described (cf. Chapter Il § 4.1.2). Theekness of the membrane was fixed at
500um by a Tefloff gasket. After synthesis, the MEA was unmolded iamziersed in 1 M
KOH for at least 3 days before the half-cell test.

3.2. PECH/PHEMA IPNs MEA Characterization

The polarization curves of PEGHPHEMA 68/32 and PECHPHEMA 68/32 IPN are
shown in Figure 1ll - 16, and were compared witlsiagle PECHyPHEMA 68/32 IPN
synthesize@x-situand assembled after drying over the air electrofiég(1.4).
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Figure Ill - 16: Potential-current density curvesarded on bare electrods,(n-situ
PECHyPHEMA 68/32 IPN (), and PECHYPHEMA 68/32 IPN ¢) andex-situPECH/PHEMA

68/32 IPN ¢ ) modified electrodes. Electrolyte: 5 M LiOH. Rodemperature, atmospheric pressure.
Reference electrode: Hg/HgO
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When the polymer membranes are synthesized direstr the electrodeir(-situ), the
polarization of the MEA is lower than for thex-situ synthesis. At -10 mA/cfthe
polarization diminished from -400 mV/(Hg/HgO) fdretex-situPECHyPHEMA 68/32 IPN

to -160 mV for the PECH/PHEMA 68/32 IPNs, which is closer to the valuetloé bare
electrode (-140 mV). This reduction in polarizatioan be explained by the better ionic
contact obtained when the network is synthesizegttly over the electrode, as demonstrated
for the PECH network (Chapter 1l 8 4.1 and Figure 11-29). Thessults confirm the choice
of thein-situ assembly method. Furthermore, a polarization dogbat of the bare electrode
Is also obtained. Thus the interest of the PEEHHEMA 68/32 IPN is shown. All networks
further presented were directly synthesized overlkctrode by reaction molding.

Afterward, the stability of these MEAs was testedl @he stability curves are compared in
Figure Il - 17.
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Figure Ill - 17: Potential vs. time curves for then-modified electrode (A), PEGHPHEMA 68/32

(B) and PECHYPHEMA 68/32 (C) IPN modified electrodes. Cycle: @@r 10 h and -10 mA/cf

for 10 h. Electrolyte: 5 M LIOH. Room temperatuaembient air and atmospheric pressure, reference
electrode: Hg/HgO

The electrode modified with a PEGHPHEMA 68/32 IPN shows a polarization during
cycling lower than -200 mV and a stability of 350compared to 50 h for the non-modified
electrode and to 160 h for the PEfghhodified electrode. By the use of the IPN, the air

electrode stability has been increased to 350 hnwhe polymer membrane is directly
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synthesized over the electrode. This 350 h stgb#ipresents a slight increase in the stability
obtained when the IPN membrane is syntheseeditu and later assembled over the air
electrode (300 h).

In addition, when the DABCO concentration was iased to 15 mol %, the stability of the
air electrode modified with the PEG#PHEMA 68/32 IPN was increased to 650 h. This
stability is twice that of the electrode modifiedtiwthe single PECH network, and also
twice that of the polymer membrane is PEGRHEMA 68/32 IPN. This improvement in the
stability of the modified electrode can be expldingy the optimization of the DABCO
content, and also of the interface electrode-men#r#ndeed, after the stability test, no
visible damage or delamination of the membraneoseoved (Figure Il - 18). We must also
note that the membrane has become yellow at thekti test. This is an indication of the
membrane ageing in LiOH, as observed in the acteldrageing test in 5 M LiOH at 50 °C
(8 2.2).

Figure IIl - 18: Photography of PEG¥PHEMA 68/32 IPN MEA after 650 h stability testhalf-cell

To confirm the role of carbonate precipitation lire toss of stability of the air electrode, we
removed any possible precipitate from the testedAMEor that, the MEA was rinsed in a
large excess of deionized water by immersing itrioigit and changing the water daily
during two weeks. The same procedure was followedfnon-modified aged electrode as a
reference. No visible change in the electrodes whserved after rinsing. The rinsed

electrodes were assembled in half cell and theiilgyalvas tested again (Figure Il - 19).
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Figure Ill - 19: First stability curves for the nomodified electrode (A) and PEGYPHEMA 68/32
IPN MEA(C) and stability curves after the rinsirgy the non-modified electrode (B) and IPN MEA
(D). Cycle: OCV for 10 h and -10 mA/érfor 10 h. Electrolyte: 5 M LiOH. Room temperature,

ambient air and atmospheric pressure. Referenceade: Hg/HgO

The stability of the non-modified electrode is metovered by rinsing it after the end of the
stability test, suggesting an irreversible damagette electrode. This can be due to the
modification or deformation of the catalytic layarthe electrode by the precipitate, as was
observed by Rolla et &f.Inversely, the IPN modified electrode, recovessdapacity to be
cycled and is stable for more than 600 additiormalrl, despite a higher polarization at the
end of the first stability test. This confirms thhe precipitation of lithium carbonate causes
the loss of stability of the modified air electrod&d suggests that the membrane is protecting

the electrode from irreversible damage by the pr&te.

4. Conclusion

The results obtained in this chapter show cledrby interest of polymer materials of IPN
architecture compared to single polymer networkse driginal combination of PECH and
PHEMA networks inside an interpenetrating polymeetwork architecture decrease
significantly the PECH polyelectrolyte swelling Wi preserving a good hydroxide
conductivity and anion selectivity. The chemicahlslity of the polyelectrolyte is also

improved by the IPN architecture.

An increase in the DABCO content produces an imgmoent in the conductivity of the
membranes. The measured values appear adequateef@rdjected application as anion
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exchange membrane. Therefore, these membraneslhdve characteristics necessary for an
anion conducting membrane that could serve to prdtee air electrode working in LIOH
electrolyte. Under the condition imposed by théilim-air battery, the longest obtained
stability of the air electrode is 650 h when it isdified with a PEChHyY/PHEMA 68/32 IPN.

The results presented in this chapter have allowgeth confirm that the air electrode can be
effectively protected from carbonation by a polymembrane. This is even more effective
than the polymer membrane is chemically resistarihé concentrated lithium hydroxide in
which it is immersed. The importance of the IPNhéecture compared to single networks
has also been shown. Indeed, by limiting the wajgake of the polyelectrolyte network in
alkaline medium, the neutral network structure @ases the chemical stability of the former.
Moreover, the direct synthesis process on the reldet producing a very good interface
between the membrane and the electrode, has alsm stftectiveness in the synthesis of
IPN. Finally, when the electrode is protected byRIN membrane, the degradation process is
reversible and the assembly can be regeneratedh vehnot possible on the bare electrode.

To further increase the chemical stability of th@dymer membrane and thus that of the
modified air electrode, a fluorinated polymer waed as partner network for the PECH.

These new associations will be discussed in theareyiter.
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Chapter IV:

Synthesis of Hydrogenated / Fluorinated
Interpenetrating Polymer Networks
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To improve the physicochemical characteristics (tyaselectivity and chemical resistance)
of the PECH based interpenetrating polymer netw@iiRbkls), leading to the increase of the
stability in discharge of the IPN-modified air di@tle, the association of a polyelectrolyte
network with a neutral fluorinated one appears rasngeresting strategy. Indeed, it is well
known that fluorinated compounds exhibit exceptilynaigh chemical and thermal stabilities
imparted by the strong C-F bore5(L3 kJ/mol vs. 347-356 kJ/mol for C-H borld)and the
shielding of the polymer backbone by the nonbonditegtrons from the fluorine atoms.
Furthermore, as we have shown in previous chaptexss preferable to limit the swelling of
the protective membrane in order to have bettdilgtaand better chemical resistance of the
latter. Fluorinated compounds swell less in aquesakitions than their hydrocarbon
counterparts, so they appear as ideal candidamsever, as detailed in Chapter I, a large
part of the current research on new polyelectrohgtgerials focuses on hydrogenated linear
or crosslinked polymers. No hydroxide conductiverogenated/fluorinated IPN or semi-IPN
have, to our best knowledge, been reported initBedure for anion exchange membrane
application. This could be due to the lack of comuia available monomers and to the
difficulty in the synthesis of cross-linkable flumated precursors. Furthermore, to associate a
fluorinated compound with a polyelectrolyte, whigaining the conductivity of the latter on
the whole material is a real challenge. Our lalmygahas developed an expertise in the
synthesis of proton-conducting based IPNs withrbpolymer-based networks for fuel cell
membranes applicatidit® These original fuel cell membranes show perforreanc

comparable to those of commercially available memeés.

In this work, we propose the innovative use of aflperopolyether (PFPE) as partner
network for the PECH. Solvay Specialty Polymers ttgy@a PFPE product line specifically
for use as reactive monomers for polymer modifaratiFluorolin€ in which Fluorolink®
MD700 is a bifunctional urethane methacrylate PEHgure 1V - 1).
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Figure IV - 1: Chemical formula of FluorolifitiD700

Fluorolink (M, = 1800 g/mol) was chosen due to its miscibilitghadrganic solvents such as

ethyl acetate and butyl acetate (at 5 - 10 wt.%l, its miscibility with conventional acrylic
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monomers. It is also miscible with DMF, the PECHvsat, which was required for the
synthesis of the IPN by tlene-potmethod.

