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ABSTRACT

Gl obal warming and climate change are urc
not almlce ease in atmospheresubarbgnfdomxfides(C
I nternational agreements, such as the Paris
collective efforts to curtai/l greenhouse gas
ne-aer o f2eerti sGO@ ons, transitioning to renewabl e
hydrogen, is pivotal. Hydrogen offers promis

with applications ranging f,somameimhanahdagd
using hydrogen as an energy.c&d@owieerrfoestaél
hydrtvgeed energy grid necessitates prioritiz
using renewablasmdemdenvgy oponemece 0, f efficient an
hydrtageed energy devices, suWohr aesx ofnwari cc & lelas
of the hydroigemi feicoammmtmyenhancement inofdurabi

the el ectrodmlemamal devices

I n this study, efforts were made to enhan
exchange membrane fuel cells (PEMFCs) throug
functionali zed pPeFrSNMIDEDPAO smelnfba mince .a cAi € o(mposi t
was fabricated ko aadpeplrryeitrhgooétlmerbﬂdn@,rmﬂﬁd&@pton
VDHPANIIMPFSA Notably, the density of HPA part

of the membrasedewexhi bhei hgnarhikhAensencen

|l isede was iIintegrated into a fuel cell, spec
i mprovement in chemical durability was obser
utilizidagtd ve5 aoama fuel cell
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To delve deeper |IiRPEFESWOHRMepmbpane] efoof th
variations were synthesized by controlling t
anchoring group ratio of the-pol gteingfpoloy me

(ePTFEsupport was 1 aimfomude dh htad et ic@aat ene mbr ane

(caamtt i ti gate mechani cal degradation and th
chemical durabiliePTFedt $o0 ahmonecpolygmar oft
However, despite increased crystallinity, th
functionalities contributed to higher water

conductivity. Chemical wWwmndabiAS$ST ycdredittiingn swa
active &@&reaTHe&Oresults indicated that HPA | o:

chemical durability enhancement, but an over

I n the final phase of this study, the per
membr ane water electrolyzers (AEMWE) were ex
from precious platin@mugrouonpt mdt abl yameabkys$ thasa
produced with cdhcierogenmnincsi d@dve Adxns aalndoxi des
Mnedwith | ow kinetic overpotential and high ¢
oxygen evolution reaction side of the AEMWE.
i mproved kinetics and performance, although
capacity of the catalysts. This | imitation s
el ectrical conductivit$ubetrieehdtulrgalbyi 1l 8 &ty ntge s
were conduct a@nat506Q afhdall eesatahi ng condi ti oni
membr ane el ectrode assembkyanfdMEMK®OI i talinlg ma
pronounced conNdos it god s imegnbe fafnectt i nning nor st

i eenx c hangeweme @ic sCtogmrpeadr.i ng before and after d
A D



e ectemo chal i snppeecdtarnocseme @ y U  EMRSAU rsi earn dTr ansf or m
Spectrb3spimBpypi(ng i ndsicaeedr enacramgements i n |
wi t BfOs&md MMmM@®wi ng more significant changes co
M neOs. Further more, a shi fttesitn stuhgeg eH epde atkh aitn v

|l ess tighdhdwyndytdo otgleen pol ymer after 100 h op
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CHAPTERNTRODUCTI ON
1.Tthe Hydrogen Economy

Gl obal warming and climate change are mar
globally, exemplified by occurrences$ duch as
The principal cdriinvaetre dcehhdirgder ¢ th&lslee i ncr ease

carbon di)oxiedal tC@g from the c¢combsutsrtamgn of f
relationship between human act i viintdiuecse da ngd otbh:
war miag shown.)ilm KFiegproems®ke to this critical ¢
forged international agreamdkKiywProstfobhohs the
signifying collective commit meanatnsd toot hseirgni f i
greenhouse gases. These agreements constitut
war ming on a TWwworr aaviidze stchad eambi t i-z0au@E® obj ect
emi ssions and thereby mitigate the risks ass
renewabl e eenneerrggye ss oausr caens | mper ati ve facet of

in fostering ola ngdtoeb aslt askcialliezat i on



Mauna Loa Observatory, Hawaii*

Monthly Average Carbon Dioxide Concentration
Data from Scripps CO, Program Last updated August 2023
T B e e e & MR B B A SRR e R

420F *Maunakea data in blue A i
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Figurel.1l. CO: concentration over time in Mauna Loa Observatory, Hawaii, named as the
Keeling curve, last updated August 2028dapted from ref. 5 under CC BY 4.0
(https://creativecommons.org/licenses/by/M.0/

Hydrogen indeed presents itself as a pror
fukedsed energy grids, serviang onats aanlvyal ausa bd re
chemical feedstock. 1t has wvarious applicati

met hanol ,anadmoasto @thfeadanl b ep ue ddcekdoter ans ot i on

hydrogencaonobemgccompli shed by subsequently
carrheough technologies |ike fuel <cfells and
However, two essential crit ebraisae dmuesnte rigey mngeti
Firstly, t higer eperno diydtsitoogteeo fpr i ori ti zed, i mpl yi

be generated using 'Seoewdby e thergygssoafcgse
become competitiveftwietth ndoracab retmeamt maetehan
reforming process. This can be accomplished
technol ogi es f or ubtoitlhi ztahtei opnr oodfu ehtgialdr e gaerna tait o

facilities and smaller portable systems.
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I n the United States, roughly 95% of hydr

reforming, a pr

ocCc es s Plireeasssiulrlee sown | nygp Maadhsthosr | pat ri g

t hat oCeQOmesr aat dbyproduct. Moreover, the hydroge

-

eforming requi

h
surge of intere
carbon neutraldi

res additional energy input t

ydrogeed energy déConseqlLehkel fuetheeelbBas b

st in green hydrogen producti

ty in both energy consumpti on

The remainder of this chaphegedvitldc ldredIveeg

fuel cell s, whi
electricity, an

of water.

1.FPueel!l | s

ch | everage el ectrochemical c

d electrfaoalyzeia, twkei ehegeéemerd

1. Anl on ExchangePMembnakecamadge Membr ane Fue

(AEMFEEMFCs)

I n the 19t h
demonstrating i
bet ween hydroge
cells in vehicl
to a 15 kW fuel
space race, the
cells for wuse |
significant bre

Gropeoffl uorinat

century, William Grove pionee
ts ability to generate electr
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This advancement spur r edPrroetsoena recxhc hianntgod tMeembar
Cel |l BEMFOGY -dutgyhtvehicles, driven by the i mper
emi ssion contr ol

The initial focus on applying PEMFC pri me
transportation, part-dewuyavélyi clhes heNacoablx:t
examples of such vehicles already exist, 1inc
Hwndai Nexo. However, the cost of fuel <cell
than that of electric vehicles (EVs) primar.i
typically composed of platinumyanBCVssohf époy
advantages compared to both electric vehicle
vehicles. These advantages include extended
reduced veRifThlee bweaieghitt.s of FCVs over other t
become especially prondunygyedelwhehesapplied to

Presently, both government al and industr.i
harnessing PEMFCys vieolri chleeasv,y wi t ef f haendgoaal of
| ohgsting fuel <cell vehicles. This endeavor
Department of Energy's " Mill i o!ThJMisl eh eFiugeht eOe
i nterest has subsequently permeat edandesearch
understanding the degradation mechanism of m
devel op robust mé%Htohiamesstiavoays cmaratl iyasltlsy funde
Depart ment of Energy M2FCT and the goal for
catalysts and membr anef ehtREM afl se If oade luls eME A |
duty (MD) and heavy duty (HD) truck applicat

or equalpt ¢2m Mi.Rh mgf fi ci ency of 65 %, and high



decrease of power dems% ty over 10,000 h oper

|l contrast to PEMFCs, AEMFCs empl oy anioni
notable advantages over their PEMFC counterp
of precious platinum group metal €22 which are
Additionally, AEMFCs do not rely on perfluor
negative envidaeménpnt at sdiengprbacdsagia eo$ns ubo i nat ed
solvents that ar.g ddwevemn, maespiace ur hege f av
AEMFCs exhibit overal/l performance and durab
with PEMFCher more, precise control of water

anode and cathode in AEMFCspogwassr tmel eculndé

both sides. This inherent characteristic add
appl i*atdsoen .l i mi t ati ons pose significant cha
AEMFC technol ogy, necessitating further rese

performance gap.



AEM PEM

Anode (HOR): 2H, + 40H- — 4H,0 + 4e- Anode: 2H, - 4H* + 4e-
Cathode (ORR): 0, + 2H,0 + 4e-— 40H- Cathode: 0, + 4H* + 4e-— 2H,0

Figurel.2 Schematic of AEMFC and PEMF&hd electrochemical reaction

The electrochemktMRBC FRibeMFFei it dn hfyadr ogen and
respectively

PEMEC
Ano@dEHydrogen Oxi d@R)iK¢A TReatchk i on, EH = 0V
Cat h(oQxeygen Reducti:dn tReawchd (oh, ORR¥ 1. 23V

OvemRaelalct i oqa(¢ [/ ©c¢( / E = 1.23V
AEMEC
AnodBR) ( ¢/ (°9¢(/ <cA E =80
Cat h(o@RR) ¢(/ tTAo T/ ( E -9.MO0
Overal/l Reg¢Ctid &g / E = 1.23V



PEMFCs operate in challenging conditions
temperature variations, as well &bPeEeMFeCc tirsi c a

significantly affected by the solid polymer

me mbr ane. | n el e c tcrooncdhuecntiicvael apdeeloyi nceergsvn i @a® | 0
play a vital role by facilitating the moveme
PEMFCs, through the membrane while simultane

between the aiffodre a npmo lcyamera dreestilsdusarnesdbt @ B o r
in PEMFC applications, it must possess sever
stability, mechanical strength, effective pr

mini mak ogad®ver
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Figurel.3. Chemical structure of PFSA, blue dotted box indicates PTFE backbone and red
dotted boxndicates sulfonic acid side ch&fReproduced from ref.22under CC BY 4.0
(https://creativecommons.org/licenses/by/.0/
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Due to the reasons outlined above, PFSA i
benchmar k materi al i n t higse nfa reidcadi. c ar'lh ecsa@mpnesanb
characterized by a polymer consisting of a p
sulfonic acid side chains. The PTFE backbone
whereas the sulfonic acied @sinde hgldaiophi & € . n&

the separation of phases bet weemahbtlheess et hceh e mi

transport of?1Tbhs Bampdosbhmente.note that, de
structure and sulfonic acid side chains, var
chemical and mechanical stability, as well a
PFSA icshitemy i s meticulously controlled, consi

chain and the equivalent weight (EW).

Early studies of PFSA meimbe anteasi tonhlcQ) r @
such a%( Namgadamtn), Aciplex (Asahi Chemselagdt F
( W. L. Gore and Associates). However, the de
(SSC), such as Aqui vi3ddR F gBoM)),, dwe [toon i(tSso | avda
hi gher mechanical stability from the more cr
properties from higher ratio of stuidP@nic aci
Despite the robust fl uor i natteerdn bsatcakbbiol niet yo fa nR
remains a formidabl eectbhatteobgemanodl| bappl eoet
for dWeayyfuel cel I'!PFSHA dlue abppliit yatiissm.es car
factor s, including contaminati on, hygrot herm

stability?’under stress.



1.2.2 PEMFC Chemical Durability

Chemical and mechanical degradation of PF
suspected to be a major -mimpe diumdntc etld rteaalcikz
il onomers cahn -wexpiep p iemgecceio scshiab i mec hani sms i nd
whiarhe produced as byproducts of the fuel <ce
primary culprits for chemicilH)demraddatniadn nigs
unwanted side reaction involving lbypyeragemonpe
Once radical s arnme cfhoarnmesdms dceagnr andaantii foenst at mi
degradation can i nvealavéotxtyd i &t taz@HT O®M Jp egrr folu
|l eading to t-FRegfoomaumbdgs hoHt eni nggrtohuep sb.a c k
Additionally,ckadmdnRTFRalradc sludreeepti bl e to r

where ether linkages experience chain cleava

I nitially, direct i mpregwasddomtodi py aPt &
redox catalytic reaction to d3utmptohsee ur saadg ec as
precious platinum group cat  elsystdshad rpytihcee noefm
pl atinum catalysts are the | imiting factor.
hydrogen peroxide formation®meermeafnorsen avi teéf fp

pl atinum i s localsotsrto vtehresiianlt earnedst due t o | mpr ac

Sever al strategies have been pcrhoepnoisceadl anc
degradation cauwed hbywtr adgii agl pataThetiean golowtpi
include end group capping, chemical stabiliz
stabilizers work by neutralizing radicals be
with crossover gasessbhbeffor #oreaoaobitmagctthecepnp

beemepotrot eddlecompose perbtxiade i maydiwe dlhs hlyydr Oe vy |
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1.3Het er Apiodsy ( HPAs)

HPA i s an inorganic stuyppeirc aal¢liyd uSnir bobrn dRe i e b
oxygen clusters with transition metals (tung
HPA was first didtemeuvedg, i Kegbenewabyt hé fir
phosphotungstic aci-day HPW sk Elrducgtumehtysr ex go fx
(PVWs3) that Keggin first reportedcknmavan HPANn n:

structure are discovrer#, bayn dWen a nse'da nadf tDearw stohne
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Figurel.4. Representative Keggiireft), WellsDawson (middle), and WelBawson
Sandwich (rightf* Reproduced from refi4 with permission fronElsevier

HPAGs uniqgue structure and highly acidic
oxidation/reduction reactions giupercagaldiliyt

perspective, comparing o*he Hammett acidity f
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Wher @i Kt he di ssoegiisattilben ccoomcse mtnrtatf iCon o f

is the concentration of protonated base.

The compammebh ati #ilaty function shows a ¢
approxi nfadled ymareen aci di ¢ than sul furié®acid,
%S ome HPAs are reported to own not only redo
conductivihogphot omgBW D@2 9.0 dowms hi gh conduc
0.17 '8t cm5 AC, but direct application to wat

duei twat er soluble natur e.

Il nterestingly, some heteropoly acids are
decomposi ti®Ant ciags adryisdisal to have faster rea
radicals than radicals decomposing the polynm
radicals 3Mmtamdo@Qe logati ons are also an effe.

which has react i"M¥ltacnodn sEMIBILOsp et X VPG| v,

s licotungstic acids (HSi W) have evefM faster
1S Thus, it has been studied to be used as a
i ononfed s.

S licotungstic acid radical decomposing r

a?™Where the redox reaction was:
Y& 0 ‘00 0 O YR 0 00

Al so, Motz et al. have used density funct
investigate the possi bhbPbe-H aadtOoSHOM wintvlolari ng
conclusion that exoitOhteH minc it i egeme ot &i W

Kegginaadi bagse an order of mA@hetptiartaster
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continuous recycling of silicotungstic acid

decompose radicals and was shdwn®? flfuel cel

Given the potenti al advantages of HPA in
chemicdli tdyur eef f ort s have -pbod egmrmema dhey btra df arbermbc
using various techniques,hlyas ®d e o nobre Incelosvt ar loesrnt ta
attachkhlmentpl e polymersnwer poravestHPAsated pol
membr ane P,FS¥pclhy las n z % 3%nnhtlyadzr ool deaarsbeadn me mbr ane s
as polyefherg(bfbaetiralhe( arkyplee mdEepoolnye)ar yl en
et her SHPAcsame)ner eglnateed |y into these matrice
combination with otHeweveoygwahedaboimpkipbenng.
by directly blending these polymers with HPA
forces between HPAs and t e gaddeyrimeb i Imatty i @fes

|l eading to iaredilteadd’tei 1 akuatge

To address these chal | enigneosr gaanndi cs thaybbirliidz e
me mbr anes, various strategies have been empl

approaches:

1. Usiwag-@esolsabte of HPAs: This method invol
protons in HPAs wit%®%3l &rrg¥tbocarieans wsathkr

insolubl e salts.

2.l mmobilizati eanr icfb sHtPrAst esnt oHPAs can be i m
diverse substnpdire@caimehuddmgigBihb@s.ede

mat efd a’l*s .



3. Covalkkemdlinwg HPAsysteorut here: This approach
coval ent bond between the HPA mol ecul es a

stabl e iamtdegi at iganéd F%a™hi’Ag out

These strategies aim to overcome the chall en
PEMs, wultimately enhancing their stability a
1.2.2 PEMFC Mechanical Durability

Mechanical degradation is mainly driven [

angdtretching dEveme wnémbaramebust fluorinated
thin PFSA<mémprwinth¢ut a mechanical support

shorting during th®Emcheamiicmg tdhe amedcharyi ¢ @Ist
di mensional stability of PFSA membranes can

including additionbldénditmgcwiurlal msu@proolbyst

polyvinylidené®f4°mprederal{PVOFEPhdjgasn-iagpisl da
chain 8%enndg tthhse,r mA% | acheabpngni g PudeF. ¢to #IFS,
used a multiblock poly (aryl ene foealhkeyrl ,k ettroinae:
pendants, and used alkene unitestudttehledi mally
mechani cal strength i mprovement and maintain
test under AST conditionspovegieblcyondbue ttentHiyg|
crosd8Warg . eyntahesi-zrdempesmeenir ati on proton ex«
(SI' PN PEMs) usipgl WYdiSVAI if eBY®@N zaenle i nterestin
PF SrAe siemint er pd met Pa&/tDBd pol ymeri c structure wa

bot hexomange capacity and proton conductivit



property enhanc®maest| y,a sNeopbosretgdévdeadi.he PTFE b ac«
sul furic acid sidecthachaeangk &FFSAVDBRBUswBiI ah r

stabil ibpatlsvmMF ahd a drastic decrea’e in wate

With all the reinforcementsmetdssif bl s$teda
enhance di mensional and mechanical -stability
poly(tetr afelPddéEopect|lhyynheernse )alnd maki ng a composi

andPTEE which was first proposed and commerci

used in commercialized/®EMFC vehicle Toyot a
EEPTFIEs created through a process that inv
paste form, followed by mechanical expansi on

commonly referred to as "siBEPtTeFtErads "t ©ha exp

(7))

ignificantly higher degree of crystallinity

contrast#0to ctriysta0 |l inity typiERlTHEK hfi bund ian

uni gque combination of properties, including
wi de range of usable temperatures, hydrophob
Additionally, it offers pnoarlosmetcyh angifcralp esrtnreear

1l Water Electrolyzers
1. Anlon EXMembmgmeErectrolyzers (AEMWES)
Wat er el edtermoinsdgirsatweals dbhdntnvgntaed by @

2btentury hydrogen producti ohHoweéwgr ebaottr ol
Sst®ftddaert met hod for hydrogenipgroedactiteam met
reforohi mgt hane or .0hdsea hydmrocarboomsbased hy

inevitably yields carbon dioxide emission, w
Mp



anot her °%tud opmemdat.hane refor miwmigi ¢Is radyi pesa

capithkecaaste, pressure swing adsorption is th
produce pure hydrogen, so it is not suitable
AWE PEMWE AEMWE
e’ e
| KOH | KOH
— L

—_ — —>
HZ 02 HZ
Diaphragm PEM AEM
Anode (OER): 40H-— 2H,0 + 0, + 4e- Anode: 2H,0 — 4H, + 0, + 4e- Anode: 40H- - 2H,0 + 0, + 4e-
Cathode (HER): 4H,0 + 4e- - 2H, + 40H  Cathode: 2H* + 2e" - H, Cathode: 4H,0 + 4e- — 2H, + 40H-

Figurel5. Schematic of AWE, PEMWE, and AEMWE and comparison chart

For |l ow temperature operation (< 100eC)
most commercialized and developed technol ogy
30 yAWE sot her asdofanudlsoigiegsd mponematms ckwedh for bot
el ectrodes and pHowewvertr ameparstagleadwdrrtshea por
natur al ' imitation of high overpotkeywdiademnd
product®? oMP%roa,t eAWE iaspoptl iscuaittiaobnl e f or coupling

energy sources such amescelsasn tgnodfwilmad gekecazwad

density ramp rate control, and®?fgh mini mum
El ectrochemical green hydrogen product.
membranes is an attractive alternative. This

all ows fieldsdepat vy mentywi telms . Proton exchan

el ectrol yzearno(tHieMiiEr)ciiasl i zed technol ogy with
M C



faster proton transport wsepldacdngoadiedplsruddmmn
acid ionomeffsresubt ellaf Aoota EXN TERE nhgyri2r phgodma ¢ t
from the PEMWE &aan8daphosrno uhsi gnine npburraintey enabl es pi
bet ween the anode and cathode whichtdtan prod
can be direct 3Howmseevde rt,o tfhee lusaalel sof preci ous
(PGM) catalyst on both theegonooemaheyacsabldede
di f fusi on aenldeca@roridees iammmce coating | ayers on f
increases the cafpEsmecicalslty ifroirdiPEMFCwhi ch i
anode side of the PEMWE, is more scarce than
0. 0Bi ppear tYAdss oc,r ushte. cruci al usage of fluori
current bottl ¥Peckiongrichaktleedngempounds ought
sparingly as feasible, given their persisten

concerns abo#%% human healt h.

Anion exchange membrane cwat dre alne att t o lay
alternative for green hydrogen production. A
perfluorinated materi al i s nePtGM ecoautiarl eyds tdsu es L
transition met aAE MWE sd eesx hciabni tb er eudsuecde.d over pot
AWEs. This all ows AEMWEs to ach3adve a eddr rveor

of 1.8V in a PMokKOMHvesmwm,)| uttheni.ncreasetdukionat.

reactBROni hOal kaline environments, as opposed
flexibility in sel aevhtiicrhg dioerso merts remd i §wep g ork
i ono.ffeér s

Whil e AEMWE holds multiple advantages o

hydrogen production which can directly be co

MT



be | owered to compe;t et lwe ttharogeitert hHaetc hhOE olga =«

uses and transportation, and $1/K§"*TWt indus
facilitate the achievement of this price tar
opportunity as part of the bipartisan infras
and durability criteria as f oldladwso:n a arien ionfu

mV/ kwh, ch i s egvudthoabent esdoed on cells with ar
cmj, using either water or a supporting el ec

MllZ

Achi eving enhatnkcreadu gte r If @wenainntvgo lowes pot e
sever al key steps. To minimize overpotenti al
achieved through precise catalyst distributi
transport overpotential s r equar erse dmaqii pruil rag i
flow field. Lastly, reducing ohmic overpoten
conductivity and/or utili zmily “WHdwddnerre,r tnmeenb
thickness of the membrane must be strategica

performance I mprovementgasndssbeepotenti al i n

To complreethes of the AEMWE oaorerl excttadc
curves are employed along with the polarizat
el ectrochemilcRhRbrdect cent wassdevel oped to com
i nduced by electrolyte solution betwé®®n the

For polymer electrolyte membrane el ectrochenm

el eygzterrosl, t he membrane wil/l b e -ctolre esca li voenn te noat
the accurate analysis of Tafel slope and reg
di fferent experimental dat a.

MYy



AEMWEs frequently employ |liquid electro
(KKLQ or potassium hydroxide (KOH) solutions,
pol ymer electrolytes. So far AEMWEs wor king
performance % e disreaifl iltiygui d el ectrolytes r
t he membrane and catalyst | ayerel eacntdr oal yltoec a |
interface can enhWhcker KE@He¢egomekhogdirse t ha
t hoewecabt of hydrogen production including b
be higher .@amiKOHsil mguKd el ectrolyte system r
corroesosgstant components in the entire syste
( MEA), bigddloawr fpledtdess, and fl ow |l ine materi al

CQcontaminatieinl, | wheabdt C®i th KOH electrolyte

car boonmaMoer eover, caution must be exercised wl
high hydrogen crossover in a highly alkaline
seveegradati on of the @aomnoindexicrhh@g naGg@ke sne mba atn

presents a favorable compromi se coafpfariemd t o

performanc?e e(r®.uxs4?aA/5citbBlVn, benefits can exten

ut i | i zeifnfge cctoisvte mat eri als due to the | ess col
|l ifetime of the cell. Aglddteveral by, t aleestamel
outperform thése fed with KOH.

A significant advantage of AEMWE in ter

ability to utilize transition met al oxi de <ca

(0

mpl oyed iWhiPEMWE ansition met al oxi de cataly

effective than PGM group catalysts, they do

=]

ature, resulting in | ower eAEMWE iicraV o lcwend utc
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haté&l | reactions: the Oxygen EvDY ux® oth 4React
+ 0 and the Hydrogen Evoluti®On+Rea&ctH Hn ( HER
The -lriamhiet i ng step for &AEMIWE, i wh-¢ethec tOlE&Rnfatd u & g
reaction proceeds sl owly anedl esclturgogni sthrlayn sifne rc
HER at the cathode. Therefore, the devel opme

i's of utmosthampertthaencpeertfooremance of AEMWE.

Moreover, due to the high pH and voltag
Ssubstrate material cannot be used in OER rea
material such as Ni MNasi snedpleoty ealcapbal het syba
and aishshiestcsat amAlts @, r e dwdimus eNimor e often us
el ectrochemical devices due to its high el ec
compared t o thfeh obsuel ka dnvaatnetraifgaelas.m od o ppe wuadt Nit h
conductor nature of transition metal oxide ¢

sur fadasardaa.abt i gdatrmeed stihernbad ah oaarnc hi t ect ur e

and Cu and achieved superhydrophil i twietlhect r o
1M KOH |l iquitd electrolyte.

The current | eading materials fox achie
and/ a¥*° IHKVever, these materials are rare PGN

advantage of AEMWE that aims to avoid the us
Consequently, current resear®PlcMetcadvnmt ysaseth
mat ch sarpass the OER activity of these bench
to create OER electrocatalysts that exhibit
current standard material s. Rtels e@am & daredr vef iamr et

transition met al oxide catalystsP@M part of

H N



el ectrocatal ysts@, fign @BRBR!ZMn‘cHiugduer eCol . 6) Thes:e

mat erials show promise in addressing the cha
whil e maintaining high OER performance.
0.0 I I I I
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Figurel.6. Electrocatalytic activity towards oxygen evolution, negative theoretical
overpotential vs. standard free enettiReproduced with permission from refl.21

Cobalt oxi desOs sapreec ikfniocwanl Ityo (oo ssess t he
achievabl e over potAstta al ¢OfFhodre gtdh@oa@EBER.y st s ha\
significant attention in the x3eebitbiftobs hwaghl
di stinct oxidation and coordinati o(n lenvainrdonm
octahedr al cogrndiinatiloantWwWiet @anGadi c potenti al
reaction takes place, (the¢ tewnahedmsl iodvor dio

i nter medi at es, which exhibit a more robust a



Cag0si t $8dofnnsequently, there have been efforts
coordi n(@Ilthgorn iOost ance, researchers have expl
et cBOs,Cor emoving oxygen surfaces dt om€iosand con\
modi fication resulted in a significant incre
hi gtBlowever, it's i mp@ratantyste matve t hati tQ@d i
prone to sewgrgd ognerr falic gdndsipdrifce r al kal i ne, and

conditions during the OER process. This aggl

ultimately resulting i'®*a |1 o0oss of catalytic

Whil e manganese oxide may exhibit relat
oxide, it possesses a compel OERgcataadygsageTa
potenti al arises from several factors, inclu

that can serve as both electrocatalytic surf
intermedi ate speci e%?!tA&ti tfi somialliltyat enatnlge nree &
versatility in terms of morphol ogies and str
kinetics. The oxygen evolution process invol

oxi dati oR! sMataendd: MMintheiMmg i denti fied as the

center in both al k&8ICiomseaguénadciydi ¢ hdiommsnciean
plays a cruci al role in determining catalyt.i
increasé& atthe Mrhrough ther mal treat ment , res:.t

faster OE¥I|Ilkionetmang.anese oxides can exi sts i
and surfacecameactdi ¥ if gWnsehubnyiwtese nvitaheshari ng c«
edgkelke OER el ectrocatalytic activities are s

structur esUNMmMe>a m morr dieMo @s fi-Mn @ 33



1. AEMWE Durability
The performance of AEMWEs has steadily

PEMWEs under ambient preB6GMreatctahystsoasd at
el ectrolyte. Nevertheless, a significant hur
totmdéd the durability of AWEs, which can oper

operate fo @aVér whdo) @0Bustaining pérfidPmance

While durability remains the foremost c
versatility of materials offers an engineer:|
on developing new anion exchange i1 onomers (A

(AEMs ).delrn too uphold ion conductivity within
i ncorporation of multiple cationic functiona
det ac hmen tp Hi ncdoenrd i hthigahre sy,l t frri aome tBhTyMA) b ai um (
al kaslbidnee ammoni um gr-doampatuisngpgaleklgibspacer c¢he
Additionally, the commonly employed aryl eth

et Hfaree polymers to enhance the ®I"kada?8 ne stat

The durability | imiting fact oel efcotrr cAlEyYMW
used on the system, sepkCch as pdree waytse e msKOH,e
the electrolyte is neutral p H swoatt ear ,d uarl akbail liint
' i miting factor but mostly durability I imita
density due to iIlbaomewsr aper tbemgwthipFeome nt s t
high voltage and current density. l onomer de
fact or -ffeodr swyastteerms, where a di mensi onal fl uct
hi gher OHasol bei &En because of f ulpleyr nheyadbrialtietd
of the hpdsedapBbipmeqwsi tpoett eall t hat the domi

H O



degradati on o4 owrosneagn ctohmp aareaddd o t he cat hode
support on the AEI has shown i mprovement in
performance due to pololrs oc,atiaolnyosme ri npko idsiosnpienrgs
t haed s o ropft iioofhroameone nt he s IRcfada @é ywshtesrtOE el ect r och
oxidation of thleepttengl nguoual woatidon of the

decrease the perfldlrmance and durability.

I n the context of al kal i n@Q |l itchwei dnad Ine d ta

l' i miting durability is the stability in alka
el ectrolytes, the problem of itdreameeiesdl afto@arc h m
high I EC ionomers. This is because the | iqui
the catalyst and electrolyte, maintaining ca

l iquid electrolyte can hedrmwi nmgd nd auged tthye phes

as the liquid electrolyte can neutral'P%2e phe
However, it's worth noting that highly al kal
problems |like instabilfhydr aingdside gir @@ddatd: @b nb yo f
durability issuedWVmhen awsidng or ¢ lhat icaelay ywe ak e

el ectrol yX&s shehe asl Kal i ne i nstegbibleictay sies U
| oweucl| eomHhi Itihei tcyar bonate compared to hydr ox

degradation of AEMpbgldemehetophilic

A study by Li et al. compared the mecha
AEMWEs u€fQag ®Khe el ectrolyte. They found tha
related to the mechanical propei ff@eessf the
hexamet hyl trimethyl amim®lndam galnctp oA R zrea) D

me mbr ane t okyal ammomeituhny | faun ct itb@n & ly-b-setenyeer omoe )y (s

H N



triblock cdamMAD)DY memb(r B . I't's i mportant to n
psi di fferenti al pressure to the system to p
membr anes survived through theael 500eésdiue abHb
theetewsil e st r,enwhihc hmleWm#fsraa3ietsSd t o mai nt ain t
di fferential after 200 -sht,i fhfingehsi s¢ gedritdi ehgiggthih e n

membr anetéom tesging evntifdlps essure differ

Condukobgedmrability assessments on wate
and offers valuable insights fdervedl hsgpygt @gmact
that competes with AWE and PEMWHutradh Cokhegi e
et al. doctmemtedrabliongy experiment for an
ammonium functiil dreal poéy (Ph®AFPEnafd( BT MAI
poly(sulfon€handt5060C. MAPEémBXMAbi ted a degr ad

mV/ h, whi tbea stelde pPd dyerler experienced catastrof

hours ofl“bpecanti oast, the AEMWE operating wi
i mproved perfdaremandaramdllioryg Moteall eh et a
durability ofanlo tRAeR$ufsa rac efch bShulht/cecirmd voenr 10, 00

hours with a delyrHé@dast by, -trearhne cubrna@bC7@-i t y of |
fed AEMWE was investigated by Nel Hydrogen a
conduct ed t%K3Q &f eodn AaE MWEwtat 50¢eC, mai ntai ni n
density ofwi5t0n0 anAl/O0On ps i di fferentiah pressul
test, they observed a vVl ¥&8geidewaytdf nappnag
operating a water electrolyzer undertaiffere

prodpuceessur-paedt Wwihhwhdrogen on the cathode si



The conventional pat hway for developing
commences with the creation of a novel pol yrm
Subsequsesntluychax acteri sti-€eschlBamrcde asajymacipthy, o
conduyc tairvei texamined to refine the design of

eviously reporimed hyolpy @eir m edipod nyzeytlhayd keaomreat e

©
—

l'y(vinyebédyzpl pEridinium car boepnraotpee)r)t yi onon

©
o

rel abhipnwas scrutinized to vemidedkng hiamgesuitab

ectrocheMf4tali sd mweiwd s .f or mul ated i onomer coc

D

—
—

eestanding membrane, serving aWu aat AXIM wi t
i nvestigated the AEMWE performance and durab

|l yethyl ene midblock ratio and reported an

©
o

rat ecw/fh 58nd with 600 h d4YFaoolbri Itihtiys tsdautdyat t5
met al oxide catalyst are goi ne attcardymsbteanpé oy e

interaction to understdam@abAEMWE per for mance

1.TAhesis Outline and Scope of Work / Thesis ¢

The primary objective of this study is toc
el ectrochemical devi ces, specifically PEMFCs
research can be divided into two main compon
mechaal durability of PEMFCs (covered in Cha
performance and durability ©Ore A&EpMNIEGSaci iscwuas

fabrication of a proton exchange membrane by
sul f onviicnyalciidde ne fl uoride terpolymer, foll owe
bet ween membrane strtuicamalel yv,ndt Hueea bdil gttiync tA

HC



catalysts were strategically selected to enh

comprehensive examination of the I mpact of e

durability.