The use of Fluorolink MD700 has been reported in the literature to prechanostructured
imprints by means of UV-based nanoimprint lithodgrap as elastomeric molds for the
fabrication of ordered bulk heterojunction photoaitcells® and for marine antifouling and
fouling-release coating™® Amphiphilic networks of Fluorolink and poly(ethyle oxide)
(PEO) have also been prepared1These networks show bulk morphologies with separat
phases from the nanoscopic to microscopic scale®. dlass transition temperatures were
detected: the first, at high temperature (30-50W@3 assigned to the hydrogenated domains,
and the second at lower temperature (-115 °C) wag@ed to the fluorinated domains. The
size of the different domains was between 1 nm @éhgdm, depending on the Fluorolink
molar weight and the Fluorolink/PEO proportion. Camgal with that of PEO network, the
water uptake was reduced from 50 wt.% for the PEWork (750 g/mol between crosslinks)
to 3 wt.% for the network containing 70 wt.% Flulatk. The Young's modulus was
simultaneously increased from 40 to 76 MPa. Howeterour knowledge, Fluorolink has

never been introduced in an IPN architecture.

In this chapter, we will first describe the syntresé the Fluorolink single network and the
PECHs/Fluorolink IPNs. Second, the physicochemical cb@mézations of these IPNs and
the electrochemical characterizations of the IPNsnbrane / electrode assemblies (MEA)

will be then carried out.

1. Synthesis of Fluorolink Single Network

In this work, Fluorolin€ MD700 will designate the monomer while we will ugg term

Fluorolink for the network.

1.1. Synthesis Procedure

Fluorolink® MD700 monomer was dissolved in DMF and AIBN wasetidThis monomer
being bifunctional it is not necessary to add asslioker, in contrast to the synthesis of
PHEMA network. As the crosslinking is carried owt & free-radical polymerization, all

materials in this chapter were synthesized in aedanold.
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In a first time, the Fluorolink single network wagnthesized with the same procedure used
for the PHEMA network. While it is possible to sasize Fluorolink network without
solvent, the synthesis of the single networks weagried out in DMF at different
concentrations (20, 50 and 80 wt.%) in order tcclose to the synthesis conditions of the
forthcoming IPNs. The solutions were degassed uadgm for 15 min, placed under vacuum
for 5 min to remove all gas bubbles, and finallpqad under argon. Initiator (AIBN) was
added at a concentration fixed at 4 wt.% with respe FluorolinK MD700. The solutions
were degassed under argon, poured in closed mo#ltte rof two silylated glass plates
clamped together and sealed with a R@0thick Teflorf gasket. The mold was heated at 70
°C for 2 h. After synthesis the materials were diuader vacuum. Translucent homogeneous
samples were obtained.

In order to confirm the correct crosslink of Flulm&, soluble fractions contained in the
different materials were determined by Soxhletaotion with DMF for 72 h (Figure IV - 2).
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Figure IV - 2: Soluble fraction amount contained-lnorolink single networks (4 wt.% AIBN) vs.
monomer concentration in DMF.

The soluble fraction of the network decreases a&s RhuorolinK MD700 concentration
increases in the reaction solution. The networkit®sized from the 20 wt.% Fluorolifik
MD700 solution in DMF contains a soluble fraction 3% wt.% and is considered as not
correctly crosslinked. In the synthesis of the PE&QH#brolink IPN, Fluorolink will be added
to the PECH solution in DMF, therefore the synthesithe Fluorolink single network must
be improved at low concentrations in DMF. In efféntthe expected IPN, the Fluorolffk
MD700 concentration depends on the required prapwtiof the two networks and on the
concentration of the PECH solution, which is lirditéo about 18 wt.% because of
spontaneous crosslinking above this concentratbnQhapter 1l § 2.2.2). For example, for
the Fluorolink/PECH 50/50 IPN synthesis from a PE&#ution at 18 wt.% in DMF, the
Fluorolink® MD700 concentration must be of 15 wt.%.
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Fluorolink networks were thus synthesized fromxadi 20 wt.% monomer concentration in
DMF and varying the initiator AIBN wt.% (Figure 1V3).
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Figure IV - 3: Soluble fraction amount containedingle Fluorolink networks vs. initiator (AIBN)
wt.% - [Fluorolink’ MD700] = 20 wt.% in DMF

While the network synthesized with 4 wt.% AIBN raasoluble fraction of 35 wt.%, a soluble
fraction of 5 wt.% was obtained for the network thgsized with 0.15 wt.% initiator. The
incomplete crosslinking with 4 wt.% AIBN could beial to radical recombination, which
occurs if primary radicals are produced at too hagimcentrations and/or in a too low
monomer concentration. Additionally, in a high iaior concentration, the formation of low
molar mass chains is favored. Those chains coukbh#le in DMF and thus extracted from
the materialt? With 0.05 wt.% AIBN, the soluble fraction is highét9 wt.%). This
concentration is too low to achieve the completaoFdlink crosslinking. Subsequently
Fluorolink crosslinking will be initiated by 0.15 Wbt AIBN. Under this condition, a
translucent homogeneous material was obtained (Flgwd).

Figure IV - 4: Photograph of a Fluorolink singletwierk
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1.2. Single Network Characterization

Before measurements, Fluorolink network was drie@0a°C under vacuum until constant
weight. The thermomechanical properties of Fluotokingle network were then measured
by DMA (Figure IV - 5).
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Figure IV - 5: Storage modulus B) and tan (o) of Fluorolink single network vs. temperature.

Storage modulus (E’) and tamare reported as function of temperature. Twa@ ta@aks are
detected. At lower temperatures, (¥ -90 °C), the transition can be attributed to the
fluorinated domains in the network and at highengeratures (J = +35 °C) the transition
corresponds to the hydrogenated domains. Consdguthg translucent Fluorolink network
is a biphasic material as already reported forlamtiifunctional PFPE. Indeed, Bongiovanni
et al*® and Priola et al? confirmed by different techniques (UV-visible spescopy, DSC,
DMA, small-angle X-ray scattering, atomic force noiscopy, X-ray photoelectron
spectroscopy and optical microscopy) that phasaraggd materials were obtained with

domain sizes of 1-100 pm.

The two mechanical relaxations are characterizetioydrops of Estorage modulus: from
2740 MPa at -120 °C to 230 MPa at -30 °C, and tberirtMPa at 80 °C. As a result, this
network remains relatively rigid in this temper&uwange, as required for a polymer network
employed as a scaffold in an IPN. One can noticeftnahe Fluorolinknetwork the second

mechanical relaxation expands from around -25 °Cl@06 °C whereas that of PHEMA
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network starts at 60°C. Thus a Fluorolink based #PNuld be less rigid in the dry state at
room temperature that a PHEMA based one.

The TGA of Fluorolink and PECH single networks were recorded and shown in Fifjire

6 to assess their thermal resistance.
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Figure IV - 6: TGA thermograms of PEGHD) and Fluorolink é) single networks - Heating rate: 20
°C/min — synthetic air atmosphere.

Fluorolink network has a higher thermal oxidatitaebdity (250 °C for a weight loss of 5
wt.%) than the single PEGH network (220 °C), which is already sufficient fdine
application in aqueous lithium-air cell. Afterwardsthermal oxidative degradation occurs in
two steps as already reported by Bongiovanni etnasuch condition$> As described by
these authors, the thermal degradation relatetiddoteaking of urethane bonds and of the
acrylic groups cannot be distinguished during tinst fweight loss. The PFPE chains are
highly resistant and their degradation occurs al&i@°C.

In view of the application, the water uptake of tReorolink network was quantified by
weight measurements and, as expected, it doeswat 81 water (< 1 wt.% at room

temperature). Compared to a PHEMA network (10 wi&ter uptake at room temperature),
the Fluorolink network presents a lower water uptakhich should result in a lower water
uptake of the IPN. Thus, the chemical stabilitaqueous LiOH of Fluorolink material should
be higher than that of PHEMA one due to its limisgelling in aqueous solution and the

chemical resistance of the PFPE moiety. However, utethane and ester moieties of the
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Fluorolink network are sensible to alkaline hydrolysis, andld¢@educe the resistance of the
network in working conditions. Nevertheless, thieegroups are also present in the PHEMA
network, and this network has shown adequate aegistin LIOH. Thus, the behavior of the

single Fluorolink network in the presence of 5 MDH solution was evaluated qualitatively.

In order to accelerate the ageing process, temperatas fixed at 50 °C (Figure IV - 7).

Before tests 10 days 21 days

Figure IV - 7: Single Fluorolink network before aaffer immersion for 10 and 21 days in 5 M LiOH
at 50 °C.

After 10 days in 5 M LiOH, the single Fluorolinktae®rk maintains its integrity, but after 21
days the material has become very fragile, arginbi possible to remove it from the solution
without damage. The water uptake of these fragnmem80 wt.% (instead of < 1 wt.% before
the test), but they are still insoluble in dichlorethane. This suggests a decrease in the
crosslink density caused by the rupture of thehamet or the ester bonds. Thus, despite the
fluorinated nature of this network, the urethanel/an ester moieties of the Fluorolink
network can be hydrolyzed in alkaline conditionsvdrsely, the PHEMA network does not
shows any visible degradation after 21 days inséw@e conditions (cf. Chapter Il § 2.2).
These differences can be due to the differenceasseink densities between the Fluorolink
network (1800 g/mol) and the PHEMA one (800 g/mol).