Thtehrcdhapters aim to address the following hy
Hypot heésval dntly bound HPA will catalyze

radidawel £ 0 i tspregex tegaadti anlgy ttioc t he suppr

chemical .degradati on

Hy pot hElse ss 2p er faccri dmocr en amhaulriel e and di ssoc
wi | | enhance pwhoetno nf ucnocnt di uocnt-f IDviH zt@ya | wimte in |, |

resulting in improved fuel cel | perform

Hy pot hElse si BcoreldlrFeEe i mho o tRMBADIHRP At 0O

membr anes will enhance the mdchHRAi cal i
functionality working as a redox cataly
effecti véloy hsecpepmesal and mechanical de

Hypot hAemsiien 4dexchange membrane water el ect
enhanced by addition of | ow overpotent.
met al opode(wi bimebodyzpl pEri db-ni um carbo
pol yetbpwllggnesi nynebodyzpl pRri dimMCNSn car boi
PEb-PCMBi t h MPR®nomer on the oxygen evolu
Pol ymer electrolytehmambt ahewandtbat alcy:
energy because both catalyst and pol yme

transfer reorganization energy



CHAPTER 2: | MPROVED FUEL CELL CHEMI CAL D
HETEROPOLY ACI D FUNCTI ONALI ZED PERFLUO
TERPOLY-WMERFLUOROSULFONI C
ACI D COMPOSI TE MEMBRANE

Reproduced with the permission umd@dtBh¥ Joul

4.t f(ps://creativeco)yihmons.org/licen

Chul OorPygviKiMe-Chen “Bomi ni ¢c J.°EChamowsi nBIl, oo m,
Soenke "DavifdrA3P hQuwP Middnt, hew YRuiLé mukCdaiaggs.
Gittl'#mMmamael Al3a¥Yandmnasiews*M. Herring

2.Motivation

Il n the pursuit of improving the durabilit
i nvolving the incorporation of chemically bo
perfl uori natvea d yd uldfeqreil ¢ meewird Tei s | ed to the
composite membrane, comprising heteropoly ac

and 3M per f | upoorloysmekriftomia @aemposi ti on ratio o

Reprinted with permission of the Journal of
10. 114P11PB/4AHchb848
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Notabl vy, the composite polymer membrane fun

di stindhigbetrpatticl-®i €densegveanl yhewheneth

side was oriented towards the anode, it resu
durability. Hypothesis 1 is designed to inv
functionali zathenclklkami ciathpraodwreabti | ity of PEI

accelerated stress conditions.

2 Abstract

Commer ci al proton exahandea erme mlerddne ethe avy
fiwvel d i ncrease in dur abitlhiet avdatiommp hbed el ¢u
vehicles. We describe a new composirteplmembr a
aci d (HSAMLLIL3IPB, a radical decomposition cat e
exchanged can potentially conduct protons. T
tetrafluoroethyl ene, vfilnuyolriiddeen ec ofnltuaoi rniidneg, naon
(1, 1, 2;0%,t3a,t8(ddad4® i 21 uor ov i-Irsyll )f coxyy)l b Utl aunoer i de)
dehydrofluorination fohlydwedypheagd)t i pbospho
perfluorowulnfy¢nmide-haopd upPSEBDIHPA. A composit
membr ane was fabri cRERMDHMHRBRBAMG thdl @0AEWf3Mhpe
sul fonic acid poisymer of Théd ebontetmibm alniendrended
proportion of HPA mesiiedtei eass cgormapvairteyd ctaou stehde tat
PFSWDMHPAO settle. The composite membrane was
hydrophobic properties, and higher crystalldi
conductivity of the. m8mibrameawas80@Cland 95%
the membr ame cwi tsh dBPA acing the anode survi ve

test condtctiiroccnusi tody od pt dang3e0, % 9FOH
H



2. 13ntroducti on

de

us

Proton exchange membrane fuel <cell s ( PEMF
mmer ci al [dauedg fverhilcil glst by mul ti pl e car manu
undai with the Mirai and NekX*$ubselguealt!l twve
ese commercialization activities, t-he focu
ty fuel cel |l vehicles due to the advantage
the fuel cell systemicbmparaddt bisHaotpebeayi
cle damage dompar adgher| cghbti hgemme®e) ekl dr
| ower both the capital and operating cost
d affordlatby eF@Géavysuch as adopting thinner
talyst | oad Adgimajespebal vehyge f-dut y ofm@és ci
fuel cel | -dduurya bvielhii tcil cebsd hlhaeveeyg g ri vrnei | eage r e
rrevwtht hset aatdett Yy i gbhi cl es while also tending
ndilPYmensul ti mate D@BEttya rFgCe&Vts fisr ame amwye r at i n

an one million' miles or 30,000 hours.

Perfluorinated sul fonic acid (PFSA) pol ye
terial for PEM FCVs. The fluorinated backb
rability and -dthei msuldgiomea chiagh e s idtee ¢ bedu
tstanding durability of the fully fluorina
e mnillle otnarget. Polymer el ectrolyte membra
i n mechanisms: mechani cailomrmethread s afl o rd emge
gradati on asrteudrieeldat iavned yanweelflf ecti ve sol uti

e of a mechanical suppor-poinptéeheamembraath

PTHE® Héwever, chemical degradation induced b

on



i ncompl ete oxygen reduction reaction and oxy

membrane is not® y¥®¥t hasl bpgenesbbwaedt hat this

Ocrossover to the anode and bot hhOcamemi cal ly
sources of AOH radical generation which need
enhancéméé@tearchers have studied radical sca
manganese oxides or cations which, when adde

decomposes AOH radicals faster than they rea

degr d?dt i*¥ihdse additives as cations can comp

membr ane as they partially neutralize the pr
when added in | ow concenrtrTateisens ntolrigsa nd fcf eatt
are initially placed in the membrane or el ec
bound, and so undesirable migration and accu
durability testiegeldeameimbg anlkeeregi ons®®depher
39

A moiety that can be chemically i mmobil i z
radical decomposition catalyst, such as a he

alternative to these -ardoabs d eo fc aptaloynosx o niePtAas| atr
superacids, that c&fhh e esiumpille szte dHPaAs sctartuacltyusrte
tungsten oxygen octahedra surrounding a cent
which is roughly sph&%onteal HPAs ,c as.uclh nans dsiial m e
(i M), have been reported to have %3&dical d
However, the unfunctionalized HPA&s high sol
and migrate have made them Xdmd | ®m gmarge ftoun P

oxygen octahedra can be removed from the HPA

oM



can be used to covalently att &% *We thlae eHRA etdo t

strategy quite successfully in the past to p
membr 8®Aespreviously reported, highly efficie
silicotungstic acidcdhexpblydvopydp@adeY | (BY
Thi s method eliminates the migration and | e

approach to address the HF®#PAemempriaseual 89
showed exceptional proton conductiviitayt under
8 and 95 % RH) with the HPA as the only pro
alternative approach to take advantage of th
the -csfit a¢ eart PFSAs is to add the HPAs to a P

Il n this wor kPFaS A ypborliydmePrVDWas devel oped by
for the HPA functionalization to increase th
with the PFESAYpéd°yewrterpol ymer was a statis
the tetrafluoroethylene (TFE), vinylidene f|
monomer ( 1,0lct2af2,uBda3® 42 14u or o v i-Isyll)f coxnyy)l b U tl auroer
MV4S) aitin oaorf 0.67/0.18/0.15 r evsDEdEHh é vEDF, r €
moi eti esVDFn wWRFR A used to tet PESVWDREAHPAAt o th
dehydrofluorinati gn (&8yifdeeri bedhereeli ausVel
of the HPA additive we obtaisnalce madasirthaenes wh
me mbr ane -rwacsh HPMhi ch enabl ed us to place the
anode or the cathode ®Rekbaddeg. bWefapti mate
membr ane via bl endi ng3MPIFSsAo Rk 8BMMADFHBAaThef 800
proton conductivity of the composite was i nv

hi ghly mobil e prot orhiamcacitd es iptreo,t ohhP A,o0 nwdouwcitd



membr anes were tested in a fuel <cell for per

voltage (OCV) accelerated stress test (AST)

2. EAxperi ment al

Mat erdiTanhes per fl uori hat eyl sdéfhenVDBERKCI de (
TFMV4-8DF, 0.67/0.15/0.18 mol/ mol/ mBM respect
PFSwWAere supplied-hbyydr3oM.y phhieentyly)l p(hdosphonat e)
from SynQuest Labs. Bromotrimethylsilane (BT
( NaOH, 98 poot &$ ¢ r u eshd)lyuwtmeactnh @ @no | (1 N, Aldric
hydrochloric aci 88%CI| ,anMa s8dyf ,uBEBE. ER6li Idi ploH e
were used Med hraemoe i ( Mk.OH, P h aprrnocpos oDES igr ade)
Phar mco, ACS gr aixfdl), Aaceso@rganli es(CB9. 9%, a
di met hyl acetamide (DMAc, Acros Organics, 99+
without further purification. The | acunary s

KsSi MD291l 3@Wwas synthesized Bd previously repor

Preparpheéeonal ophosphonic esDRPHSIADFAEPEl,onal i
Fi g2al,e Stoel0 .16)4 g-VOF PESA77 mmol ) was mi xed w
at 45AC for 3 days to form a suspension. Thi
0.1 M NaOH in isopropanol, followed by the a
KOH i n Me®bamd t he resultant r e&&acotvieornning hxtt,ur
gi ving -oar aynegel oow ear reaction mixtume.lO0OThe npol
by the addition of 1.2 M HCI (ag) (400 mL) .

fritted funnel and rinsed with DI water unt i



with pH paper. The&FISWD#IPtRganst dyre letde mmpne or botodnt e

(RT) air overnight and eG,en( uln.d58 gv,a cyuiuem df:o r

Preparpheonal ophosphonic awDFReHRSWDEtiIi onal i z
HPPA, Fl,guStéeMmFS2ADFPPE (10.02g) was suspended
acetonitrile under wultrahigh purity (UHP) ni
was coad eidn vaent @rcebat h under bDH®mMottr mgehyl &0
( BTMS, 11.24g, 73.5 mmol g€ . wd lsheadcdckead tu mcdert empg
gradual |l y &ncorveeaseld ht can5d0 t hen all owed to r ez
reaction mixture was cooled to RT and quench
The resultant reaction mixture was then stir
temperdttuhenanhe polymer mixture was decant e
yell ow bottom | ayer.i dtdei poRYyYmairr mbxeémumieg wias
was washed with DI water until pH 6 as shown
24 h and then drpedduciwnwgcpbmnbor phAd8spbhonic

PFSWDF ( P$APPpale yell owieddi d96. 65 %)

Preparation of heteropol yaci#d nfydn dteinenal i
fluor i dPeVXAPAS A RilguiSedemp. B g -WOHPESAwa s
suspended in DMAc (90 mL) at RT overnight. 3
added to the homogeneous polayym2M, s0] 5é6b5omL at
equi valent based on HPA) was added dropwi se
mi xture waeg dtoirr Bedlaggts . 8T he sol uti on was cen

anddlecanted, producing-VBDFRH&EWIHEIPAO®aAaBTgrd PFS,

Me mbr ane fdaba inmeas wrne t he -\pOrFo peeRr8NMDE&Es of P

HPA membr anes werper dsadirgCg dante dl1dOy eikeothandedci d
on



with 4 M sul furi em atchiidc,k naeisns tbhou tc agsitviantg 3a0 f i |

8 7ns.

A series of composite membranes, with 5,
fabricated by casting and drying in 100eC fo
10 min. An example membrane fabrication for
flol ows. A suspensi3ddRF S8An 2700 :w3t0. % t8nh0aOnEOW t o wa't
suspensi on ®fFSADBHPAwmt DWAxcf were formed. The n

|l ymer suspensions in a ratio of 9:1 was ma

©
o

suspennsiesul ting in 0.41 wt. % of HPA additiv
suspension was$licast osiagKaptdoator blade wit
fabricat’membfi@fecmAfter casting and anneal in
the Kaptmhem anexcthamgedciwi th 4M sul furic acid
membr ane was then rinsed with D.I water thre
membr ane was ciftorddwrelt acae2d dmsting and the
measured with a micrometer at 5 d-BéE#n.erTehnet | o
thickness variation of the membranélade be i
machi neofi nlksdarech dldloccdedrand going thrioagéal dgryin

without moving the cast solution from castin

FoufTremsfor-Attehovated Tot AAlT RRefSpect iros cE]

O FTIR was recorded using a Nicolet i N1O0O MX n
total reflection (ATR) stage under room temp
of dweme used. All samples were in membrane |

op



Nucl ear Magneti c Reso0adigudstats MRsgectra scopy (
weremeasured using a JOEL ECA 500 MHz spectrometer in DM&@ 5 mm diameter
tubes at 28C. *H, and*'P chemical shifts were calibrated with tetramethylsilane, and

phosphoric acids standards respectively.

El ement ald Hementalasalysss was performed at Huffman Hazen
Laboratories in Golden, CO using flame atomic absorption spectroscopy. Thermo FlashEA
1112 analyzer (Thermofisher, USA) was used. Weighed samples were combusted in oxygen
at 950 eC. Car bents waenddtermiryed follovgng ASTRI BD5291. Sulfur is
determined on a LECO modell@4DR sulfur analyzer using ASTM D4239, with weighed
sampl es combusted i nxwasxmeaswed using infrarddispectreCopya nd S
Silicon was measured after preparation by high temperature fusion with lithium metaborate
flux. The fusion bead is dissolved in mineral acid followed by analysis by inductively coupled
plasma atomic emission spexgcopy (ICPAES). Phosphorous, potassium, and tungsten
were determined after dissolution in a mixture of perchloric acid and nitric acid followed by
ICP-AES. Fluorine was determined after preparation by high temperature fusion with lithium
metaborate fluxThe fusion bead was dissolved in mineral acid followed by analysis by ion

selective electrode.

X-ray DiffracA i DinerfeQRD)DI f fract omet er was

operating condition2Zdmdn@® Wwas gmidiolda 58 mAtboe T Biei

O.éatnd 6 s dwel |l ti me. Match! (Crystal | mpact
analyze the peaks. The crystallinity of the
the crystalline peafisufasgi ¢gmed JAOEt &r ¢ MDAt |
sof tWWa'le.



Di fferenti al G aDIS© data was phtayned UdhG LA .instruments
Q20 DSC. 510 mg of polymer sample was loaded in Tzero aluminum pan and the change in
heat flow wasneasuredfrom3 0 t o 150 eC tw3@et @an200 @C | towiede

heating and cooling rates were both 10eC per

Ther mogravi met r & @A iAstrianentssT G5 Q500with4a platinum
pan was used for TGA experiments. Experiments were conducted either in nitrogen or air.
The temperature was ramped at 10eC/ min with
dried at 80eC f omambient tempenatdre andjhumidity for i lapgrier tb the t

test.

| omxchange capacity (I EC) calculation fro
residodHiRRAs are instable at high PH, therefore
convent Honalatacind met hod. However, the TGA r1 €
calcul ate the IEC. Assuming t h®t mebhebubkeéestiab
the el emPhr$SADRHRAMEMBr ane will oxi ddanéd dn&i Oes
for ealcMiokhen the temperature °fsAfih npheed IUBHC t

can be calcul ated as bel ow:
Calcul ated t he PrFSSMDEHPIA* r esi due from

™ C+ 3E / p ¢/ pl T+ 3E / pdq /
pQ OAT OPAI Ul AOo¢c @uc+ 3FE / pd /

pd 17 minnk DY
pl T+ 3E / od / cl FOAT OPRI UI AO

kDT pl T11 copq/ ™ X €7/
Cl EOAT OPRIT UI AQI T W pl T T/ Cl £FOAT OPRI UI AO




Therefor e, the theoretical mass residue from
Proton per gram of residue can be calcul ated

pl T3E / i T pd 1T/ pli3E
pd 17T/ pl I3IE pl T3E / PFCOPC pzeAC

et pl Ul (
Cl EAOEAOA

e X € &/ 8t 1t pl Ul & @l 110

Cl £0AT OPAI Ui Aocli @AOEAOQA CIl &I 1 Ul AO
Then, the theoretical | EC can be cal cul ated
w%%ﬁ$©AOEﬁﬁ@E! [ 1h6sOAOEADAR! o
” #%76r3 [ Tih-613
' S he% (0b4aw g
u ire” ° ¥

tiTqoy pl T C ppxkilg

[ ThOAOEROARIB-613 YUFTi T & 10lAO
Mo | % of HPA tethered VDF and unutilized VDF

| AOOADOEABA
4EAT ODABEADA

(0 OAOERIOIKRAS & ™ B

6 | AKOOADEAOA
BB ® P T EAT ODBBEADA

Calcul ate I EC from TGA residue

For tri al 1, re%—i—d—&e from TGA was

oy



I AOOAOEAOA

ﬁ ||§$@AOEA6@E! iTh6s%& 4EA|O®@BEAD&'

e o | AOOADOE A OA

T BS&EGET OPERGBATP6SE P T EEITSEABEADA

:: #%T6T3 iih-613 ;

! S se% 1Th4&% f

u Bl %
tiT¢o0¢ pl T C pp abpi T(

(ThOAOERORRTR-613 YYITi Cmi10lAO

For tri al 2, re§54—d—u—e from TGA was

I AOOADEAOA

4EA|0®@BEADA
| AOOADOE A OA

o P$@AOEA5@E! iTh6s%&
11

|”|P$&E®EIO s AGEATHP6SE& p TEAT OBDABEAD A
11 PN 1
1 ﬁ\I-GTg Il 1Tb- 613 0
. S e (1baaw 1
u i 0 v
i Tq0¢ pl T4 C ppulpliq
——— —— ~ o T Y Qb . = —— .
I TP OAOCERAOARAT Ib- 613 11 Ccih Emilui Ao
Average | Efe—WHi— be

We can also calcul ate theoretic&IFSMBPE of

HPANIMPFSBAOOEW with the calcul ated | EC.

| EC o80®@BBW PFSA will be

p pRUTT(
%7 C

Using TGA calPcs\ABHEPA | EC of

p& U 1 1 pp Tl T( pg d [ T
c s c s c
o

t

he



Smal | Amgl 6&cXtt edx Tha IRID{(BdeaXlbg at the Advanced
Photon Source, Argonne National Lab, was used to obtain the SAXS data with 13.3 keV
radiation. A custom built environmental chamber was able to control temperature and relative
humidity 1’2 An Eiger9M detector was used with the sarrpleletector distance of 1995 mm

and 0.0750 mm pixel size.

Scanning Electron Microscopy (SEM) and Er
0 SEM i mages @akRidge Naidn@ bab aMe mbr ane cross sect.i
prepared for -kShEM eb yu Idti raamoincdr o t o myBackdcditerad e mb e

and secondary electron images were captured on a Hitachi S4800 SEM operated at 10 keV.

Complementary images in the supplemental information were taken with the electron
scanning microscope (TESCAN S8252G) operating under low vacuum at 10 keV with
standard parameters. All SEM images shown were taken with astatedbackscatter
electron detctor. The Energy dispersiverdy spectroscopy (EDS) was performed with an
element Apex software.
Scanning Transmission BIHE agghr olne Ma rem wilsaro pd
field (HAADF) STEMOakRidgp dlaional tatMembraaekcmss a t
sections were prepared for STEM imaging by diamlomife ultramicrotomy after embedding
in epoxy. STEM imaging and EDS analysis were performed on a JEOLAFINPOOF
ANEOARMO microscope operated at 8XrajkeV and e

spectrometers.

At omi c Force MidcHed sgchap yan(dAFfpN)ase i mages w
an Asylum Research MF3PD Atomic Force Micros
probes (Ted Pel |l aG) Pwiotdh rNeos o nféArPtl 5f0rAddquency

force constant was used.
nan



Water uptake / Dynand WatVapouptSoaketaopna (DY
di fferent relative humidity was measured usi
analyzer (Surface Measurement Systems, North
under ®aduvumom temperature for 24 h prior to
|l oaded in the DVS another 120 min of drying
The relative humidity was increased in five
membane was all owed to equili®vateefowatéer | e:
mol ecul esi tpeer wasg dcal cul ated based on the wa
upt akeplammmde i :mwel | i n g?snaerapsl uerse meenrte, d5 icend i n Vv a
the initial dry mass was obtained. Samples w

for 24 h and then the measur ement was conduc

Contact Angl 8 CMemdsawcrnemamgtl.e measurements
an Attension Theta Flex tensiometer from Bio
OneAttension. wasiemgwasdmampual | PI pl aced on t
i mages were taken for 10 s at 10% frame per
All samples were dried in vacuum overnight a
sampl e was stuck on tshied egd atsasp es.| iFdoeu ru siidnegn tai ¢

cmwere measured for each membrane.

El ectrochemical | mped Bheet Spebéembesabplympeé
Spectroscopy was performed using a BiolLogic
equilibrated inside an environipeéminal pcloda mmer
conductivity. Two independermtl alkcerdi dintsy dger d the
environmental c-hhamb&r andnenteotorpsecisely co

relative humidity. The -prleantbirmmmse lwecter @d & cfeid

nM



an established design,-1Bé&kkTdblke danduweirei fy
Randl ebs circui't and the results were used t

described2ih equation

A — (2.1)

WhenKe R, LyaWeapdoton conductivity, resistan:

of the membrane, respectively.
Fuel Cell testing [/ A®cMelnmebrraatneed eSteacnt draordde
assemblies (MEAs) werceo afteldr igcasst edd fu suisn g nc d tag

subasket to frame fthe&El acttirwaesr averteo fabrdmat
ink formulation consisting of 3M 1000EW iono
with i onomer to carbon ratio (I/C) of 0.90 w
wt % |/ C for ahedeathobdeysTédel  @mdié nada twrasd @ . a

0.3 mdg Pt/ cm

The fuel cel | performance and chenrical dt
MEA in fuel <cell hardware (Fuel Cell Technol
graphite quad serpentine *fflhoew ffuieell dcse, | 1d epsecrrfic
was run under cell temperature of 70eC with
anode and cathode were 800 standard cubic ce

with no back pressure.

Open circuit voltage (OCV) tests were rur
acceleratet’fthestcepdott @enpler at ure was 90eC, r e
anode and cathodedAianaviapmemat dbdckpderssiHr e. \

determined when OCV of the cel |l fell bel ow 0
nH



measured twice a day?antd aann eoxpceurrastiioonn ocfo nOd.i2t i
freqguenkHz .ofEf1fOl uent fl uor-cdeomasomeapbyed! C:
Di onex, Sunnyvale, CA) with cathode3 edfafylsuent

as previodusly reported.

2 RPesul tDesandsi on

Synt MeAs ifspuep synthesis procedure previou
fl uecrdiaxaf!| uoroprdlppP)ewapr UB¥OFt o covalently
silicotungstic heterd¥p&t yTrAaeciidni(tHPaA) -teor ptohley
VDF) provided by 3M contained 18 mol % of VDF
Dehydrofluorination and the addition of DHPP
terpol ymer. DHPP wa&a/D Fa tutsd mlge N at®@dd ftdraeoaPikh®aM y o 1
react anMDMPESA to a number of the VDF repeat
sul fonate group by precipitating in HCI. The
produce phosphonic acid bnddd uwmlgf snite sadiod ftuh
from the sulfoVYpPPPANDuorFridal | yPFSEAe | acunary

hydrolyzed polymer as shown in Figure 2. 1.



PFSA-VDF
TFE MV4S

0.67 0.18 VDF 0.15
—%CFZCFZHCFQCHQHCFQCF%—
0

HO +
Qo
7
o\
/_ OH

PFSA-VDF-HPPA

C4FsSO,F

0.11

PFSA-VDF-PPE

067 0.18 0.15
+CFZCF2H?FCHZHCFQCF+
o |

- |
C4F5SO;H
Step 1:
1M KOH in MeOH
0.1M NaOH in i-PrOH Oz

Precipitate in HCI (aq)

/\O/P\ s

PFSA-VDF-HPA

0

0.67 011 0.1 o7
067 013 +CF20FZ} { CFCH, ] 5{ CF,CF } { CFCH2+
—PCFZCFZHCFCHZHCFZCF+ S d i
| | ]
)

O——C,FsSO;H C4FaSO;H

— EEE—
Step 3:
0-KgSiW;1049=13H,0 (HPA)
DMAC 0;-_:',\ Oz,

o AN
Step 2: :>P\ HCI {aq) C)/ o HO/ OH
1) CH,CN ho! oM g § o
BTMS at 0°C I
2) 0°C to 50°C, 10 vol.% HCI in MeOH O>P Of— Polymer
[arn O

FigakSynt hetic reaction scheme for silicotun
sul fonrviicnyaciidde iPd SYADEHHPAI de om perfl uo+rinated s
vinylidene -YDEDPr ade -hfyRlerxyylp h(edgnyl ) phosphonat

An investigation of a series of composite

conductivity was obsPFGADMHPAI tdh BIMPEBA% bl en

as s hbiwnkrizn Thi s membrane was fully character

|l ess conductive membranes were not investiga



0.1+

0.01 H

Proton Conductivity (S/cm)

0.001 +

20 30 40 50 60 70 80 90 100
RH %

F i g 22 Rroton conductivity oBM-PFSA800EW (black square), 5 wtsmagneta

sqaure), 10 wt% (red circle), 20 wt% (blue trianglenposite membrane at¢n (left).
Difference in proton conductivitiendto get smaller as the relative humidity increases due to
solvation of HPA bound side chains.

The proton conductivity of the membrane v
i mpedance spectroscopy (EI Sl eTheodampkéeuwas
on the TestEquity environment al chamber to c¢
The proton conductivity at 80eC and 80 % RH
bl endi nBFeNDHPAOIMPFSA 5/ 10/ 20 wt. % blending
pol ymer were tested to get. @thz /roord o/ 2C.oh&8U c

S/mc / 0.00.4052 S/ cm respectively. The conductiv

np



was the highest among t heeMPFEEMPOEYW bonmnt soli | (O

0.03 S/ cm).

Membr ane fdabQ iwtatd% omamposi te memb-rane was
bl ade met hofd imrera frodpgtooved by solvent drying

(165eC), whiB8FEMmrebutkere@3sn( Bbgur e

lg Doctor-blade

=)

Air-side

Polymer Solution

Kapton® Liner Liner-side

FigaxS®chematic of membsriacdhee agsdddtdi)inmgersi de (ai r

Chemi cal Ch &rTahcet ecrhiezmaitciadn.characteri zati o
pol ylne$ADHPA were confirmed using FTIR, NMR,

(Fi Quibeand el ement2ll) aamreel yasviasi | (aTbalbel ei n t he su

El emental analysis was measured and cal ct
Gol den, CO. The results on the analysis ver.i
on both the heter pouoyo saulifdenfimonlicat dliedid ISIAlz e dr ip &

VDHPA and the 10 wt %3bAP E &M0eOdE W o0 ITyhme rp r eistem c e



W are the cruci al i ndi cator of the silicotun

(PFSA) .

The FTIR sPESWDHPAfcodmMeposi te memMBBAne of
VDHPANIMPFSBAOOEW, and t he3MRMHBIBAODEW smpeacft rtuhme
from the composite membrahed BEpecakrlumspeet sap
at 12eyeometric)(asgmmeb0i cin 36Cer)r ensepr cen oibrsge rt
due to the presence OVDF ltuerp olayt rmar 3¢y kwed ea
peak alt47104kabe t o the sul fonyHe fHywdrmrdldyes iss defc
fluoride was i ndisg&t) e cdt b¥ashdloencme npoevaakl ooff s ol \
sul fonic aci d,3§0Qpuplsat 10&Maic medT heev ethP Aa fhtaesr ad
characteristic infrared fingerpri A% hefrefi ve
the coordination and hydration state of the
Specifical la{ Skh e apseyanknse-daxryege s, | 96®gand 914 c
( W=@®, (asymmettreircmitnuanlg sot x@yag{eWDs-W)8 9(4a scymtmmet r i c
tungsdea shared -9y W) TAS ymme tcroircn etru nsghsatreenc
oxygen,)75%hem the HPA is chemically bound t
peaks one phenyl p h edsepr hi ovreodu sp éaanleczhivo@)d anlgs ogr o u p
(phosphoygearns, )1 0(4F2 yoaint-28Ndt e tshyartmetthre ¢ str et c
SGH group peak schno'féiludt bweasc at.ool Oc6l0Oose to deter

phosphorous dareahoreidn g eq@rkoup



—— PFSA-VDF-HPA
—— 10 wt.% Blended Polymer u(P-0) u,(Si-0,) u,(W=0,) u__(W-0,-W) U, (W-O,-W)

\\ ! Nt |

—— Subtract
- \

Absorbance (a.u.)

1500 1400 1300 1200 1100 1000 900 800 700
Wavenumber (cm™)

Fi gaaFTI R s pRSADEHPRPA bl ack), 10 wt. % composi't
PFSWDMHPABMPFSBAOOEW (red), and sS3uMPFISaACc@ EW s p e
from the composit ei mieunbe d nkea (dd ueaer)e IHPRel ed
dashed bl ack Il ines.
A) B)
mmwmwwwwww e
j\ |
|
Il
W i
_.«....._,_J\.JLJ...._ e i N
" ? Chen?ical shift (ppr:1) : ° * * Chemicalfhift (ppm) " ’
Fi gas' a*Pd NMR data respectively, blue line |
phenol phosphonic acid attachment on anchori
with heteropekkSi V@@l 3B ) HPRe mi cal lperbowmd i n@tte
sul fornvecngt¢cidene -MVIABDIFi,dd® . 6T7/TFEBD . 18/ 0. 15 respe
be menti onrvelDdF afsr oPiF Shdow on) .



NMRneasur eeme®@ing udtued b p diged v ad tetna cchfme n t
HPA b hset a mptoil y§d&MRs h o wehebx i s b £ hdeees if ue @ tgir mrugls .
Fotrhpechepbbspaoindrcti pobhyareman o twenosd s efr v @ oh
7.t08. 2 pFmQudel BPNMR hoavddi teivo mdelhloceoval ent
attachhneMmtd hpeo | yn@nmrhpehepbbspaoihdrect i pobhyaneed
shagrepai Oppmacbsediveds hcft gdDeHPPesom®ric e
pp AMWh etnhHeP Avaat t ac e ms o i@mlilt3sp p mn8l.pé6p meod ser ved
(Fi Quibpedh&®.p6p mes o wames 8 itgtntpah o s pdhoadhcy dr i de

antdhle3ppmeson admteewh os p had rt cawphan antithdeP & 4

The resulRtsofntiabkekeement al anal ysis ver.i
expected elements in the polymers iRESAdIi ng
VDHPANd the 10 wt. %3MPESBDOEW 0IThme re xwietrh me
obtained values matched to the calcul ated va

to be hard to analyze quanti'®fvedy in many c

n o



Tab2leEl ement al analysis for 10 -VWtH P& Ag o napnods i
PFSWDHPA

Sampl C H O S Si W F P
( % (% (% (% w/ (%9 (% ( % ( %
w/ w) w/ w w/ w) w/ wyw/ w)w/ w)w/ w)
10 %vt 18.60. 7t13.63.64 0.0:0.1522.30.01
Compo (14. (0. :(16. (0. «(33.(32.(1.¢cC
Me mb r

PFSA 23.50.8'14.23. 37 N R N R 25.31. 3

VDF
Hppa (25.(0.:(9.4(3.27 (59.(1.¢

~lI

PFSA 17.70.8'17.12.14 0.2 2.1514.90. 3¢

VDF ,
HP A (13. (0. :(15.(1.75 (0.:(33.(34.(1.¢C

* NR = Not Requested

* Bracket = Calcul ated value

Ther mal Chad aGAeregali swnb P PAhPEFSBRAF S A
VDMHPAre showrm ., i6nanki gfuorre t he 10 wtFi% 2croemposi t
I n all cases, even -dhiocedhaddiet isampl ewatwer ei
under IN 9P WSWADHHRA and 1. 4 WIDHW®P HA.r UPPFSA 200e
addi tional wasPF LAOFHSPPo fanld 13 .-BDFHPPASAwas
observed due to the remaini®y VYiH§Oahyd bbend
partial decomposition of sul #£%nTie amodmalrione
mass | oss& DHODRPAPRVRA BFSWEHPAver all temperat t
regi mes due to the higWhemotrlgant emgematumnt e ow
hi gher & hanr &8plio)d decrease in mass was observ
CS bond deaviages of pEfywhiheh Iséadcth@ai as25.
mass |PoFsSSSADHOPANd PHHHAPPA respectively. The pr
of the polyvinylidene fluoride (PVDF) and ba

p N



polytetrafluoroethylene (PTFE) was ok erved
to 600eC, resulting in BF&BDBIRBAadd P&ADFA7 . 1%

HPPA respP®dctively.