2. Synthesis of PECHg/Fluorolink IPNs

2.1. Synthesis Method

Since FluorolinR MD700 is miscible with DMF, all the IPNs were slyasized by @ne-pot
process. The Fluorolink network was synthesizettéy radical polymerization initiated with
AIBN at 70 °C. In a second temperature step, th€HPERvas crosslinked at 100 °C by

nucleophile substitution (Figure IV - 8).
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Figure IV - 8: Scheme of PECH/Fluorolink IPN syrglse

In this part, PECH network is always cross-linkedthwl5 mol % DABCO. The
PECH/Fluorolink IPNs were prepared by dissolving DAB@Qthe concentrated (18 wt.%)
PECH solution and then adding the FluorolinD700 to obtain the desired
PECH/Fluorolinkweight ratio. Thus, IPNs with different PEGHhetwork contents ranging
from 25 to 90 wt.% were synthesized. All IPN composs are reported in weight ratio. The
IPNs are noted PEGHFIuorolink y/z IPN where y and z are the weightgortions of PECH
and Fluorolink, respectively in the dry final maadr

For example, for a PEGHFIuorolink 70/30 IPN: 10 g PECH solution at 18 %tin DMF
(1.8 g PECH = 17.3 mmol repeat unit, 1.73 mmol DABG@Iready grafted) were mixed with
0.097 g DABCO (8.67 mmol) and stirred until completissolution. 0.813 g (0.45 mmol)
Fluorolink® MD700 were added and the mixture was stirred uadgon for 15 min, placed
under vacuum for 5 min and then under argon. 1.2AMBN (0.15 wt.% with respect to
Fluorolink) were then dissolved in the mixtureyrstil under argon for 15 min, followed by

5 min vacuum and was finally placed under argon. mheéure was poured into a mold made
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from two silylated glass plates clamped togethed sealed with a 50@m thick Teflon

gasket. The mold was placed in an oven at 70 °C2fdr and at 100 °C for 4 h. The
PECH/Fluorolink 70/30 IPN swollen in DMF were unmoldatroom temperature (Figure
IV - 9) and dried until constant weight under vatu( mmHg) at 70 °C before testing,

unless specified.

Figure IV - 9: Photos of water swollen PEG#Fluorolink 70/30 (A) and 25/75 (B) IPNs.

All synthesized IPNs with a PEGH content superior to 40 wt.% are macroscopically
homogeneous in the dry state (translucent) andhenwater swollen state (transparent), as
shown for PECHFluorolink 70/30 IPN in Figure IV - 9 A. In contfasthe
PECH/Fluorolink 25/75 IPN is macroscopically homogeneouthe dry state, but when it is
swollen with water, transparent and opaque dom@mnthe mm range) appear, as shown in
Figure IV - 9 B. Not being macroscopically homogeumsg IPNs containing less than 40 wt.%
PECH will not be further characterized.

2.2. Soluble Fraction

To confirm the correct crosslinking of the polymetise soluble fractions contained in the
different IPNs were determined by Soxhlet extractior 72 h with DMF. The soluble

fraction amounts are reported in Table IV - 1.
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Table IV - 1: Soluble fraction amounts of singleiéiiolink and PECl4 networks, and
of different PECHy/Fluorolink IPNs (Soxhlet extraction, DMF, 72 h)

IPN Composition (w/w) Soluble fraction

(wt.%)

Fluorolink network 5
40/60 5
50/50 2
60/40 3
70/30 4
80/20 5
90/10 1
PECH ;s network 4

All analyzed materials show soluble fraction amsultwer than 5 wt. %. Thus, all the
polymers can be considered as being correctly lin&ssl in the IPNs whatever their

composition.

3.  Morphology of PECH;g/Fluorolink IPNs

The IPN morphology was derived from different analy@esmfocal microscopy, water uptake

and DMA) which are now presented.

3.1. Confocal Microscopy

The morphology of a PEGHFIluorolink 70/30 IPN, synthesized with 0.15 wt.%4mwt.%
AIBN (before optimization of Fluorolink network sthresis), was studied by laser scanning
confocal microscopy. The membranes were dried ay@thesis, immersed in a diluted
solution of rhodamine B for 24 h, then rinsed umid further coloration on the rinsing

solution was observed and then stored in waterrbetoalysis (cf. Experimental Part).

The rhodamine B, a water soluble dye, is prefeadiptabsorbed into the hydrophilic PECH
phase, and is excluded from the hydrophobic PFPMadws. This point was verified by
treating PECH and Fluorolink single networks: dyesaption was only observed in the
PECH single network. The rhodamine B was exited@t Bm and fluorescence collected

from 570 to 640 nm (cf. Experimental Part).
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Figure IV - 10: Fluorescence images recorded bgrlasanning confocal microscopy for
PECH_s/Fluorolink 70/30 IPNs synthesized with (A) 0.15gB) 4 wt.% AIBN. PECH phase was
stained red by rhodamine B. Scale bar: 10 um

In the microscopy images PECHs/Fluorolink 70/30 IPNs, the hydrophilic PECH richgste

is stained red whereas the hydrophobic phase, ceedpof Fluorolink network, is free of
fluorophore and appears in black. So, non-fluoresaed red domains of micrometric size
are observed in the PEGFIuorolink 70/30 IPN synthesized with 0.15 wt.%BMN (Figure
IV - 10 A) which is in agreement with the translotaspect of the sample (Figure IV - 9).
This phase separation is limited compared to thhserved on the amphiphilic
Fluorolink/PEO networks (domains from 1 to 10M)"* The IPN architecture shows here all
its interest compared with that of co-networks: BECH-rich and the Fluorolink-rich
domains appear continuous for the 70/30 composifitsis morphology will be verified by

water uptake measurements (cf. 8 3.2) and by DMAyaisa(cf. § 3.3).

Confocal microscopy has also allowed us to showrttportance of the synthesis parameters
on the morphology of IPNs. We have previously shawat the initiation of Fluorolink
polymerization with 4 wt.% AIBN does not permit ¢dtain a suitable fluorinated network
(cf. 8§ 1.1). Thus, a PEGHFluorolink 70/30 IPN was synthesized with 4 wt.%BAN to
compare its morphology to that of the synthesizednfthe optimized protocol. This IPN
shows dispersed black spots (> 10 um) in a contiswed stained matrix (Figure IV - 10 B).
Hence, the Fluorolink network is dispersed in tHeCPl matrix. This morphology is in

agreement with the important water uptake of tRiN (5000 wt.%).

Another approach to obtain information on the amnty of the various phases is to measure

the swelling ratio of the material in a solventoofe of these phases. Consequently, the water
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uptakes of IPNs synthesized with 0.15 wt.% AIBN avereasured as well. If PECH phase is
the only continuous, the uptake is maximum, iithe fluorinated phase, the uptake will be

minimum.

3.2. Water Uptake

For the water uptake measurements (WU), the sampbye immersed in 1 M KOH
immediately after synthesis (swollen with DMF). Thesre then rinsed with water until
neutral pH and then equilibrated in water for 24'he swollen samples were weighted)(
they were then dried under vacuum until constangiteand weighteda(y). WU (Figure IV -
11) was calculated using eq. 1I-3.
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Figure IV - 11: Water uptake of single PEGlnd Fluorolink networks and different
PECHs/Fluorolink IPNs vs. PECH weight proportion.

The PECHs5 and the Fluorolink networks have a WU of 2200 480 wt. % respectively.
The WU increases linearly with the increase in BEeCHs proportion, between 40 and
70 wt.% PECHS, which is a typical behavior of continuous PECHwaek. One can note that
PECHsPHEMA 68/32 IPN presented a water uptake of 100@owcf. Chapter Il § 2.2) and
that the corresponding PEGFIuorolink 70/30 IPN shows a water uptake of 2400 %

At PECH;s concentrations higher than 70 % a plateau isratthat around 2400 wt.% (near
the WU of the PECHH single network) suggesting a discontinuous Fluokohetwork. The
continuity of the Fluorolink network at low conceations (higher than 30 wt.%) can be
possible because the Fluorolink network is syn#egkibefore the PEGH network. In
general, in the synthesis of IPNs the first networkned is the continuous phagée’
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One can notice that the neutral network, swollethwdMF, also absorbs water if WU
measurements are performed immediately after sgisth@hus, contrary to the expected
effect, the fluorinated network does not reducewager swelling compared to the PHEMA
network. This can be explained by the different sliok density of the two partner networks.
In the PECHyPHEMA 68/32 IPN, the weight between crosslinksg)(has been estimated to
800 g/mol (about 6 HEMA units). In the PEgGHFluorolink 70/30 IPN the weight between
crosslink points is given by the FluorolfailMD700 molar weight (1800 g/mol). This lower
crosslink density leads to a higher swelling. Amotipossible reason for the higher water
uptake can be the structure of the Fluorolink nétwmposed by the synthesis conditions. As
we saw in § 1.1, the formation of the Fluorolinktvserk is strongly dependent on the
monomer concentration during synthesis. In the PEEHiorolink 50/50 IPN, Fluorolink
MD700 is dissolved at 15 wt.%. The concentratiommwnomer is lowered at higher PEGH
proportion in the IPN. This would result in a lesnsgely crosslinked network, and increase

the number of pendant chains or oligomers, anddhigher water uptake is obtained.