Due to the instability of thlea#i®@Ati brat ka
met hod t oexdhange iwanpacity (I EC) is not poss
oxi dation shown in the TGA measureméAntns were
t hPeF SADHPMmaterial, to give the I EC. The theo

containing membranes can be cal cudaamtded wusing
WG4 n the blended pol yanendu dthirrege giodenhaians p
acid group in PFSA, the HPA, and an acidifie
A previous study reported that thegpgoboop 9
four orders of magnitude | b®Wéarertehamef ot heul E
phosphorous anchori ng gcraolucpu | waatseRIf-ebykD®E cotfe dt.h eT
HPMmembr anp® twmssd | I (1 7Chwhi c¢® ip8tbPl ower than the
calcul ated theoretical I EC. This is a result
utilized. However, the influence of these un
composite membrane | EC was Oneldl iwgi. 8d) e od u ed PtAo

(Tabd) 2



Q
~—

1.0+ 3

Normalized Mass Loss

Derivative Weight Change(%/°C)

0.0 ——— T —— T T T T T T T T T 0
100 200 300 400 500 600 700 800
Temperature (°C)
b)].O 3
| &
0 0.8 -
(]
2 o
c
g ? 5
@ 0.6- )
=
N
k5 =
N 0.4+ g
© 1
= 2
(@) 4 =
> 0.2 =
=
)
0.0 - T T T T T T —— — T 0O
100 200 300 400 500 600 700 800

Temperature (°C)

F i g 26 Téermogravimetric measurementRFSAVDF-HPA (a) and PFSA/DF-HPPA
(b). Black solid line indicates thermal decomposition under air and red solid line with
nitrogen. Dotted line on the graph is normalized mass losECpéo identify the breakout
points of thermal decomposition.
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Figure2.7. Thermogravimetric measurement of 10 wt.% composite membraPieQk
VDF-HPA and3M-PFSA Black solid line indicates thermal decomposition under air and red
solid line with nitrogen. Dotted line on the graph is normalized mass log§ peridentify

the breakout points of thermal decomposition.

Table2.2. Theoretical and actual ieexchange capacity 8fFSAVDF-HPA and composite
membrane

PFSWDHPA Composite
( mmo'f gM me mbr ane
( mmo™l gMH

Theoretical. 17 1. 24
TGA al cul atl1. 140. 01
%Di fferenc2.51.0

-

-

po



DSC did not show any strong thermal tr ans
membr ane samples, over the range studed, 30
andegO0were observed in thwer@2S@sasn gtntea ftior 4 to o«

tightly bound water to thd  FmemBreane evaporat

5 - 5
4 4
o 31 o 31
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L 2 L 2
2 2
o ] o ]
T i
3 07 S o
T T
11 1
-2 1 2
_3 T T T T T _3 T T T T T
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T T
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Fi g28&8ESC measurement of 2 cycles of 3tMmperat
PFSBAOOEW (bl avdDkF) ,( vRPPSWOIFIRAred), and 10 wt. %
pol ymer (bl ue).

Mor phodl Tohgegy . mor phol ogy osfi desei ldieneramathecr as
sectioned, was investigated by SEM, STEM, AF

di stribution was shown to be heterogenous as

pn



di stribution of the HPA is critical in optim
functionality. I n both SEM and HAADF STEM i m
aggl omerates were readily deterommneensistyun$yg
was utilized to analyze the HP&cdl st mobphobao

of the composite membrane diff @raddd ofi guarceh s
2.8Bow thadi dédheofl itnree me mbsrtarnieb untaesd uHhPRAf amromlew
O.eth t hroughout the sgidacef thecomembasangeg heEk

smal | amount of HPA moi eties on the surface.

Air-side

Fi g2a9% SEM image of the 10 wt.% compositeembrane. Lineside image shows well
distributed HPA agglomerates at the surface (left). However, tsdairof the membrane
does not show as much HPA at the surface (right).

The crosssectioned SEM image shows that the chemically anchored HPA was well
distributed across the membrane with an average particle size of 0.4em smaller than
that observed on the linsrde surface (Figure 2.9). Consistent with the SEM imaging, the
density of HPA was higher at the lirgide than the aiside (Figure 2.1-h). Mapping by
EDS showed that the W (red in Figure 2c)Jand F (green ifigure 2.11c) signal correlated

with the bright region on the matching HAAESTEM image (Figure 2.1h). Previous
PP



studies have shown that the HPA can be distributed in either spiflindn clusters, or form
much larger clusters of hundreds of nanometeréAgain here, two additional regimes of
moiety size, hundreds of nanometers, andKubm were identified by SEM and STEM as
expected. The particle size of the upper right figure was 26030 nm and same size regime
feature was observed in the 200 nm scaleTHER1 image (red arrow in Figure 2.4) as

well as sub 10 nm HPA cluster (blue arrows in Figure-2)11n contrast on the asgide,
negligible HPA was observed, but on the lis&tea layer of HPA clusters of 9000 nm are

apparent (green arrow indgtre 2.11d).

Liner-side Air-side

Sample 1

Sample 2

Fi g 2lr 0€omplementary SEM image of the 10 wt. % composite membrane (sample 1 and
2). Linerside image shows wetlistributed HPA molecules throughout the surface. (left)
However, the aiside of the membrane does not show as much as HPA on the surface. (right)

pcC



Atomic force microscopy (AFM) in tapping
met hod to el ectron microscopy imaging to fur
I n the topologgi dma@€&hf}@Bendtshiezdd nfeaatblDrOes wi
nm height difference were observed. This was
observed in the2.SIEOMIinmageastifdd@sgwa & hree | aaitri vel y
compared -$iodeé hwhilcmecorrel atesnwohhsihbdeail mwe
cresssstioned SEM.)lhmafgPA (molgeaic el es are harder
backbone or sidechains. Therefore, the HPA m
angle than the polymer. When comparing the p
angle diff erseindcee wans tchaesilneewbhat cah&28pd( Fi g
d). This corroborates the assignment of the

moi ety.



F i g 2l 1€rosssectioned images of the membrane. a) SEM image of the 10 wt.%
composite membrane. b, ¢c) HAABSTEM and energy dispersiverdy spectroscopy (EDS)
images of the 10 wt.% composite membrane with green indicating the fluorine signal from
the polymer anded the tungsten signal from the silicotungstic HPA. The two bright vertical
lines on the image were wrinkles in the microtomes cross section. d) H/AAEM image
showing hundred nanometer regime HPA clusters (red arrows) along with a single digit
nanoméer regime HPAs (blue arrows). A dense layer of HPA clusters are observed on the
liner-side (green arrows).

Py



Liner-side Air-side

I 52046 nm

Height

0.00 nm

50.58°

Phase

0.00°

Fi g 21 2AFM image of the 10 wt.% blended membrane, 10 Xi. Phase image of the
liner-side (c) showed larger difference between HPA and polymer, which higher side on the
topology matching with lower phase angle. In contrastside phase image haelatively

smaller phase difference.

Small|l -mayglecattering (SAXS) was used to s
film at 80eC while varying. aBd mT.@dbhelin2 e hheu mi
SAXS r es ulHRSADFORA tthweo r el ated features were |
0.6, jwhich cospaspogdesftead 1 nm, is assigne
approach of the HPA cluster @B thkyehaeeohf
peaks corresponding to crystalline HPA is fu
polymer as they do not form crystaiWheaeggregat

the RH was increased the high g HPA peak of
p &



increased in intepacityg, TAssprcbangeslin dbser

due to the hydration of HPA moieties which
and become more predomi nant harse a¥dfeusgeazogar

peak at | owerwigtphachng0Oof ca. 62.3 nm, was

function of RH. This peak moved to | ower ¢
increased, indicating that this | arger HPA
me mébme .

0.1
QA"

Fi g 2lr 3SAXS analysis oPFSAVDF-HPA (a) and 10 wt.% composite membrane (b)

and at 86C and various relative humidifies. Arrows indicate increasing RH. An ionomer peak
at 0.2 A'and HPA induced peak at 0.6'&vas observed. Both ionomer peak and HPA

induced peak moved toward the lowgeregion and higher intensity as RH increases.



Tab23Peak inspasihyg,add | ow gq region Porod sl

PFSWDHPA 10 wt. % Composite Membre
1 Ry l onom dHPA:
RH 0. lpeaLdHPA' ComposiPCompospeak dlonorcomposi

i ntensi :
(%) 1 PFSWDF membrarmembranl Nt en

) HP;(nn(nm) ( cin (nm)(nm)
0% 0.922 1.0110.9¢42.06 1 i 1. 49¢
25% 0. 835 1.0111.9¢1.83 0.026 3.011.561¢
50% 0. 825 1.07 13.3¢1.40 0.027 3.041.54(«
75% 0. 775 1.0911.9¢1.03 0.042 3.141.54%¢
95% 0. 545 1.1210.631.29 0.787 3.321.509!¢

The SAXS results of the composite membrar
Figarb3 I n the | ow g region of the composite
with RH. The Porod sl ope corrdsemdmnud®st o wthlee €
1, 2, 3, 4 to a first approximation are rand
spheres, PRspfectthieehegmbrane under dry condi't
| evel increased the P decreased towards a mi
report e3dMPF&¥XHowever, when the RH is increase
to 1.3. This change in P indicates that the
symmetry and a morphological change from | am
increaseverBlRi $rend at 95% RH could be favor
bel ow, because the | amell ae morphology may f
transport depending on i%t s waestphaecd tnagt. i®ofm.m,aA pse
i's assigned to thel3doi sntna nHcPeA Ircd tuvsaeBEM?2 @M s er v e
(Fi Qu)Yld The expected ionomer peakwifbh a PFSA
correspomacingg dof ca. 3.1 nm, which indicate

PFSA properties in thep oadtmgedwshietree , me rhber gpreea.k A

CM



i onomer pealciamgd idcrease as the hydration | €

land 3.01 to 3.132 't t°spectively.

The HPA cl| us tPerSAD BHPAe wy @ d icro rsrpeascpg anrgd iorf g c¢
1 nm, was again observed on the composite me
material as they are only present in 10 wt. %
shifted towards Iliotwe rwiqt ha nidn chriegahseirng nRH,n swi t |

spacing of ca 1. 5PmM3IMADHFABA was observed in

Water uptake andTHhe o¢fonedransfppowater upt a
membr anes have been broadly stsdpadaandndasd
structur &l p°r e r Wieesr uptake meaMRUFRAents a
800EW and the 10 wt. % compos2.tledATihemidamwes %ar
composite membrane has a | ower gra3¥3Mmetric w
PFSBAO0OEW membr anel. wiwth. %2 0an/d @%6. % at satur at
conditions for 130MPWISBAQO EWMmMpembnt &anesvdisespect i
calcul ated based on the waterOu9takaed .bBeasdur e
for the 10 wt. % con3pMPFISAR0 B"WwW mbe mimrea mer datt heat
respectively. odphet wat a0 won®eonobmposite membr
ca. 20 % alsieglheom t he HPAGs hydration number, 1
hydrati on number obsd.erNawe wear ,oft | ower water
me mbr ane was not expected since previous stu
interact with water due to higher a hydratio
PFS®2 55TAR% 31°8wer wotér thpt d0ewanéd composite
i ndicate the HPA clusters observed on SEM hi

mol ecul es and the HPA.

CH



)
S

| [~=— 10 wt% Blended Polymer 1 12] = 10wt % Blended Polymer
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Fi g 2l &Vater uptake (%) (a) and lambda yalues (b) oBM-PFSA(black) and 10
wt.% composite membrane (blue) ate Water uptake anafor liquid water is represented
as star.

Swelling results for the composite and PF
2..15Consistent with the gravi npeltaaniec swaetlelri nugp
membr ane was smaller for the 21.02 wht .a% dc oln®p.o4s i
3.2 % for the 10BMPF SBA EW nmpembrteneaan,d respect
hydrophobic properties of the membrane surf a
angle was measured to specifically identify
of the compd&lihtee cmenmarcanea.ngl e -VIfBMPFeS Asur f ace
(62.868 i s | ower t hsandet h(&8t74e) wOhethienst arti n
PFSWDMHPA which indicate that -MtDhe whaysd rtohpeh o b i ¢
domi nant cause of the hydrophobic nature of
phosphonic anchoring -ypBHPpPA)wet deatcoatched @R

PFSWDMHPPA -$i drefrswe decredse@dFom tBHe 7composit e



where HPA was attached to theipgel ysmearf,acteh e ecc

to 643.®9®9 which indicate the hydrophilic natu
a),,. b)
§25- gso_
~ (=]
220+ %607
E o
15 2
e < 40-
& 104 S
5 g
£ 5] 8291
0 0-

3M-PFSA PFSA-VDF PFSA-VDF 10 wt%
-HPPA Blended
Polymer

10 wt.% Blended Polymer 3M-PFSA

Fi g 2l 5n-plane swelling measurement3M-PFSA800EW and blended polymer (a)
and contact angle measuremen8®FPFSA PFSAVDF, PFSAVDF-HPPA, and 10 wt.%
composite membrane (b). Note that all the measurements were conducted-siddiner
surface.



3M-PFSA

2 Theta

Fi gAlreX-r ay
composite

di ffracti @8MPF
me mbr ane.

X R P A, e catnrda 100f wt . %

Table2.4. Crystallinity comparison calculated from XRD spectra

Sampl es Area (TiArea Ar ea Cryst al

(Amorph (Crysta (%)
SMPFSA 35841 22129 13712 38. 3
PFSWDF 99434 13461 85973 86. 5
10 wt. % 48737 26272 22465 46.1
composi

me mbr an:

Il n addition to the

(crystal¢(iame)r pehrodu s)6 c an

the RPBPFA ( Ri.gaubrde Pa)l1%eTé

cp

contmedk angd re¢ enneaad ua te

be used to corrobor

crystaldPSFAt vy PESALt h

(o)}



VDF, P& S®DMHPAere 38.3, 86.5, 46.1%, respectiv
crystallinivViDfF afs tshgnRPRFSAIMPIFISgAn Hi ghggeshantt

hi gher crystadVDFnicontoif bubhedPESAthe hydropho

wt. %. composite membrane.
—eo— 3M-PFSA
—=— 10 wt.% Blended Polymer (Liner-side)

—_ { —&— 10 wt.% Blended Polymer (Air-side)
&

—~
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Fi g 2l 7&roton conductivity o8BM-PFSA800EW (black circle), 10 wt.% composite
membrane lineside (red square) and @ide (blue triangle) at &3. 3M-PFSAS800EW

(black circle) and 10 wt.% composite membrane (red square). Difference in proton
conductivity trend to get smaller as the relative humidity increases due to solvation of HPA
bound side chains.

Exsitu proton conductivity of the bul k me

i mpedance spectroscopRy.lf(@h&)mosi saowoani noFadg

cc



pol ymer was to increase the conductivity of
properties and more highl yNmolei t3&MPFrStA\hens co
800EW has a theoret/igadnd EtChe fblle 2dbe dnmod | yHme

t heoretical sl 2#niVogp.lacHd | EC of

At | ower RH, the composite membrane was ¢
SMPFSBA00EW, O0.005 S/ cm 0an0do 20 .S32c6mnadt 3806 RH,
respecti 2el)ly OFegumest of the data, 40% to 8
and control membrane difference became small
composite membrane achieved 81% of the 3M 80

0.02 S/ cm Bn@B40SLA6M, respectively.

At the | owest RH, 30 %, the HPA moieties
surface protons on the HPA cluster to contri
membr®4me.contrast, at the highest RH, 95%, ¢t
conBMeFSIAll ms are relatively closer because t
silicotungstic acid moiety results in the fa

which exposes more surface a2 eHB3 07 t°Re smal |

The conductivitysddef-andeaefotheheompostt
was indistinguishable which indicate the min

surface to the bulk proton conductivity.