3.3. Thermomomechanical Properties

The thermomechanical properties of the IPNs weeadyaand by dynamic mechanical analysis
(DMA). As shown in Chapter Il, single PEGHnetwork displays a broad mechanical
relaxation detected from 0 to 140 °C and centeretP&iC (cf. Chapter Il § 3.1). Similarly,
we have shown that the fluorinated network presemtsmechanical relaxations at -90 and
35 °C (cf. 8 2.3). Three representative IPNs arevshio Figure IV - 12 and Figure IV - 13.
The IPNs also display two mechanical relaxationse Dne at low temperatures can be
attributed to the fluorinated domains of the Fluimdo network. The second, at higher
temperatures, is attributable to the hydrogenatemhains of both the Fluorolink and the
PECH network. The relative magnitude of these tr@oditions appears to be proportional to
the amount of each polymer.
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Figure IV - 12: Tan versus temperature of single PEGHk) and Fluorolink ®) networks, and
PECHs/Fluorolink 40/60 ¢), 60/40 ¢), 70/30 ) IPNs

The ta peak at low temperature, characteristic of therihaded domains of Fluorolink is
only weakly detected on the PEGHFluorolink 40/60 IPN, containing more Fluorolinkh&

latter disappears for other compositions.

The PECHS/Fluorolink 40/60 and 60/40 IPNs show only one nagubal relaxation centered
at +35 °C like on the single Fluorolink network. iJtrelaxation is attributable to the
hydrogenated domains of both the Fluorolink and tRECH network. On the
PECH_s/Fluorolink 70/30 IPN, this relaxation is shifteo\tards the highest temperaturea(T
= 63°C). Because the main mechanical relaxatiortsvofnetworks in the IPN occur in the
same temperature range (the difference betweetwitngés 40 °C), it is difficult to attribute

the relaxation of each of them in the IPNs.

Additional information was obtained from measuretaef storage modulus (E') (Figure IV -
13).
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Figure IV - 13: Storage modulus E' versus tempeeatfisingle PECH (*) and Fluorolink @)
networks, and PECHFIluorolink 40/60 ), 60/40 ¢), 70/30 ¢) IPNs

Single PECHs network displays a glassy plateau ¢E3 GPa) at temperatures lower than
0 °C. Above this temperature, the storage modullisegsadecrease and a rubbery plateau is
reached at 100 °C (E 5 MPa). As previously shown, the single Fluorolmétwork shows
two mechanical relaxations characterized by twagpsirof the storage modulus, one from
E'=2740 MPa at -120 °C to'E 230 MPa at -30 °C and a second to 7 MPa at 70 °C.
Between -80 and -20 °C, the PECH phase of the iBNsthe glassy state and the fluorine
domains of the Fluorolink network in the elastoroestate. In this area, the Fluorolink
network modulus is in the order of 300 MPa. Whea gnoportion of PECH in the IPN
network increases from 40 to 70 wt.%, the storagelutus increases from 1300 MPa, to
3000 MPa, equivalent to the modulus od PE£s$ingle network. This is in accord with the
reduction of the Fluorolink amount in the IPNs. Abo50 °C both polymers are in the

amorphous state and no conclusion can be obtaiogdErvalues.

From the above measurements, we can conclude BE@Hf/Fluorolink IPNs are biphasic
materials, with fluorinated and hydrogenated ddtimlomains. Analysis by confocal
microscopy of PECHY/Fluorolink 70/30 IPN suggests a co-continuity loé two phases, with
domain size of about im. Water uptake measurements show that the WUagseeelinearly
with the increase in PEGH proportion, between 40 and 70 wt.% PEgHve can also

conclude that both networks are co-continuous i ¢bmposition range. The DMA of IPNs,
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in the same composition range, shows a single maak pt high temperature, characteristic
to the hydrogenated domains measurements. Frothrge analyses we can conclude that the
PECH_s/Fluorolink IPNs in the composition range betweénatd 70 % PECH show a co-
continuous phase morphology. In consequence, ti@gHREetwork continuity is obtained on

a large composition range (from 40 to 90 wt.%).sTikirequired in the IPN for the application

since this network has to ensure the hydroxidespart from the electrode to the electrolyte.

4. Physicochemical Characterizations

It is important as a first step to verify that tRECH crosslinking is not modified in the
presence of fluorinated network. These crosslinffteiscare also the ionic conductors, and are

guantified by IEC measurements.

4.1. lonic Exchange Capacity (IEC)

IEC values were measured as previously detailedpdogk-titration of OH ions in the
membrane (cf. Experimental part). IEC of the PEgHuorolink IPNs were measured on
non-dried sample after synthesis and the valuesep@rted versus the PECH proportion in
Figure IV - 14.
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Figure IV - 14: IEC of PECH/Fluorolink IPNs versus PEGEInetwork proportion.

The measured values in Figure IV - 14 are lowen tie theoretic values. For example, for
the PECHy/Fluorolink 70/30 IPN an IEC of 1.4 meq./g is meaaslinstead of the expected
2 meq./g, which would suggest a yield of 70 %. Ttdald also be associated with an
incomplete exchange of the"@ns in the network. This was already observedHherPECH

single network by Stoica et &.who found that the exchange reaction with 1 M K@ks
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incomplete, with 0.6 meq./g of Cbns still present in the material. Another reaganthe
low IEC value could be an incomplete crosslinkifighe PECH network, as proposed in the
Chapter II.

However, the IEC increases as expected linearlly thié¢ PEChk content. This result shows
that almost all of PECH network ammonium sitesaeessible to the aqueous solution, thus
allowing its quantification. This result is agaim accordance with morphology where the
PECH rich phase is continuous throughout the nedtdn fact, the linear dependence of the
IEC and the PECH proportion in the IPN suggest that ionic groups of the latter are
accessible, not obscured by the Fluorolink netwérk.IEC superior to 1 meq./g is obtained

for PECH5 proportions superior to 50 wt.%.

4.2. lonic Conductivity

Simultaneously, the anionic conductivity valuesha single PECH network and of IPNs with
various PECH weight proportions were measured (Eigu - 15). The measurements were

carried out on samples non-dried after synthasi)e OH form and swollen in water.
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Figure IV - 15: lonic conductivity of single PEGHhetwork and of different IPNs vs. the PECH
weight proportion. Room temperature, @bfm, water swollen

The anionic conductivity of the single PEGHhetwork in the fully hydrated state is 1 mS/cm.
For the PECHFluorolink IPNs a maximum conductivity of approxately 2 mS/cm is
obtained for the PEC{dFluorolink 70/30 IPN. However, no important vaioets are found
with the PECHs proportion in the IPN. These result is equivalenthat obtained for the
PECHJPHEMA IPNs for which all IPNs show an equivaleminductivity of around
1 mS/cm when PECH proportion is higher than 30 wt.%. Furthermore, ¢baductivity of
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the PECHsPHEMA 68/32 IPN is the same as that of the PfFHuorolink 70/30 IPN.
Thus the fluorinated Fluorolink network does notluee the conductivity of the IPN
compared with hydrogenated PHEMA network.

4.3. Transport Number

The anionic transport number ) delivers information on the ionic selectivity @fmembrane
under an electric field. The membranes were neddaiiter synthesis, are Oekchanged and
tested swollen in water. The values of PECI/Fluorolink IPNs in OH form are shown
Figure IV - 16.
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Figure IV - 16: Anionic transport numbers of PERIuorolink IPNs vs. the PECEInetwork
proportion ¢©) and that of PECH/PHEMA 68/32 IPN ¢). IPNs non-dried after synthesis

The anionic transport numbets of PECHs/Fluorolink IPNs vary from 0.65 to 0.8. The
highestt’, and thus the highest selectivity, are obtained éetw50 and 80 PEGKwt.%, with

a maximum of 0.80 at 70 % PE@Hnetwork. This value is higher than that of
PECHsPHEMA 68/32 IPN (t= 0.74), but similar to that of single PEgGHetwork. The
high t* value obtained at 70 % PE@HmMay be due to a good compromise of cationic sites
concentration, as shown by the IEC measurementkstre beginning of the water uptake
plateau at this composition.

Before assembling these IPNs over the air electrode studied the chemical stability of
these materials by soaking them in a concentratteidrh hydroxide solution, in which they

will be later immersed in the lithium-air battery.
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4.4. Chemical Stability

The stability of PECHy/Fluorolink 70/30 IPN in 5 M LiOH at 50 °C was tedt The samples
were dried before the stability test, because wiadrdried after synthesis they are fragile and
the repeated immersion, rinsing and conductivityasueements are not possible. The
conductivity of the membrane was monitored durirdg days (Figure IV - 17) and was
compared with that of a single PEgHietwork and a PECIHPHEMA 68/32 IPN previously
discussed in Chapter Ill § 1.3.5. Conductivity measents allow following the possible
degradation of ammonium sites according to the @@sms described in the literature
section (cf. Chapter I). The measurements wer@pagd according to the protocol described

previously (cf. Experimental part).
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Figure IV - 17: lonic conductivity vs. immersiomte in 5M LiOH at 50 °C of single PEGkhetwork
(®), PECH{/PHEMA 68/32 () and PECHy/Fluorolink 70/30 ¢) IPNs

As discussed in chapter II, the PECH single netvetiws a slight continuous decrease of its
conductivity after 5 days of immersion. Inverselge PECHs/PHEMA 68/32 IPN has an
initial conductivity of 2 mS/cm which increases gy the first 5 days of tests, followed by a
decrease to 1 mS/cm after 21 days. The non-agedHRBEGiorolink 70/30 IPN has also an
initial conductivity of 2 m S/cm, and an increaseconductivity is also observed during the 5
first days, before decreasing to 1 mS/cm. Aftedags, the conductivity is 1 mS/cm, and we
can conclude that there has not been significagrad@tion of the ionic sites of the
membrane. Inversely, the PEghHhetwork conductivity has decreased to 0.2 mS/erd,adso

shows a more pronounced yellowing (Figure IV - Mile the Fluorolink single networks
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lost its integrity under those conditions after &dys (Figure IV - 7), the Fluorolink based-

IPN remains intact, and no noticeable change inhau@cal resistance is observed.

Before ageing test After 10 days

PECH,; single network

PECH,¢/Fluorolink 70/30 IPN

Figure IV - 18: Photographs of single PEGHetwork and PECH/Fluorolink 70/30 IPN before and
after ageing test

One can notice that the PEGHPHEMA 68/32 and PECHFluorolink 70/30 IPNs
previously dried, have reduced water uptake of t8&0 wt.%, respectively, compared to the
PECH single network of 200 wt.%. This is in agreetmwith the literature as low water

uptake has already been reported as a key parafoeteng life time of ionic membrané8.

We can conclude that the IPN has a higher staltliay either of the single network. The IPN
architecture protects the ionic sites of the PE@Hvork. At the same time, the ester and/or
urethane groups of the fluorinated network areqmtetd. This is probably an effect of the
chemical resistant fluorinated domains. Consequetite IPN will be hardly affected in the

condition used for lithium-air cell at room tempiena.

After its characterizatioex-sity these new IPNs have been assembled over aneatrasle
and the assemblies were tested in the half-cell.

4.5. Electrochemical Characterization of PECHg/Fluorolink IPNs MEA
4.5.1. Synthesis Method and Method for Preparing the MEA

The PECHs/Fluorolink IPNs with different compositions wergnshesized directly over the
catalyst side of the air electrode, as detailecCiapter Il § 4.1.2. The thickness of the

membrane was fixed at 5@@n by a Teflon gasket.
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First, the good interface between the air electrade the fluorinated IPN membrane in the
MEA was verified by SEM-EDX (Figure IV - 19). Indeeftlorinated polymer based

materials are particularly well known for the noriradng surface properties.

E5 air 3‘ : ES PECH fluo air 13
MAG: 2500 x HV: 15.0 kV. WD: 28.3 mm MAG: 2500 x HV: 15.0 kV._WD: 18.8 mm

Laminated

" porous teflon

.200 pm B o iﬁg
. »

Figure IV - 19: SEM images. Image of the air sifl& air electrode, bare (A) and modified with
PECHg/Fluorolink 70/30 IPN (B). Cross-section of PE{HIuorolink 70/30 IPN MEA (C) and the
corresponding EDX analysis (D).

The SEM image of the air side of PEGHFluorolink 70/30 IPN MEA (Figure IV - 19 B)
displays partially obstructed pores of laminatedops Tefloff of the E-5 air electrode
(Figure IV - 19 A). In Figure IV - 19 C and D areported the cross section of the
PECH/Fluorolink IPNs MEA and the corresponding EDX grséd, respectively. The IPN
presence is characterized by the Cl signal of PHGke for the PECH single network, Cl is
highly concentrated on the surface and it alsauddé thought the carbon black porosity over
more than 200 um. Fluorine is, as expected, locatethe laminated Tefldhlayer and the
IPN (F signal hidden by Cl in this image). Howeviarthe catalyst layer the fluorine from the

IPN and the fluorinated binder cannot be discrirr@da

To conclude about these observations, the interfaat®een the air electrode and the
fluorinated IPN membrane in the MEA is especialbod following this optimized protocol

of assembling.
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After synthesis, the MEA was unmolded and immersetl M KOH before the half-cell test,

to exchange Clons and synthesis solvent with O&hd aqueous electrolyte.

Then, to study the additional polarization indudsdthe presence of the IPNs over the air
electrode, the polarization curves of air electrodedified with PECHs/Fluorolink 40/60,
50/50, 70/30 and 90/10 IPNs are recorded (Figure-IX20) and compared with the
polarization of the non-modified air electrode.
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Figure IV - 20: Potential-current density curvesareled on bare electrode)( PECHs network @),
PECHg/Fluorolink 40/60 ¢), 50/50 (&), 70/30 and 90/10%) IPN modified electrodes. Electrolyte: 5
M LIOH. Room temperature, atmospheric pressureefRete electrode: Hg/HgO

The PECHS/Fluorolink IPN modified air-electrodes do not ir@ua significant increase in
polarization except for the PEG#Fluorolink 40/60 IPN for which the polarization hsgher

at current densities superior to -10 mAfcit -10 mA/cnf the non-modified electrode and
the electrodes modified with the Fluorolink-basBiN$ have a polarization of -140 mV. No
polarization difference is found when the IPN camaPECH proportions varying from 50 to
90 wt. % (60/40 and 80/20 IPNs not shown). These dasults are in agreement with the
previousex-situconductivity measurements of these polymer mendsd0.7 - 2.0 mS/cm)

which are comparable.

Afterwards, the stability of the different MEA wéssted in cycling, at OCV for 10 h and -10
mA/cn? for 10 h in 5 M LiOH electrolyte at room tempen&uwith ambient air and

atmospheric pressu(Eigure IV - 21).
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Figure IV - 21: Potential vs. time curves for PE@HIuorolink 40/60, 50/50, 60/40, 70/30, 80/20 and
90/10 IPN modified electrodes. Cycle: OCV for 1@rid -10 mA/crafor 10 h. Electrolyte: 5 M
LiOH. Room temperature, ambient air and atmosphmassure. Reference electrode: Hg/HgO.

Whatever the IPN composition, the polarizationshef assemblies during the first discharges
are of the order of -140 mV. It is clear that thebdity of the electrode is strongly dependent
on the composition of the IPN. The degradation efdlectrode performance always results in

a sudden increase in the polarization, which appeai$ cases after a period of rest.

The stabilities of the PEGHFIuorolink IPN MEAs, i.e. the time at which thelaozation

becomes higher than -400 mV, are summarized inr&ity- 22.
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Figure IV - 22: Stability of electrodes modifiedtwiPECHs/Fluorolink IPNs versus PECH content.
Cycle: OCV for 10 h and -10 mA/crfor 10 h. Electrolyte: 5 M LiOH. Room temperatuaenbient
air and atmospheric pressure. Reference electrgletgO.

The highest stability, exceeding 1000 h, of theed#ctrode is obtained when it is modified
with a PECHs/Fluorolink 70/30 IPN. This result is in agreemevith the characteristics of
the 70/30 IPN which shows one of the highest cotidties and the best selectivity,
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specifically the highest anion transport numbér=(0.80). Thet' seems to be the most
important parameter influencing the IPN MEA stapiliA maximum stability of 1500 h was
even obtained in one test for a PE@HIuorolink 70/30 MEA. This particular MEA cycling

test was interrupted and analyzed.

4.5.2. Analysis of MEA after stability test

After interrupting the tests of a PEG#Fluorolink 70/30 MEA stable for 1500 h, we analyzed
the electrode. A white solid was observed on thmesigie of the electrode, which covers it
entirely (Figure IV - 23 B), and that was not visilibefore the stability test (Figure IV - 23
A).

- -
‘
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Figure IV - 23: Air-side of PECH/Fluorolink 70/30 IPN MEA before (A), after 1500stability test

(B) and after scrubbing of solid formed and risivith water (C)

Under the experimental conditions used, this pretg may be LIOH becoming from the

electrolyte or lithium carbonate due to the reactietween the carbon dioxide of the air and
lithium hydroxide from the electrolyte (eq. I-6)hi§ solid was thus analyzed by ATR FT-IR

(Figure IV - 24).
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Figure IV - 24: FT-IR ATR characterization of prpitate on the air side of the electrode after 1500
in stability test (2 ci, 32 scans)

The precipitate was identified as,CiO; as revealed by the strong absorption bands at 1415
and 860 cnt characteristic of the asymmetric stretch and oltplane deformation,
respectively of the carbonate ihThe solid has been removed from assembly by gently
scrubbing the surface (Figure IV - 23 C). Seemintitg solid precipitation has damaged the
porous Teflon film. After scrubbing the solid andsing the air side with deionized water, the
stability test was resumed, but the polarizatiothef MEA was higher than -1 V and the test
could not be performed. This suggests that furtteenage has been caused to the electrode

and the catalytic layer and/or the membrane byeh®wal of the precipitate.

In conclusion, best performance (i.e. highest tgpis obtained when the air electrode is
modified with the PECId/Fluorolink 70/30 IPN. The stability of the eledal® has been
increased from 50 to 1000 h, more than 20 times thiathe non-modified electrode.

As we could expect from the physicochemical charadtion of the IPNs, the
PECHs/Fluorolink 70/30 IPN which presents an adequatedoetivity and selectivity

presents also the best electrochemical performaacesan air electrode modified with this
membrane presented the highest stability of alhtieified electrodes tested.
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5. Conclusion

In this chapter we demonstrate the interest of dhginal combination of PECH and
Fluorolink networks in an interpenetrating polynmatworks architecture. This association
increases the chemical stability while preservingoad hydroxide conductivity and anion

selectivity.