Fuel cedAtt &eginging of | ife, the fuel C ¢
composite membr &8 F 580 OsH Whicloanrt rtdB t(Wheii clhr ear 2
em anédm 3tOhi ck respectively. These similar pow

0.8V region corgiotbwrmrtcet ovi tcdhondcwecteixvity tren

CT



proton conducting phases increased as the op
conditions. The Open Circuit Voltages (OCV)

SMPFSBAOOEW control were similar, 0.91 V and O

slope-lo0b %Blegmon, was similar even though cor
composite membrane |l ess conductive. This ind
di spersed and result in favorable phase sepa
conditions which was observed in SAXS. Al so,
membr ane as compared to the control could in

performance could be achieved through el ectr

cy



10- | % 10 wt.% Blended Polymer - 08

" | |~®— 3M-PFSA 800EW g0 |
10.7
40.6 E;
los S
L2
10.4 2
1 b
103 O
1 .8
410.2 =
o, &
40.1

0.2 - T ; T ; T ; — 0.0

0.0 0.5 1.0 1.5 2.0

Current Density (A/cm?)

F i g 21r 8Fuel cell performance polarization curve3dfl-PFSA800EW (black circle) and

10 wt.% composite membrane (red square) &f90and sat ur ated environm
em respectivel y. 3M®WEA800ENVgaskiempty ciccle)rand 40 wd. %
composite membrane (red empty square) €€ @hd saturated environment. The sequence of

the data collection is shown by the blue arrows.

The primary goal for t-NOFHPAnatmmteaclwmaasnt ot

membr ane chemical stability by catalyzing th
whil e not reducing or, preferabl y,r aetnihmghci ng
conditions. The OCV measured as function of

conditions to assess the e2MWdmibceal DOEabal ge¢t
duty vehicles is 500 h retadawtngo tom skOICkv/e afbeoa
the OCV measurement are cause? oby tthwei cve gdai l

frequency resistance (HFR) measurement. As t

c o



an increase in beginning of test OCV was obs
the higher membrane thickness suppressed the
t he %0 womposi e drmedmb r( a2eal 9wrerEi ganesed by 1t e:c

due to a hydrogen fuel tank change.

1 2.0
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Hours (hr)

Fi galr 9©CYV test ofSM-PFSA800EW controls (black and grey, 8th) and 10 wt.%

blended membrane linside facing anode (red (Z%n), orange (44 m)), linerside facing

cathode (blue (26m), cyan (4lm), light blue (87 m)) at 9@&C and 28% RH. High

frequency resistance was measured and plotted as dots on corresponding color. Department of
Energy lightduty vehicle chemical durability test lifetime target for OCV durability test is

500 h with > 0.8 V (magenta cro$¥) Note that the big jump of HFR for blue ablédck dots

and OCV discontinuity for red line were results of stioivn and restart of the test.

Under AST conditions, standard PFSA membr

experience a rapid decrease in OCV upon memb
TN



radical generation and scissifdn®0f’'°pAdEpmé? ¢t
one should note that the durability testing
following a log normMfihuser Whiebechkemdicaltr dbutab
can experience statistical failure distribut
2.,19t het abBMPE SO Nt rols failed after 258 and
composi te membsriare sf awiitnhg lainmbedre haMPH A ger | i
cont3MPIFSSBAOOEW contempl awds1080wt. % composite m
wer eem26l uesmi@dylanem-od4dadngan-Yy ed2h-187ght bl ue. We
that the thmakecomémbbahnesto | onger chemical
we obtained the effect of high density of HP
increased the chemical durabidside campaged hte
cat hodwn aisn 2RIRQPAr mmi nor i mprovement in chemic
PFSA control was eshsdeer vieadc ewlh etnh et hcea tlhiondeer, 4 3¢
average FRR fanme® 4£8. edaydhown i, FAdGuTFabl e

25, Theem 26GBi ck composite membrane with the | ir
performance coaomp3aaMPEFiStAent colRbhRFBdr emproved

chemical durability. Note that tZhewdsRRnatat a
coll ected. The durabBl wag mmbicbommpsowvedmdmer
being thicker, 639 h3wl tdhacya)\Behr,aded ghmRR bd fue7 .i &
2.)19 While OCV durability may i nAcSTRe ansoeu | wdh ebne
3.3 fold higrhemenbraamet hhend26 t heref ore, signi f

perfor mance.

| mpressively, dramatic chemical durabilit
|l isede of the membrane faced the anode compa

T M



chemical durability of the 10 wt. % composite
AST with aver ape7 FRRR o). ¥d &y,) which is signif
more dur aB MRF $BMDEW lchemi cal stability of 25E¢

FRR of 1.69 9and®.%. €£day,) respecmn, viellayckK 3Ond gr e

i n FR2gu9eThis result is most I|likely due to t
functional i zed-spodley nseurr foanc et hpe alcrendemopatgea i rnasdi ct &
decomposition arising due to chemical and el

on t he'®Wodeote that theidbihaesetl Db the &ana
thicker than the control usedem mneEhM&Oper form
respecti R2elay@ad()EDghhowever, the difference 1in
all the films studiamd fiin mMCWittehs tt hpeo iHPtAs | tay €

woul d minimize performance whil e2aPB8o provid



Tab2bd hi cknessisde |Ilimeat i on,

average fluoride

durability
Thick Liner sA"efage Chemi c:
Sample * (m) IocatiountII durabi |
(eg (¢ ay))

3SMPFS800EW
Contlr oIGr ey 30 N/ A 16. 91. 258
3MPF S80 0 EW
Con'e2ro(IBIa030 N/ A 9. 43. 387
10 wt. % col
membr—lan(eblu26 Cathode6. 42. 4 32

0,
Lo wt . % col,, CathodeN/ A 390
me mb r2a n(ec y a
10 wtonmposi
me mb r3a n e 87 Cat hode7. 33. 639
( I i-bglhute )
10 wt. % col
me mb rda n e 4 4 Anode 4. 01. 809
(orange)
10 wt. % col
me mb rr5a n e 75 Anode 5.12. 859

(red)

r



900 - HPA dense side facing anode

800

HPA dense side facing cathode

Hours (Hr)
N a1 (@] ~
o o o o
o o o o
1 1 1 1

300

A 3M-PFSA
200 T T T T T T T T T T T T T T

20 30 40 50 60 70 80 90
Thi ckness (&m)

F i g 22 0dhickness vs. OCV chemical durability pl8M-PFSA800EW control

membrane (black triangle), 10 wt.% composite membranediderfacing cathode (blue
square), and 10 wt.% composite membrane-sde facing anode (red circle). This indicates
thickness may be the factor for OCV chemutatability, but the HPA additive and location
are the dominating factor for the chemical durability enhancement.

2. @oncl usi ons

We have successfully f&Dd&Etitemaploil zencert ue i h
dehydrofluorination and addition of DHPP. Th
acid anchoring stitheduacredd weeraikfsi adh YT IHRPA pect
grpuchemical shifts from NMRESADHRANn &8 tbepos
SMPFSBAOOEW, with thickmrmstsens8 #waenrgei nfga bfrriocna t2e6d

i nvestigate the fuel <cell performance and ch
TN



showeEdAWDMHPMembr anes have a mass | oss during
decomposition of sulfonic acid, PVDF, and PT
showe®@®FSWafHPAad | ower mass | oss i-WDRHREBA s ame
due to the inorganiRF SADMHRMA tT hoef tthheeo rHPtAI d anl t
| EC OoPfF SMbDéeHPA al cul ated using the residual ma
1.140. 01 nmgpl relspectively. The HPA moieties o
three difference3deml uBMAr nsm, z ea nrde gsiurbe s1,0 In m. [
density of the HPA, more HPA inei dthaamd &€ weef eai @
t he #fabBl mar,iKPPA | ayer with clusters esfi deea.of100
the composite -gneantbirameael iinmages.s This was fur
t he -rHPAh si de facing either anode AXS at hode
anal ysis showed two aseéejpaaca mtg HHA crmao.l elc unl ne sw ane
bot  PRMWDOMHPANd the composite wmemltrn aarge ,i nicm ewals
the hydration | evel increased due to water m
moi eties. We observed asgdaacigreg HPAcal u62 e3 mp
t he watear tehe membrane. A peak assigned to tF

observed in STEM was verifieds tBewBBESANdoOma

spacing within the composite membrane. At th
change in P from 2 to 1 was obser vpldame t h i n
swelling showed the composi thea nnBaMRIErSEAne t o be
control . Contact angle measurements indicate

PFSWDR,7. 21e4 and that3 MPHe&aAbd eHBA ngt todc hment
the hydrophobicity. When thecHPASHMdOI g%t ache

on t hei denefhe proton conductivity of the co

Tp



t ham MPKFSBAOOEW control at 30 % RH | ikely due
protons conductivity. However, at the highes
the composite membrane to the controel was s
HPA clusters, as shoWwnpiohaBAX8ti Ohepktuébr mah
membr ane exhibited a hysteresis, which may i

could be achieved through electrode optimi za

Significant chemical durability enhanceme
h was achieved using a 10 wt. % of covalent
pol ymer when t hkhda ccha.l alyCed nwasHRAl ace-Bnaghi nst
t hat octrhoes sdover and incomplete oxygen reducti ¢
hydrogen peroxide a’%d 'Aowrfddireagl sftoramatgii cra.l
HPAich | ayer towards the anode effectively u
t he HPA. Experiments with different membrane
veri fied the hly pdoetchoensp oss itthiaotn riasd incoar e ef f i ci «
membr ane with greater HPA content faces towa
of the composite membrane was minimal <consid
i ncrease i ntposwetrurdaetnesdi tcyondi ti onBESWhe ¢ omp
HPAere more hydrophobic axMPFcSBA9 B EWI tonter gl mp
|l eading to | ower water uptakes and proton co
thinner films using a mechanical support to

to enhancing chemical cset ahuielli tcyeliln a hi gher
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CHAPTERXBLORATI ONTFBEEI NFORCEMENT FOR ENHANCI N
DURABI LI TY OF HETHRORKOULYNMPAIIX ED
PERFLUOROSUREDOWHII NLYLI DENE
FLUORI DE TERPOLYMER PROTON
EXCHANMEMBRANE
FUEL CELLS

Chul OonfdgoKdmpwKMar ¢9al g>Mé-Ehen *“8uibkantP Ponna
Soenke ®MmaeviferA’Madulhleemn BRuilcihrud€rJbjagn gS. ®* Gi t t | e
Mi chael AYawWandmnasiew®M. Herring

3.1 Motivation
A thinner membr asne,i mptphriokPriitdadEs,p gwitlt2lwa s

empl oyed to study the performance and dur abi
achieving a significant i mprovement i n c¢hemi
PFSWDF pol yméAr Twd tehddHPess potenti al i ssues at
density duwrhiircdh ovaasst iorbgs,ear vtewlodied chapi@ag Df oc ¢
adopt edP ToFsEugmp ort . Two hypot heses, Hypot hesi s
assess the Iimpact of HPA ome pPOF&@&nnfondement
on PFSA membranes. The results of this inves
arising from eRéeRBEBMP MEAMMARBVMDHHPA | eading to

enhanced proton conductivity, water wuptake,

'Primary researcher and author

Ceaut hor : Research assistant
SCeaut hor: aRssetananoh
“Ceaut hor: cRemeatch

Ceaut hor: Research assistant

Ceaut homay Xcattebiemagl éxpestciamdi st
‘Ceaut hor: Electron microscopy expert

Ty



8Ceaut Pot ymer scienti st

Ceaut Fael cell research expert

l€eaut hor: Fuel cell research expert

UCeaut hor: Polymer scientist and fuel cell re
2Ceaut hor: Advisor and corresponding author

3. Abstract

Thin membranes advuet ycrwechiacll & opr ohtecarv ye x ¢ h a
cel | (PEMFC)oapphieaei ppdefiqgrimaarcyd haeryd must al
chemically and mec hsand cceasl sl fyu Irloyb ufsa b. r iWea thead et |
approxi mattehiyckl2 upohgtexpahdRkdhBEsuppbeneapd
silicotungstic acid (HPA) functionality to e
Previous!|l y-fruemmpdritoemda | HRA d péemnfyl uare dduSiAl aoir ¢ da
VDHPA membranes were prepared with four diff
fluoride (VDF) groups, redSfhei maxi mumouoadi &
HPA was achieved with the starting polymer <c
|l oading was observed with 23 mol % VDF, where
crosslinking to two VDF ancMWerifabgrgcatupd HEA
functional | eRTdFsHu@lpymér omn bot h si des, eeesul ti
PTFEuppor tfeudhcHRAOnal e BYHdH cpmlifyimeirr a(t i ons. Addi t
wt . % bl ended pol ymer -fruennthtriaBnReS\AD dznetadan id n i3 MdP F IS RAA
B800OEW was prepared wietllD PWddrJumfgaslpbdah odaddogs
scanning el ectron -rmay rfolscmrpes d&SreEdvd (aXIRIF )x con
oePTFsEupport and HPA functionalization, with
size regi mesecmapmpad ok e it e $xadlclatt eri ng (SAX
i onomer peaks aneéelm®WaHnmxr &mese sbaMUiHathef or t h
me mbr anes, and the presencehefi siRAmenf pbeakca

spacing. TheePcToFstoppatti on 3MRIFWBAAGt iacnrda IHIPAed po
T



showed an interesting i mprovement in water u
high relative ®BMmFsHuiptpyor(tRHl)e crwehaisleed bot h wat
conductivity. The highest values obtained we
S/ cm for proton conductivity. TemTBhHud svtarseng
not sol el yePJ & EeTrhnee dc obn@gPiTiRaEt P S A ofamac tHPMal i z

pol ymer exhibited higheRTRdIumsiolrefesi cHHRAgn &l ic o

pol ymer. I nterestingly, HPA | oading and chem
but the enhancement of chemical durability t
i ncreased chemical dturreass |ddrydiutnidemrs ,acawdrea @

hours with a fluoridecegl/e(lcem|sedayalt.e (FRR) of

KEYWORDS: Proton Exchange Membrane Fuel Cel |
durability, Hewiemylpiod ¢ n A cfi ldy o rPiod &, Perfl uor o

decomposi tePoilnFfrEeand by se ment

3. I13htroducti on

Proton exchange membrane fuel <cells (PEMF

automotive industry and havedubteegmhi pluegs i myt ova

car manufacturers | i ke Toyot a, Honda, and Hy
and Nexo fuel <cell vehicles (FCV) respective
commercialization, the focus rodfs PdeMFG frieeslear
cell vehicles. This shift is primarily drive
hi gher energy density, | onger range, and f as

y n



electri@>vehacéfesre, it is imperative to wor
operationaldetopytBCY¥s fhemvmore feasi ble and s
This could involve adopting thinner and robu
gromapatyst |l oading. One of -tbheykeE¢€Vshabmmage
viable is ensuring the-ddauwyalbiehi ty esf atrlee r feue
fivel d more mil eageaeadg yt veamiclhresentanldiegmmmgr ef t
demandi ng !YAard ietviiongs .an operating durability
30,000 h, as per the Department of Energy's

the commerciatdugzpt!PE@Wsof heavy

Perfluorinated sul fonic acid (PFSA) pol ye

standard material for PEMFCs. The fluorinate
with robust durabil i tcyh,aiwhsi Iceo ntthrepbswittlef rot noi ct hae
conducéfPDiesipiye the exceptional durability of

enhancements are necessamiyl ¢ ot amegedt .t hRo laynmbd rt
membr anes can undergo degradation via two ptr

degraai®on.

Chemical degradation stemming from radiceé
reduction reactions and oxygen and/ or hydrog
chall enge whi c hd ecsattnh @asyymemlgri s e cwiltltly mechani c
problem i s exacerbated by oxygen crossover t
and el ectrochei#p c dloltyh gpdnevhatcehd cthntri bute tc
radi®ealtisese radicals must be suppressed to e,
me mbr ane. Researchers have explored the use

or manganese oxides, or cations added to the

Yy M



decomposition of AOH radicals faster than th
mitigatind*Wagt @adathiese. addi ti ves can potenti
performance by parti-cadnducnteiuntg asl ulzfionngi ct haec ipd

is negligible when add¥tdsi wolbotw nohtcagtthato

catalysts are initially introduced in solubl
mobility can | ead to unwanted migration and
durabil ity tesftiicng,e grieonndse roifn g hsep enteimb¥®ane s us

3The mitigation strategy for .Qsimas-sheadiiomv

crown ether group and |l igands but the | imite

mi gr 4% i o'n .

A compelling al tmorbndtei weatti ® ntshd nwsod veefs t
moi ety that can be I mmobddndwdt iamgl grmd sresdkiecs
decomposition catalyst properties, such as a

category of polyoxometganatces uprd acserdse tdoat c
The fundamental structure of an HPA, known a
oxygen octahedra surrounding a central heter
with a di amet mmat 8FWHhiplpenncert ain HPAs, | ike si
(k85I V29, have been reported to exhibit radica
their high solubility in water and tendency
in the context ofToPEMEC eappltihd at iicsu.e, a | ac
by removing one or more tungsten oxygen octa
the HPA to a chemical functi onal group. This
past t o pfrundceutcieo HaPIAi zed membr ane¥%* WPtFAPFi MY o

instance, silicotungstic acid was c-hemically

Y H



vinylidene -¥YDEprpdeymFSAl eading to signific
durability.-deaMhsees iltdreeeacHPA he membr ane was ori e
the proton conductivity remained maninmeal 'y c¢
similar. An alternative approach to | everage

of othahteet PFSAs is to incorpbrate HPAs into

Thin memb3@m)swi(t hout mechani cal support
el ectrical shorting dEMHoiweyeagheriocalt heumpalifloir
cell, thinner membranes are advantageous due
devel op a robust membrane that can be applie
mechanical support is cruci al

One approach to mitigating mechanical dec
support within the membrane. This support ca
i norganic pillar, a polymégbtie &fhediftechami ela
strength and di mensional stability of the po

crosslinking polydivinyl benzene (PDVB) to PF
resins and PDVBntfeorrpme megt raatseednescomduwecrt € vi Hy w

compromi sed compEKpdnePelPtEhseu PFSIAt. i s by far

effective and widely applied method for mech
applied to already commercialized Toyota Mir
chemical and mechani maeledkalgr adati on inhibito

Il n this work a set of composite membrane
(VDF) group, 5, 11, 18 ,-VR2RR tmeorl podmyersiracand/r el vy

BOOEWeRITFdRUPppPpOTIrt was util i zedPTHKEeii mfegtciegretnd

y o



and HPA |l oading tcdcdsthglducabl | PEMFGf BBecwWDF
VDF were used to tet PESVADREAHRA Atyad rtoliéd umali ynma
as descri b%¢dHPAR efvi matsil ory B FA RRSAAD APFFAS A onomer s

were coated ePnTFbkes h s$bdessafe uniform distri
Membr ane fabrication resulted eiPMFSEoppodti éd er
PFSWDMHPAPVH and 10 wt. % cofmpBSWKWDHRA NENNDbr ane o
PFS8M00EW QPVH 1.0, 1.9, 2.2, 5.9 wt.% respect
composite membrane was investigated as we hy
protonic acid emha&ncéeHPAhewpuodt on conducti vit
were tested in a fuel <cell for performance a

(OCV) accelerated stress test (AST) as a fun

3.Materials and Met hods
Mat esTihael perfl uori nat eyl sdémenVDEpCMALEE( PFSA

VDF terpol ymé@MPRSWer @08EWpP!|l i ed by 3M. 5, 11,

PFSWDF terpolymer was provided by 3M.

Di et fhyyldr(o&xyphenyl ) phosphonate (DHPP) wa
Labs. We -ruetcieliivzeedd raesagent s, including bromotr
97%), sodium hydroxide (NaOH, 98%, Aldrich),
N, Akd), hydrochl oric-38c¢)d (athG@l ,s.BNbf cuBE M B, aXx@ .c
Mi Il Ii pore). The solvents empl oyedpr oang&rmalno( i
Pr OH, Phar mco, ACS xgNadaAgroscOtgamnitcs)] e99 CHY

N, -dd met hyl acet amide (DMAc, Acros Organics, 9



the need for additional purificatiop. The | a

KsSi MD291l 3@Wwas synthesized Bd previously repor

Expanded pol yt eaPrTaffH mneoir ofed hyememte t(o silicot

functionaVDFRE emglo IPYFBeAr .

HPA functi onal i-vzDaR ipoonl ytnoe rt hwea sPFcSoAMduct ed
reported method using dehydrfoffMHiudPe ma¥YDP nmaln

starting polymers were synthesized to achiev

ThePTHE | ms from Donal dson Membranes (Donal ds
used to fabricate composite fuelPRSADIF membr a
HPAN3IMPFSAnomers were suspended in DMAC resu
PFSWDMHPANIMPFSBAOOEW suspensions were blended

Uus e de-PfTdmrEei nf orced membrane fabricati on.

A pi efdFd&fl m was | oaded on a frame. The <c

PTFrEei nf orced membrane with interested ionom
i onomer | ayer with i onomer ®&P3psEuppg ot cwiatth n
first | ayer of coating dispersion; coating t

i mbed@B&€BWwEIi t h I onomer coating dispersion. The
piece of 50 E@mbtshirtakeKﬁpDiucp)rmnt, OH) . The obt a
dried for ab®utt B3eOn mvans attr @mn0s f eveead heat @ df at
h, followed by a hed€ ftorea2lnemite PTBEe drue 2u latt
reinforced membranes remained transparent an

~

Om. The membrane thicknessesFW25E dieqistuale dg a

yp



mi crometer (Mitutoyo Corp., Japan)SQTfloe memb

1 h and rinsed with D.I. water prior to othe

Fou+fTremsfor-Attehuated Tot AMRRefSpectiroscOphVI F

FTIR was recorded®las reported previously.

Ther mogravimetric Analysis (TGA).

TGA experiments were carried out using a TA Instruments TGA Q500 instrument
equipped with a platinum pan. The experiments were conducted either in an ambient air
atmosphere. The temperature was incrementally increased at a rate of 10°C/min, with a
constangas flow rate of 50 mL/min. Prior to testing, the samples were subjected to a drying
period at 80°C for 1 h and then allowed to equilibrate at ambient temperature and humidity
conditions for 1 h. Theoretical residue mass and theoretical loading wastadcas

previously reported methdd.

Small Amgl é&cXxttering (SAXS).

SAXS data were acquired at the Advanced Photon Source, Argonne National
Laboratory, utilizing the 1:2D-B beamline and 13.3 keV radiation. Temperature and relative
humidity were carefully controlled within a custdmilt environmental chambéf? An
Eiger9M detector, positioned at a distance of 1995 mm from the sample, captured the data

with a pixel size of 0.0750 mm
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Scanning Electron Microscopy (SEM) and Energ

SEM i mages ®@akRidge Naidna hab aMe mbr ane cross sec
prepared as r ®'Raockscatterdd apdrsecandaoy electron images were

captured on a Hitachi S4800 SEM operated at 10 keV.

Top@gown view SEM i mages were captured wusin
scanning microscope operating under | ow vacu
settings. All SEM images presentsdaite this s
backscartarerdetleeacttor . ForrayYEnpgot rDa spepys i (VED X)

analysis was conducted using the EIl ement Ape

Xray fluorescence (XRF) mapping and Energy D

XRF mapping to determine HPA content was
i nstrument equipped with a Rhodium Anode and
previousP¥Yheeponstedment is configured-with p
ray beaem tpor oabe25 i ze.radyg enpamteotuhpuX from t
accelerating voltage ofécAS5Wekd ampl ayedbeAddi
Al unmum &n2 .f51 | ter was placed at the source to
Rhodium signal generated by the anode. The s
of 20 mbar, usiemgaadstepcanmengfspeed of 20

d spersive spectroscopy (-EDBe s8Bgngl bowhbr det ¢



Water uptake / Dynamic Vapor Sorption (DVS).

Membr ane samples were dried at 60eC for 1
humi dity was increased 5 % fdwecrtyu asttieopn, oan dwed

| ower than 0.0010 wt. % in 5 min.

El ectrochemical | mpedance Spectroscopy (EI S)

EI'S was conducted using a BiolLogic VMP3 g
i nside an environment al chamber (TestEquity)
environmental chamber, two separatedboei dity

for «cemwisfsi cati on and the other for precise ¢

The membranes wer e -plostiitnwmedal evettrho dhe af ifotuur
established design known adl1the Bédlkkaeghiced
were subjected to fitting wutilinziung la zRan dloe

compute the proton condgoecaiavohy of the cell,

A —- (eqg. 2)
WheWkKe R, LjyaWeapdoton conductivity, resistan
of the membrane, respectively.
Dynamic Mechanical Analysis (DMA) and Tensi l
TA instruments Discovery DMA 850 was wused
analysis and tensile test. Each membrane sarm

yy



transverse direction of casting direction. N
24 h prior to the test. The dried samples we
the relative humicdasywatf paotged pheotesbd, t Ne
monitored with Vaisala RH monitor. For tensi
i ncrement of 10%/ min at 30eC. For DMA test,

was rampedofwidtehC/amirnatfer @ rd RBFFEC ntfm rz2®A me mbr a
150eGMPBEA due to observation of deformati on.

frequency of 1 Hz with 0.03 N.

Fuel Cell testing / Accelerated Standard Tes

MEAs were constraacdteadd uga o1 gdicfaft mad iyesrt | aye
i ncorpor-gabskgtatsesubefine 2t hTeh ea cetlievcet raordecas awse |
manufactured at 3M by appl y3iMPg SEOO0 0 BW f or mu l
i onomer binder and Ptoal bcaant arl aytsitos . ( IT/h@) ivoanso I
the anode and 1.15 W®MPPESBAODrEW hH e nooartelro d eo,r U dhie
Anode catalyst | oading wasvhmadient dienedtatode@. 0

at @. Perhcm

Fuel cel l performance and chemi cal dur abi
MEA using fuel cel |l hardware from Fuel Cel |
hardware was equipped with graphite §%ad ser
The fuel cel |l performance test was executed

saturated conditions. A constant fl ow rate o

y @



(SCCM) was maintained for the anode and 1800

pressur e.

Open circuit voltage (OCV) tests were cor
Energy's accelldfheedetleswaprmaoebhined at a

relative humidity of 30% for bot hJtAhea ano deh e

fuel source, without any backpressure. Me mbr
cell dropped -beé¢gogwe®cy NesHsfghance (HFR) meas
daily, with a cur PAenan de xtchuer soi poenr aotfi oOn. 2w aAs’ como |

of 10 kHz. Effluent f | uordhdreo meatvoed-558 pMeyr e( IndS
Donex, Sunnyvale, CA), and cathode effluent

everfdy days, as preVPously documented.

3. FPesul tDesandgdsi on

Membr ane Fabrication.

Previously investigated silicotungstic ac
ac-vdnyl i dePd SIADHHPAI ¢ a¢ i st i cal pol ymer was p
di fferent vinylidene fileaeaopebtEowratlios St udy,,
di ffer @eRTFrBeeitnfoofr ced composit eelfefbBer anf @®rwerde
PFSWDMHPA PVH &@RPdFrEei nforced 10 wt .P% SMAD&Ended p-
HPAN3IIMPFSBA0 0 EeM Q PVH To mitigate the heteropoly
di fference bet ween cbdnsetmbsriadnee rfeapborritceadt iporne vw aos

si desePRTFsBup@ort, forming a sandwich structur



Ther mal Characterizati on.

To assess and quanti feyP TtFieei MHiPAr t ed d mea b wa
empl ehyeerdmogr aavalmgsirs c( TGA) wunder air. The res
subjecting the samples to a temperature ramp
correlated to the quantity of HPA |l oading. T

tungsten imemMHPAst svhiewhthe form of tungsten o

Through this method, we gained val b@alalde nigns i
and the ratio of the VDF binding monomer . |t
proportional increase with the VDF ratio up

threshold, which can be attrinbButhe chdteo i tnlye t dhe
coval ent binding of HPA, the HPA | oading did
| oading exhibited a consistent ris® as the V

respectivel y. However, whemet e sVUDE i magt ip@ | ryaer

di splayed the | owest HPA |l oading, measuring
char actePrTiFEel ymer s based on their actual | oa
this data is3presented in Tabl e



e10PVH-1.0
— e10PVH-1.9
—— el0PVH-2.2
—— elOPVH-5.9

ePVH-1.0
- = ePVH-1.9
- = ePVH-2.2
- = ePVH-5.9

Normalized Mass Loss
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200 400 600 800
Temperature (°C)

Figure3.1. Thermogravimetric analysis under aires® TFEreinforcedPFSAVDF-HPA
membranesgPVH, dotted lines) and-PTFEreinforced 10 wt.% composite membrane of
PFSAVDF-HPA and3M-PFSA800EW €10PVH solid lines).



Tab3lle Sample name identification for d
HPA HPA
Sampl Start Mtheore Miinal m' | oadi | oadi
Na me pOl ym(Wt. (Wt- a_CId excTheoretiActuaI
f"“"‘Wt'(wt. (wt .
PFSA
ePVH. 'VDF 4. 8 15.®@. :2. HD.R6.1 1. 9.K
HPB
PFSA
ePVH. VDF 10.6 23.8..2.9%9.M13.4 2.2D.RK
HPA1
PFSA
e PVH. 'VDF 17.4 25.@..7.H0.822 5. 9.
HPAS
PFSA
ePVYH. (VDF 18.2 10.0..1.®».%28.1 1. ®.R
HPA3
Il n all instamyeng dedepistaenppres, t here was

observed

measur ed

was 0.

7,

upeP%H.10,0 AIC..9 ,Fo2. 2

at

0.

3.

4%

6, 1.

and

5.

6elP¥HO,and. 4,

9 membr ane.

12 w2 . &nd whi.i

(1r.e0f ,e raintdo POB ih@ wmeed 3B gur e
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Figure3.2. Thermogravimetric analysis under airegP TFEreinforcedPFSAVDF-HPA
membranesgPVH, solid lines) andlerivative weight change per degree (dotted lines).
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membr &a®Pé&/4H ol i d | ines) and

Up to 200AC, an extra mass |
foerPMVMH. O, 1.9, 2.2 and 5.9
1.9, 2.2 and 5.9 membranes. This
resi d« €0)( SYGH3Oand the parti al
oxide &dhdTH®OHhi gher mass
explained by HPA' O pwod permud ietsy
membr anes with higher HPA content
el O0PWweHmbr anes resulted in higher

¢ p

me mbr ahéBV.HGNO,d
0SS
decomposition

| 0 sesP \GHes ebrr vaenck su [ atno
tl @ arde tnagi 1 oH mor

Conversel

mas S

occurred,



sul forincd uacceidd mass | oss. S$Sabomagclacadas@eé Can d
of polyether sidec hdiVieawePrigdHnberthelcetss®d i n bot
el O0PWweHmbr anes ¢ énthaoinmd smapényi@ermdbd atnkes, t he mas
f cerl 0 RV.HO , 1.9, 2.2 and 5.9 (18. 9, 16. 6, 15.9
promi neretPVMHh&n i1n9, 2.2 and 5.9 membranes (1
respectively). Starting at 410AC, perPiVilary PV
1.0, 1.9, 2.2 and 5.9 membranes, resulting i
Anot her significant mass | ossdod®OuOr evd . &) o un
attributed to PTFE backbone decomposition. I
rateild,RP¥VHO, 1.9, 2.2 and 5.9 membranes exper.i
480AC (45.5, 60.3, 46.5, and 48.9 wt. %), sug
and PTFE baceiPiVainelsO P\BH bheRT FHEarcdk bonese exhi bi

PTFEegradati on up to 550AC.

A notabl e di ®tiVadcdl CoRWwebmdtr vmaeneers was obser v
PVDF primary backbone dégfwaod adtiisotni ntcetmpnearsast ulr
were neP&#. 6orl1.9, 2.2 and 5.9 membranes: on
from 540 to 550AC. The first peak was attrib
backbone decomposition, resulting in a mass
respectciomnd @GRV KO , 1.9, 2.2 and 5.9 membrane
constant mass | oss rate unti |l 480AC (45. 5, 6
be | i eREFErtiaonar vy dweige W t0i,onl,. 9, 2.2 and 5.9
more pronounced mass | oss (43.8610RYHD, B69 4,

2.2 and 5.9 membranes (22. 2, 11. 2, 21. 8, and
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Figure3.4. FTIR spectra of thBM-PFSA e-PTFEreinforced3M-PFSA ePVH, ande10PVH
membranes
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Figure3.5. FTIR spectra of thBM-PFSA800EW,e-PTFEreinforced3M-PFSA ePVH, and
elOPVHmembranes



Chemi cal Characterizati on.