The biphasic nature of the PECH/Fluorolink IPN Ire tmicroscopic range does not seem
detrimental to the measured characteristics ofrtembrane. A PECH/Fluorolink 70/30 IPN
shows the best physicochemical properties: an ioai@uctivity of 2 mS/cfy a transport
number of 0.80 and an IEC of 1.4 meq./g. Contratdywhat was expected from the
fluorinated partner network, the water uptake ef BN is not reduced significantly. This can
be due to the low crosslinking density of Fluorklimetwork, and to the network structure
imposed by the IPN synthesis conditions. However water uptake of the IPNs, near that of
the single network, does not harms the materighgntees, which we show were improved by
the IPN architecture.

We also show in this chapter that the stabilityhef modified electrode depends on the IPN
composition, though the polarization at -10 mAfcia almost independent of the IPN
composition. Furthermore, the PEGHuorolink 70/30 IPN membrane/electrode assembly
proved to be the most stable, with a stability afreithan 1000 h in the test conditions.

The high stability of the air electrode obtainedhathe PECHg/Fluorolink 70/30 IPN can be
explained by the high transport number (0.80)  tretwork. Additionally, the stability of
this modified electrode is nearly twice that of &0MH;s/PHEMA 68/32 IPN modified
electrode. This improvement in performance coulddbe to the effect of the fluorinated
network in the membrane electrode assembly. As shoyw SEM and EDX images, the
fluorinated IPN infiltrates in the catalyst laydrtbe electrode, and the material is even found
in the Teflon film air-side of the electrode, witltgoroducing an apparent reduction on the
gases diffusion. This was not observed with the REEEIEMA IPNs modified electrodes.
The formation of a superior interface between thsvork and the electrode can justify higher

electrochemical performances.
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Finally, best performances (i.e. highest stabiliye obtained when the air electrode is
modified with the PECI/Fluorolink 70/30 IPN. The stability of the eleafie has been
increased from 50 to an average of 1000 h, more #tatimes the stability of the non-
modified electrode. Nevertheless, this stabilityldopossibly be increased by optimizing the
DABCO proportion in the PECH network. Due to ingti#int time this study could not be
completed. It should confirm that this particulaNIi of great interest and should be studied

more deeply.
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Lithium-air battery is one of the most promisinghrologies for energy storage, due to its
high theoretical specific energy. For the particulse in electric vehicles, the aqueous
lithium-air battery could allow attaining the saoh@&ing range as internal combustion engine
vehicles. However, the use of this type of batteriyh ambient air is limited by the
precipitation of lithium carbonates in the poregshs air electrode, product of the reaction of
atmospheric C@with the battery alkaline electrolyte. This lintitmmn can be overcome by the
protection of the electrode with a solid polymeseatolyte, working as an anion exchange
membrane. This polymer membrane ensures the hytrarn conduction involved in the
electrochemical reaction in the air electrode alsd &mits the diffusion of the lithium ions
from the electrolyte to the air electrode, avoidihgs the formation of insoluble carbonates

inside the latter.

Anion exchange membranes used in alkaline fuek agh be employed. However, few of
them are commercially available. They have low naeatal resistance in agueous electrolyte
and their chemical stability in concentrated alkalsolution remains to be demonstrated. To
the best of our knowledge, no research has beea dorthe synthesis of anion exchange
membranes associating a crosslinked cationic patyrellyte with a crosslinked neutral
polymer within interpenetrating polymer network$Pl) architecture. That is thus the
objective of this work. The polyelectrolyte netwoeksures the anion conduction while
preventing the passage of Léations, and the neutral network reduces the Bwetf the
membrane and increases its mechanical and cheresiatances. A bibliographic study has
allowed to identify the more appropriated polyelelste network: the poly(epichlorohydrin)
cross-linked by 1,4-diazabicyclo-[2.2.2]-octane (D&B).

In the first part of this work, we have identifiethd characterized air electrodes under the
operating conditions of the lithium air battery.eBle electrodes, when supplied with untreated
air, are stable for only 50 h in rest / dischargeley at a current density of -10 mA/rithe
synthesis of the PECH network and its assemblyerair electrode were first optimized.

When the PECH network is dried before hydroxideegnhange, a more selective membrane
was obtained. However, this membrane formed a paerface with the air electrode, which
reduced the electrochemical performance. Contragiwa good interface in the membrane /
electrode assembly (MEA) was obtained by the disgothesis of a PEGkInetwork (PECH
network modified with 15 mol % DABCO) over the alectrode. The MEA not dried and ion
exchanged in 1 M KOH for 3 days displays the higleésctrochemical stability, which was
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increased from 50 to 350 h, without delaminationMeein the membrane and the electrode.
However the membrane is fragile and its water uptalstill significant.

To improve its properties, the PECH network was tb@mbined with a hydrophilic polymer
network based on poly(2-hydroxyethyl methacrylaRBH{EMA), in an IPN architecture. The
synthesis of these IPNs has been optimized andarmymechanical relaxation was detected
on these materials, confirming the desired architecwith good interpenetration of both
polymer networks. The PEGHPHEMA 68/32 IPN showed a water uptake two timeselo
compared to the single PECH network, while an IEQ.8fmeq./g preserves good hydroxide
conductivity (2 mS/cm) with anion selectivity (tsport number = 0.74). The chemical
stability in LIOH at 50 °C of the polyelectrolyteetwork is also improved by the IPN
architecture. No significant degradation of theigasites in the IPN under those conditions is
observed, while the single PEgHhetwork shows a drop in conductivity after 10 days
immersion. Under the conditions imposed by thaditirair battery, a stability of 650 h was
obtained with the air electrode modified with a FEEZPHEMA 68/32 IPN. These results
have allowed confirming that the air electrode bareffectively protected from carbonation
by a polymer membrane. The importance of the IRiMitgcture compared to single networks
has also been shown. Finally, we found that when dlectrode is protected by an IPN
membrane, the degradation process is reversiblerendssembly can be regenerated, which

is not possible on the bare electrode.

In order to increase the stability of the IPN-maatifelectrode, we presented in the last part of
this work the original combination of the PECH netlwwith a fluorinated network based on
Fluorolink® MD700. A PECHsy/Fluorolink 70/30 IPN shows an ionic conductivityf o

2 mS/cm, a transport number of 0.80, and an IEC4fieq./g. While the IEC of this IPN is
similar to that of a PECH/PHEMA 68/32 IPN, the selectivity is increased (D\&. 0.74),
confirming the interest of the introduction of tlaorinated polymer in the IPN. To our
knowledge, this is the first reported associatiba luorinated neutral polymer and a cationic
polyelectrolyte in an IPN architecture.

Furthermore, the PEGHFIuorolink 70/30 IPN / electrode assembly provedoe the most
stable, with a stability of more than 1000 h. Ondhafse electrodes was stable for 1500 h,
after which the test was voluntarily stopped foalgsis. This represents an increase of more
than 20 times the stability of the non-modified alectrode. This particularly long stability
may arise from the good interface observed betvikenlPN and the air electrode in this
MEA. Indeed, SEM-EDX analysis shows that the PEgHuorolink 70/30 IPN has diffused
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through the whole thickness of the air electroderawore than 200 um deep in the catalytic
layer. The known oxygen permeability of fluorinaggalymers can also be relevant for the air
electrode performance. However, the PECH/FluorolPids morphology is still to be better
characterized. The water uptakes of these IPNshayeer than expected for a partially
fluorinated IPN. In particular, the study of the mpleology adopted by the IPNs when
immersed in electrolytes would be necessary toa@xphe electrochemical behavior when in

operation.

The best performance in our laboratory was obtaimedh 0.78 crhair electrode modified
with a PECHy/Fluorolink 70/30 IPN. A lifetime of 1500 h (75 dgs of rest / discharge at -10
mA/cm?) was recorded in saturated (5 M) LiOH electrolyeth dried and immersed in 1 M
KOH MEA were transferred to EDF R&D to be testediihium-air battery (LiO2 project).
Until now, there is not a clear agreement betwdenresults obtained in EDF and LPPI
laboratories. Some results are similar while otiests show a much lower performance in
EDF laboratory. This confirms the difficulty of thecale-up and the transfer of this new
technology (shape the test cell, method for assembkhe electrode in the cell, the size of the
air electrode...). To overcome these challenges,stinidy should be continued. For instance,
a modification of the IPN membrane to reduce itelBiag in the electrolyte could help to
improve the results in different tests assembliekia larger electrode surfaces.

As a perspective, to increase the life-time of ahhgyrface air electrode, it would be
interesting to elaborate IPNs with higher transpornber, by adjusting the charge density of
the polyelectrolyte network or by combining fluaated polyelectrolytes and fluorinated
neutral polymers networks. We showed that the MBA be regenerated by the removal of
the formed carbonate, and thus the chemical resistean be the limiting factor. The neutral
network crosslinking density can be increased tthér limit the swelling, to increase the

chemical stability, and to increase the mechanicgbgrties for the scale-up of the system.

Another aspect that should be studied more deespllga effect of membrane drying before
the anion exchange. We observed that the netwaiksl @fter synthesis present a lower
swelling behavior than non-dried ones. In addititim membranes dried before anion
exchange were more selective but the correspondiagemblies had much lower
performances in half cell and the results were neptoducible due to its delamination. A
compromise could be found between complete dryinpe assembly that led to destruction

of the interface and no drying, for which the bessults were obtained. For industrial
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applications it would be preferable to obtain dresbemblies that can be stored for long
periods, and be swollen in the electrolyte priouse.

The stability of the membranes in LIOH can be asabject to more study. In fact, anionic
exchange membrane stability has not been studiddeititerature in LiOH, and differences
appear between NaOH and KOH. The PECH/FluorolinkisiPare being tested in our
laboratory and in EDF as part of aqueous Zn-aiteba{ AZTEQUE project). In this system,
the 8 M KOH electrolyte is expected to be more aggive for the polymer network than the
5 M LiOH in the Li-air battery. However, promisimgsults are also obtained, which confirms
the chemical resistance and adequate electrochieprigperties of these fluorinated IPNs.
Nevertheless, it is important for the continuatadrthis work to understand the relationship
between membrane morphology and properties, leadirige effective protection of an air

electrode under the conditions imposed by the hatte
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Experimental Part
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1. Reagents and Materials

Name Mol Physical
Abbreviation Supplier oar ysica Structure
mass properties
CAS No.
1,4-diazabicyclo-[2.2.2 N
Oé:t;ml:za icyclo-[2.2.2]+ . Solid
cros R
DABCO Organics 112.2 m.sl.. 15(3 - 15290 Cé:
sublimation: °
280-57-9
C6H12N2 N
Liquid
2-hydroxyethyl 1.073 g/mL (25 °C) Q
methacrylate Sigma- b.p. 67 °C (3.5 OH
HEMA Adrich | 1391 | nkg) o
868-77-9 Vapor pressure:
0.01 mmHg (25 °C)| C¢H;04
Azobisisobutyronitrile . Naw
Solid A5
B s 1942 | 2op 105 e
78-67-1 -P- Sy
C8H12N4
Liquid
Ethylene glycol 1.051 g/mL (25 °C) o
dimethacrylate Sigma- | 104 5 b.p. 98-100 °C/5 o
EGDMA Aldrich 2 | mmHg 0”7
Vapor pressure: o
202-617-2
<0.1 mmHg (21.1 | C;oH1404
OC)
Liquid
; Solvay R.l.=1.342 9 v 0
Fluorolink” MD700 Y | 1800 N
Solexis n =580 cP (25 °C) )H( ) t H Jf OT )H(
[F]=52wt. %
Hydrochlori id
H)C/:I rochioric acl Fisher 36.5 36 wt.% solution HCl
Scientific ' °
2647-01-0 1.17 g/mL (25 °C)
Colorless
Lithium hydroxide A tetrahedral crystals
. cros 0 ;
LiOH Organics 23.9 m.p. 473 C LiOH
1310-65-2 solubility: 125 g/L
H,O (25 °C)
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Liquid

N,N-dimethylformamide m.p. -60,48 °C
DMF Acros 731 b.p. 153 °C H/U\N/
68-12-2 Organics | "~ 0.944 g/mL |

vapor pressure: 2.7| C;H,NO
mmHg ( 20 °C)

POIy_(e_rplchlorohydnn) ERAS Solution 100 g/L in ot . 0
modified by DABCO Lab 1037 | DMF

(10-12 mol %) F";‘a r?c-e : . n | m
PECH T Lgm

. . Solid
Polyepichlorohydrin Sigma- .
. 92.5
24969-06-0 Aldrich soluble in DMF,
chloroform o
n
Potassium hydroxide . Solid
Sigma- .
KOH Aldrich | 961 solubility: 1210 g/L | KOH
1310-58-3 H,O (25 °C)
L on
Solid 3
Rhodamine B Acros m.p. 165 °C N
. 479.0
81-88-9 Organic soluble in HO, HyC” N O o) \N/\CHg
EtOH, ether HaC) o kCHa

Azobisisobutyronitrile (AIBN) was recrystallized oin  methanol before use. All other

chemicals were used without further purification.

Deionized water was used for electrolyte solutioepparation and ionic exchange process.
The air electrodes (E4 and E5) were purchased Elattric Fuel.
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2. Polymer synthesis

The different polymer material synthesis and meshtm membrane-electrode assemblies

(MEA) were detailed in the different chapters aseld below.

2.1. Synthesis by Solution Casting
PECH network synthesis, solution casting
2.2. Synthesis by Reaction Molding
PECH network
PECH network with modified DABCO content
PHEMA network
PECH(PHEMA IPNs
PECHsPHEMA IPN
Fluorolink® MD700 network
PECHs/Fluorolink IPNs
2.3. Membrane Electrode Assembly
2.3.1. Membranes Synthesizeax-situ
PECH MEA
PECH¢PHEMA IPNs MEA
2.3.2. Membranes Synthesizedn-situ
PECH MEA
PECHsPHEMA IPN MEA
PECHs/Fluorolink IPNs MEA

Chapt&ral2.1, p. 81

Chapter 11 § 2.2.2, p. 82
Chapteg I8, p. 89
Chapter 111 § 1.1, p. 118
Chapter 111 § 1.1, p. 118
Chapter Ill § 2.1; p. 132
Chapter IV § 1.1 p. 146
Chapter IV § 2.1, p. 151

Chapter 11§ 4.1.1, p. 97
Chapter 11l § 1.4, p. 129

Chapter 11 § 4.1.2 p. 101
Chapter Ill § 3.1, p. 137
Chapter IV § 4.5.1, p. 164

All the networks were synthesized between two aibd glass plates for ease of unmolding.

The silylation was made by placing the clean gfdates vertically inside a closed desiccator
with a beaker filled with 5 mL of chlorotrimethylane (CAS 75-77-4, Sigma-Aldrich). The

glass plates were left in the desiccator for 24 flo@m temperature.
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3. Analytical Techniques

3.1. Spectroscopic Methods
3.1.1. Nuclear Magnetic Resonance (NMR)

'H and**C NMR spectra were recorded with a Bruker AvanceXf2B0 spectrometer‘f
NMR MHz and®*C NMR 62.9 MHz) in deuterated chloroform (Sigma-#détt) or DMSO
(Sigma-Aldrich) with tetramethylsilane (TMSA¢ros Organic) as the internal standard.

3.1.2. Fourier Transform Infrared (FT-IR)

For the FT-IR spectra, a Perkin-Elmer Spectrum §mectrometer equipped with an ATR
modulus was used. Spectra were recorded betweed @0 600 cm, by averaging 32

acquisitions at 2 crhresolution.

3.2. Microscopy

3.2.1. Scanning Electrode Microscopy (SEM) / Energy-Dispeive X-ray
Spectroscopy (EDX)

Scanning Electrode Microscopy (SEM) was carried with a Zeiss Ultra 55 microscope,
5kV. Samples were dried under vacuum at 70 °C aradyaed without further treatment.

EDX measurements were performed at the same tirtiesimpparatus.

3.2.2. Confocal Microscopy

Images were recorded on a ZEISS (LSM 710) lasennsigg confocal microscope. This
apparatus is constructed upon an inverted lightroeaope and employs a “closed-loop”
sample scanning stage for sample positioning anag@macquisition. Dry samples were
immersed in an aqueous rhodamine B solution fokkimgr Rhodamine B was exited at 561
nm and fluorescence collected from 570 to 640 nightLfrom the laser was directed through
polarization optics to control the power and thedent polarization state, prior to directing it
into the microscope by reflection from a harmoneamm splitter. The excitation light was
focused to a diffraction-limited spot in the samplsing a plan-apochromatic 63x/1.4

numerical aperture (NA) oil-immersion objective.
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3.3. Electrochemical Methods
3.3.1. Half-cell Characterization of Electrodes

Characterizations were performed in a conventitmale-electrode in-house constructed glass
half-cell (Figure Il - 5). The same method was u$sedthe non-modified and modified
electrodes. Air electrode with a 0.78 Tsurface was used as working electrode. Hg/HgO/1 M
KOH electrode was used as reference, and a laege @atinized titanium grid as counter
electrode. Aqueous 5 M LIiOH solution was used &sl@le electrolyte. All measurements
were made at ambient temperature, under atmosphressure with untreated air. The half-
cells left at rest for 1 h (for equilibrium) befostarting the measurements.

The voltamperograms were recorded at a 2.5 mVis ista from 500 to -1200 mV.

Potential vs. current (polarization) curves wereorded by applying different current

densities, in step-wise increases from -1 to -30amA Each current was maintained until a
stable potential was observed, usually after 5 mire electrode potential was measured at

the end of this period.

Potential vs. time (stability) curves were recortdgctycling the air electrode for 10 h at open

circuit voltage (OCV) followed by a 10 h polarizatistep (-10 mA/cfcurrent density). This

method was chosen to reproduce the behavior ofatterip in rest/discharge cycling.

3.3.2. lonic Conductivity

lonic conductivity was measured by electrochemioapedance spectroscopy using a
BioLogic VSP instrument. The samples were placasvéen two stainless steel electrodes.
Nyquist plots were recorded with a frequency respoanalysis (FRA) over frequency range
of 1000 kHz to 1QuHz with oscillation amplitude of 10 mV. The electl resistanceR) was

measured from the intercept of the Nyquist plohigh frequency with the real impedance

axis. The ionic conductivity was then calculatecshgghe relation:

o(S/cm) =

RXxS

wherel andS denote, respectively, the thickness and the saidd¢he material between the
electrodes. Intrinsic conductivity was measuredvater swollen samples in the hydroxide or

in the chloride form.
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3.3.3. Transport Number

The membrane transport numbé€) (vas determined according to a static method ddriv
from Henderson’s equatidrf.In this method, the membrane is placed betweercells, each
containing 1 and 0.1 M KOH solutions (Figure 1).

reference electrode reference electrode
Hg/HgO/1M KOH Hg/HgO/0,1M KOH

plastic
gaskets

1M KOHg '] | 0,1 M KOHq)

J

closed by a
metal clamp

membrane

Figure 1: Scheme of assembly for transport numfjamgéasurements

The membrane potentialyEis calculated from the potential difference betwedbe two

electrodes:

RXT a4
ENERST = F lna_ = 577 mV
2

where F is Faraday constanR is gas constant] is temperature, ;a0.756 (1 M) and
&=0.0798 (0.1 I\/F) are the activities of the different electrolytdugions.

Transport numbers are calculated from Hendersamiadla:

__1 1—E 1
t —EX — Mxln_a_l
az

! AFNOR NF X 45-200 Membranes polyméres échangedigmss 1995

2 Agel, E.Electrode & air & électrolyte solide polymére aleglour piles & combustible et générateur
meétal-air, PhD Thesis, Université Paris 7 - CNAM Paris, 200

% David R. Lide, ed.CRC Handbook of Chemistry and Physics, Internesiger2007, (87th Edition),
<http:/www.hbcpnetbase.com¥aylor and Francis, Boca Raton, FL, 2007.
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3.4. Physicochemical Methods
3.4.1. Soluble Fraction

The soluble fraction (the non-crosslinked fractadrihe material) of the single networks, IPN
and semi-IPN was quantified by extraction of a knoweight of dry material (W in a

Soxhlet apparatus with the synthesis solvent (DF)72 h. After extraction, the materials
were dried under vacuum at 70 °C until constanigime{\We). The SF was calculated as a

weight ratio:

w, —w,
SF(wt. %) =OTE
0

3.4.2. Water Uptake

The water uptake can be expressed as weight %5 oumber of water molecules by ionic
site. Experimentally, water uptake (WU) was detaedi by measuring the weight difference

of the water swollen material and the dry matefislo methods are used:

When the materials were dried after synthesis: dified materials were immersed ina 1 M

KOH solution for counterion exchange for 24 h. Afexchange the materials were rinsed in
water until neutral pH and then soaked overnighwvater to equilibrium. The water swollen
materials were then wiped rapidly and weighted,\W hey were then dried at 70 °C until
constant weight (\J. The water uptake (WU) was calculated as follows:

W, — Wy
WU(wt.%) = T X 100 %
da

When the materials were non-dried after synthésigr synthesis, the materials (swollen in

the synthesis solvent) are immersed in an exce$svoKOH solution for 24 h, to achieve the
simultaneous removal of the synthesis solvent &edcbunterion exchange. Afterwards, the
samples are rinsed until neutral pH and soakednayl@rin water to equilibrium. The soaked
materials are then wiped rapidly and weighted,\Viiefore being dried until constant weight

(Wg). Analogously, the water uptake (WU) is calculatéth the above formula.

3.4.3. lonic Exchange Capacity

The ionic exchange capacity (IEC) gives the nundbdunctional ionic sites per gram of dry

material, and can be expressed in meq./g or mmobldgy material.
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The IEC of the membrane was determined by titrafidre membranes in the hydroxide form
were immersed for 20 h in 10 mL of an HCI solutiohknown molarity (HCl= 0.1 M,
titrated with tris(hydroxymethyl)aminomethane (fnsimary standard to determine the exact

molarity).

After this period, the HCI solutions (partially rimalized by the OHof the membrane) were
titrated with a KOH solution (KOH: 0.1 M, titrated with the above mentioned HCI siolt

to determine its exact molarity). Titration endmsiwere found with a pH electrode.

The IEC was calculated from the difference betwgen mol HCI before (mmak; o) and
after immersion (mmak, g), and the material dry weight Qv

mmolyci o — mmolyc g
Wy

IEC(mmol/g) =

3.4.4. Stability in Saturated LiOH

The stability in a saturated (5 M) LiOH solutiondstermined by measuring the conductivity
of the material after its immersion in this solatiorThe dried sample, in its OHorm, of
known conductivity is immersed in a 5 M LiOH soburti maintained at ambient temperature
or at 50 °C. After a defined time the sample is oeed from the solution, rinsed and
equilibrated in water to remove any excess @Hd its conductivity is measured. The
conductivity of the sample is measured at defiiree intervals.

3.5. Thermal Analysis

For all different characterization, when a dryirtgpsis indicated, it refers to drying under

vacuum (5 mmHg) at 70 °C until constant weight.

3.5.1. Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) measurements vpendormed in a TA instruments
Q800 in tensile mode at 1 Hz frequency. Strain rntada was set at 0.05 %, and preload
force at 0.01 N. The tests were made in the linescoelastic domain. Temperature was
varied from -130 to 200 °C at a scanning rate 9€8nin. The set up provides the storage and
loss moduli (B, E”) and the loss factor (téa E'/E").
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The DMA is commonly used to detect the presencdifférent phases in the IPN. In this
analysis, Eand E are measured as a function of temperature. Théhamézal relaxation
temperature of a polymer (Jlis associated with a peak in the curve obtaf{T) and a sharp
decrease in the curve E f(T). The diagram of a binary mixture of inconipée polymers

has two distinct transitions corresponding to gattdise (Figure B).

m a
O —
- c o c b
83 G a
s3 | b A
» 5

=

Temperature Temperature

Figure 2: Typical DMA thermograms for (a) miscib{b) heterogeneous and (c) partially miscible
binary mixture

In a biphasic material if there is an interactietvieen the different polymers, which may
disrupt the chain relaxation process at this iam¥f the peaks are shifted towards each other.
If interactions are large enough, an additionad ta@ak corresponding to the polymers at the
interface can be observed. Thus, when the intetfacemes infinite, which corresponds to a
homogeneous material, the intermediate peak bectimgsredominant or the only observed
(Figure 2 c). When the mixture is completely homuemis across the DMA, a single
mechanical relaxation temperature between the négddaelaxations of the two polymers is
detected. DMA analysis therefore provides informaton the influence and arrangement of

these phases.

3.5.2. Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) measurements weaieried in a TA Instruments Q50
model under argon or synthetic air atmosphere ¢tipgréfom room temperature to 600 °C at
20 °C/min heating rate. The degradation temperatwere measured at 5 % weight loss of

the sample.
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3.5.3. Rheology Measurements

Rheological measurements were performed with amRaar Physica MCR 301 rheometer
equipped with CTD 450 temperature control devicéhva plate—plate geometry (25 mm
diameter). All measurements were recorded at arosegh 0.2 % deformation at 1 Hz
frequency at 25 °C on samples that were previolusly hydrated by immersion in water for

48 h. The average value of the shear modulus wasumed for 5 samples.
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Summary

This work focuses on the synthesis and characternzaf polymer membranes to be used as
anion exchange membranes for protection on anleitrede in a new lithium—air battery for
electric vehicle. In these materials showing indegtrating polymer networks (IPN)
architecture, a hydrogenated cationic polyelecteolpetwork, the poly(epichlorohydrin)
(PECH), is associated with a neutral network, whodm be either hydrogenated or
fluorinated. First, the synthesis of the polyelelgte network and the membrane/electrode
assembly were optimized. Second, a first IPN sassociating the PECH network with a
poly(hydroxyethyl methacrylate) network was synihed. Third, the same PECH network
was associated with a fluorinated polymer netwéikthe materials were characterized, and
optimal synthesis methods as well as an optimal position were determined for each
association. The IPNs show improved properties @etp with the single PECH network.
The air electrode protected by these new anion amgdh membranes shows improved
stability in the working conditions of the lithiuair battery. Specifically, a lifetime of 1000 h
was obtained when the electrode was modified wiluarinated IPN, a 20-fold increase in
the lifetime of the non-modified electrode.

Key words: Interpenetrating Polymer Networks; Ani@xchange Membrane; Metal-air
battery; fluorinated polymer.

Résumé

Ce travail porte sur la synthese et la caractéoisale membranes polymeres échangeuses
d'anions, destinées a la protection de I'électrad®r dans une batterie lithium-air (en vue
d’'une application pour véhicule électriqgue). Cesténaux a architecture de réseaux
interpénétrés de polyméres (RIP) associent un uwéspalyélectrolyte cationique
hydrocarboné, la poly(épichlorohydrine) (PECH), aréseau de polymere neutre qui peut
étre soit hydrocarboné, soit fluoré. Tout d'abdedsynthése du réseau polyélectrolyte et son
assemblage sur I'électrode a air ont été optimigag premiere série de RIP associant ce
réeseau PECH a un réseau de poly(méthacrylate dkyebhyle) a été synthétisée. Une
seconde série de matériaux combinant ce méme r@&@H a un réseau de polymere fluoré
la méthode de synthese et la composition ont dieniggées. Les membranes RIP présentent
des propriétés améliorées par rapport au réseguesiie PECH. L'électrode a air protégée
par ces nouvelles membranes échangeuses d'anésenf® une stabilité améliorée dans les
conditions de fonctionnement de la batterie lithiaim Plus précisément, une durée de vie de
1000 h est obtenue lorsque I'électrode a air a d@tdifie avec un RIP fluoré, soit une
augmentation d’un facteur 20 de la durée de viéatiectrode non modifiée.

Mots clés: réseaux interpénétrés de polymeres ; breema échangeuse d'anions ; batterie
métal-air ; polymere fluoré.