Fi g3raand F3.gousel ay the FTEIPR&AHsegleccRMHEM of bo
membranes. In all spectra, 1(ropmmdt piea)k samwdekrl
(asymmetric),3Cbyreispoadi ogstoThese peaks ar
a fluorinated backbone. |IRF SADWORA dhs mewd 9 nag t h
fluorinated backb@eR®&EFEthremwacteu it déFei bbeapieicattaldo nGo

in the spectra.

When w@®@shemi cally bound to the p@polymer, a
associated with the phenyiO)plipdpPEihgedusmadho
1049 cmlt's noteworthy that hteiHS @3 yymme tsrhioa | t
typically appéeiarhaweowerd, 1i0t6 Owasn chal l enging
phosphorous areachoreidn @ eqrko Wpt&dnt ot hteh edtrh eprr ohxai m
FTIR analysis allows us to discern the uniaqu
exploration of the coordination and hydratio
di stinctivedpS@pkecasynmetdeygens, |l aco9)s5 and 91
( W=Q: (asymme ttreircmitnuanlg sot xefhge{nW0-Vd)t (8a7s9y ntcrme t r i C
tungsdee shared oxygpandWCW) T[Z8y mmetcroircnetrungs

shared oxygeh?°® at 755 cm

Py



Mor phol ogy.

e10PVH-5.9 ePVH-5.9

e10PVH-1.0 e10PVH-5.9
é'-:.. -

Figure3.6. XRF contour plot with tungsten (W) signal ®88MPFSA ePVHandel0OPVH
membranes

Ther &y fl uorescence (XRF) analysis provid
di sparity in HPA |l oading based on the start:
signal s.) (Whiglug et Be XRF data confirmed the ¢
the membrane, the observed HPA |l oading did n
VDF mol % ratio but aligned witmadR Vi TGA. As
membr anes exhibited the most robust tungsten
the pol ymer avp FBIACCOhEW,d twiiet ht ungsten signal

e PVhle mbr anes, although detectable tungsten t

seed



conePODFrEei nf3oMP ESme mbr ane di spl ayed no tungste

accordance with the absence of HPA additi on,

Bot h -scercotsisonalscandd agmf@acescopy (SEM) wer .
empl oyed to investigate the size distributio

validate the uniformity of polymer membrane

The srcs S&Memhges confir medeP hskEu ppotrit si d
were coated with plamae F3 ygaHeweaéer, (Fhgutlkic
each side varied across different samples, p
sample solutions, necessitatieldyPrdbireanept i
exhibited thicknesnsésomftop3ftoehd® RVamd whél e
membr ane displ ayed t hiem kfnceers seeascom ftlraysdnsH 31.hn2, c
5.9 membrane had thickrermsisers iof somégyp®ctri,ve.
Cressesstional SEM i mages provi d Pirhleerabd ruaarbd £ many
not be suitable candidates for fuel cell dev
t hPeF SADHHPA ayer, which mmasunr ¢dhel ¢é¢hs nnlean i d
i nadequate di-fsumatbhiuanalni oédd HPAl ymer, render.i

meani ngful fuel ceillli ¢pyetrifnogr.mance and dur ab

Because of the high electron density of t
functionalities werse dteit e baardd vthoegyvo SE Mt h enag e
been repoPESADHRADI Yymer comprises three cate
si zes:simded,on~10-Q0n°m,F%arn doPyatbell 0 PiveHmbr ane s,
clusters of HPA functionalities measuring ap

emsi agdregatedi sshrabdted thfBughoet3theboteimbd



The sraeadss onal @SHMPEMHAagentiocated that the che

was -dviesdri buted across the membrane, with an

Figure3.7. Crosssectioned and tedown view SEM image a¢PTFEreinforced membranes

MM
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‘\IO (IJLme

€z-287137 5.0kV 7.4mm x5.00k YAGBSE

Figure3.8. Crosssectioned SEM image ePTFEreinforced membranes
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Figure3.9. SAXS data oEPTFEr ei nf or ced membranes at 80eC 9

SmaddglreayX scattering (SAXS) was empl oyed
mor phol ogy at 80AC while varying the HPA | oa
in Table 3.2. A distinctive featurOe,04c htaor ac't
0.06 | T, c o rsrpeascp onmgd ionfg 1t0o 5a tdb 15. B Mim, was

PFSA3MPESAEA® PWdmbr anes exclusively. The Poro



the symmetry of the scattering features. To

signifies the presence of randomly distribut
respecétfineelrye.st i ngPV FrEeaidndfiotricoenmeonft has al so c
pol ymer morphol ogy depict ed3 MPYy SQMMAXBgadawiytsh s
ePTFrEei nforcement from 1 a@PoTFSEufppomThi sh-andedat
|l i ke stIMPFtSMMhieclbfwas al so fteqp omdareed cpyrleivn doruisd :
Sstructur ee.lONPoeHenbv eanes exhi bited P elad R\ of

1.0, 1.9, ealndr2AH29 r ewhist ered a P value of 3.9
t hate lt0lP&@edmbr ane' s mor phol ogy varies with HPA
separation morphologies. A similar i mpact of
i n WAXS regime, that the membrane bul k morph

PVDF and PTFE backbometoaff aPF8Aauh®degemesitst



Tab32e Porod sl ope, radius of eyraatiin@gn ,
i onomer eA @ ®WdHhlor anes

Por od Ionomerd
Sampl e Rg( n m) peak in-,j'°enomer pe

sl ofweq ( cin ( nm)
3SMPFSA 1 25. 3 0. 252 3.51
e3MPFSA 3.1 55. 3 0. 038 3.38
el0ORPVHO 3. 3 47 . 4 0.030 3.39
el0ORPVH9 3.0 48.6 0.051 4. 16
elO0OPRPXYH2 3.9 52.9 0. 055 3.71
el0OPRPS/H9 3.1 55. 6 0.030 3.38

Radius of gyration ( RgeP TchhEinngfeodr cwehde nf r3avi® F
55.3 nm and with the presence of HPAe he inc
PTFsEupport has resulted in more extended pol"
that the Rg value when HPA was added cannot

because high electron density ofgnedgsbedaO§i

nm sized HPA clusters observed i n SEM.

An observed peak at 0.2 | TewWrhRBVHLttribut e
membranes. This peak arises from the phase s
polymeric backbones, with hydrophilic ionic

interactions, while thé FhagiidoPaTREr bmekk omaes
det e celedPriWeHdmbr an eesR Vieatbriames. This finding wu
despite the presence of eW®NMHotnh e pahca sde asnedp aPrT
ionic sites and polymer backbones was not su
with the notably | oceweMfHopiyomeors coedd®e@BEVIi SYNno

me mbr anes.



The intensity of the elP@istumepo mpteakasegnreas
which greater i1 onomer peak intensity in PFSA
separ’qthieormddi ti onePoTTFoBagéboplkeobiaoe suppressec
aggregation and therefore resulted in signif
i nfl uenoda hoef iFbMAPo mer peak &h8 PwWdsEIrerse ds wonh feas

i onomer peak andedO&dPuHZi mamgdi 2c2ease in

Water uptake.
The water uptaBdPMEAZIMP EchiRVWVH &fid P VH

membr anes using dynamic vapor sorption (DVS)
expected, due to t ®BTHBsHudpi ptoirotn toof thhyed rcoopnipoobsii ct
water uptake at 95 % relative humi3dMPtFys A( RH)

and3MPRS®Mspectivel y. |l nterestingly, even with
polymer, which haedulbe ewatr@mpou p 8l khd osviag reirf iupa
foret@eVHO, 1.9, 2.2 and 5.9 membranes, whic
were high8MPRE a3 M HBeANbr anes. This suggest s
of eBMFsEupport reduces water uptake, while th
attributed to the affinity of HPAs for water
compared to tRe2 sAPsat¥d hRF$SAcrease in wat e
RH is more dramatic for dHPYHnaddOtPa/iHmh ingh me mbr
i ndicates that at | ow RH HPA mol ecules tend

HPA clusters to bind water molecules but at

utilized and resulted %*n ®ramatic water wupta
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Figure3.10. Water uptake data for 3MMSFA 800EWePTFEreinforced SMPFSAePVH,
andelOPVHmembranes.



Mechani cal properties.
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Figure3.11 Tensile test (Left) and DMA (right) results 8M-PFSA e3MPFSA ePVHand
elOPVHmembranes

The mechani calePgrikEpient oecsedf méemler anes wer
through tensile testing and dy3nadlnmiSarmpedisamigd

t he med mdreqi astthveHnedl 0 PWedHmbr anes wer e not si mil

sam@TFsEupport. This indicates that the count
i mpacts the mechanical integrity of the comp
take a meaningful role in mechanicatengtlkegr.i

was I mproved wieP 0 FsEuhpep oprrte.s efhocre ionffst ance, t he
increased significarmBtMP¥ StAa 0418 .24 . e 3NV BIF. 88R avl Pfao
Simi |l aegnhyanadaéement i n etldPeHmbr anhesnghbwédrcon.
values of 41.5 N 3.4, 41.5 H1DPPWHOA41199N 2.3
5.9, respectivedRVmeOmb rtahnee so tahl esro hbaennde,&i t ed f r

PTFsEupport but with | ower enhancement, trans



un

measurable tensile strength to values of 3

MP a .

an

g u
Ov

Ad

t h

13

Th

pr

re

DMA data elucidated t ®BTFrEdianfiorec ecd ynet mad rl
d alterations in their triamdiutei srrivemp arsa ta
alitative measure of poliymdicatest ai bhertoyg
erall, the i ntr eMdTIeEsEuipopno rotf itnhteo ctrhyes tnael mbirnaer
x itwahue from IMPIRSIAW 0.386 NowO. 02, 0.40 N O.
0.01, andeB® MBB&HO BNV.HOL, flo.r9.,9,2 .r2,s paencdt iSvel y.
ditionally, the transition temperature, wh
e DMA plot, increased from 114.7 N 2.9AC t
4.7 N 2.1AC, aBMPESRORVHO,2.16.AC f2.r2, and 5

is indicates that the pol wmh&FsEucphpabd’rnt .mobi | i

oton Transport.

Exsitu proton conductivity of the bul k me
ing electrochemical i mpedance spectroscopy

di t ePMFsEufpport t o 3 MPFEBAdmespudt ®th icomnduct i

.161 N 0.04 and 0.152 N 0. 6O6RTFRHupmpoat 39D%tRHK

oton conductivity was unexpected but can b

suilniaog@gnductivity decrease.
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Figure3.12. Proton c¢ond BW-PrSH e3MRFSAePVHRaAdelOPVHO r
membranes.

HPA nduced proton conductivity became app:
(RH) conditions, specifically at 95%. Intere

conditions, the edrOdPtWhdHmbcandactewmat n8dAf | ower

PFSW®e mbranes. This suggests that sulfonic aci
to 80% RH, mainly due to water molecules pri
moi eties therefore forming a | ocal YRR, di ffer

the proton elohRMHOt,i V2i.t2y, ocafnd 5. 9, measuring

~

and 0.224 N 0.02 S/ cm, re¥pPFSMAMAIYEMPFSAuUucChass

recorded values of 0.1612 N 0.04 and 0.152 N
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be attributed to the synergistic conductivit
acid and HPA functionalities. Furthermore, H
highly mobile protons that havedtWM&armpwtlielnd, a
the proton eh\Vrieurtriamietsy wafs not ably | ower t he
analOPwWedmbr anes. This can be attributed to ¢t}
observed in SAXS and PtFIBRAD fHPehsod nyaree ro fl aay ew e royn

ePTBEREpport-senticonsd SEM.

Single Cell Fuel Cell Performance and Chemic

Tab33de Proton cowducwivi vpesagemnobmi and maxi
density

Slope lJGtMaxi mu m

Proton Co " 2
Sample(S/(:m) OCV ((()bllf]i:r;rﬁjo A/(Densitﬁ)
e3MPFS 0.152 N 00.88 0.086 1.27
el10RVH(O. 104 N 00. 87 8"1‘2 0. 62
el10RVH(O. 190 N 00. 88 8'%2 1.11

, iy 0. 38
el0RY¥H:0. 182 N 00.88 o >3 0.77

) 0. 23
el1ORYH(O. 224 N 00.86 0. 13 0.94
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Figure3.13. Fuel cell starup performance test data ®PTFEreinforced membranes

The <opewcuit voltageelOCV)ueiln ctehd <sixmpeglre m
for the3MPR&AADPWeHMbr anes, with values of 0.
0.86 V.3.(l1RUgpdmwetunately, the I mpitoOR¥H proton
membr anes did not transl ateeilnt o ubedt tceerl |p etref:

Surprisingly, despite its elBMWEMEApPDbrroatnoen ecxohnidbui



the highest power de.n3.i tlyn ectioOnBMPBOS tWL con] 2 T2aph

5.9 membranes recorded power densities of 0.

Notably, the sl ope i n-1t.0e Ad wrnr] e retx hd eon & ietdy

sl opeself ARW&HMbe anes. Typically, this region i

(@)

haracterized by a lei3M&&nwd Arhelaa tsi loonpsen iwa lause soe

(@)

hmbkcm] . HeoWweRwHmbrfaonres, there was.)a clhhenge i
first part of the sl ope was steeper than the
an extension of the ki nceatiacl wraetd iiicmm, ecvahuesrees talr

kinetic overpotential. 1 f this is the case,

-

educe this kinetic overpotenti al
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Figure3.14. Accelerated stress condition (AST) chemical durability test resulesRaIFE
reinforced membranes



Tab3de Proton conducti vietPyT,F BEOOWM, oramnad FiR

Thicknes : Aver age FR
Chemical . :
Sampl e (=) Clurabiliunt|I fail
(g (d ay))
3 MP F SHAL 11. 6 175 31.5 N 0.5
e 3 MP BDA 9. 4 210 29.5 N 0.2
e10rvHo #1 00 540 3.9 N 0.8
10.0 4.0 N 1. 4
el0PRPVHO #2 460
10. . N .
e 10 RV HY 0.0 586 3.5 0.6
e 10 PA.H2 10.0 483 4.4 N 2.9
el0RP¥WH9 #1 13.0 534 5.1 N 2.5
13. 19. N .
e 1 0 R5/.H92 3.0 466 9.0 8.5

To assess the c¢hell Eraeli ndfuorracbe d inmeymborfa ntehse,
measurements were conducted under DGE accel e
singdlel fuel3c&dd sB4dFliguhresl s a @t patherns i n t1
measurements were a result ofrdgukpwpcgxcessbbd
(HFR) measur ements. Each set of samples was
failure disitcalbluy i fomb it dnemt arylp@Wgn biun | d wn ashirliibt
test’iMoguever, it's worth not ienlgd0 RMHOt atnhde 2s €c o
excluded due to experei3mePitSA | flaail ue@saf Tde t
hours, with an average fluoride agél(eand e dragt) e
I n coel0RWdmbranes with HPA functionality exfF

chemical durability, lasting from 460 to 586
MM p



t heel 0 PWeHmbr anes appeared to be ebhdBY¥W.EGMOdIwintth of
the | owest HPA | oading endured for 540 and 4
1.4/ €cm|] day) . Meanwhi led 0 R/YHeé haghedt aHPArl &
hours, with FRRs ofg/5(dmJN ®ay) .anTdh eeQe 0r e\s BI. t5
smal | amount of covalently bound HPA can sig

the fuel cel |

3.@oncl usi ons

We have successfully fabricaeP@d#&Ea set of
rei nfedrVeHaall O Pevddmposi t e membranes using a pr e\
functionaVYDRE emo®lRyFBehr a t ar gesim whit bkmessabf t h?
ranging femomT@etactidal HPA | oading was <cal cu
TGA adefieed. FTI R spectroscopy was used to
wher e i nf rmtrse do ff i HhRyAe rwperrie used. XRF data sho\
HPA functionaliti e3%meommbrtahnee saunrdf atchee fHRAA @ 1o acdm
bet ween different VDF mol % gmoldy menre.t eTtse whH R A
mul tiple 18@rmmdwemeltdbloncramgds sur f-aicee $EM. /
coati ngFsvAiDRHHRAR Ol ymePrTFsEOpport was vsaddtdiadreedd b

SEM o0 ne h\adnall O PWddmbr ane s, wietPhvrale mimr haesBohaoki

thickness uniformity. SAXS analysis showed t
el O0PrweHmbr anes, matrix knee and ionomer peak,
f cerPVhle mbr anes. The change in ionomer peak wa

whi ch i ndicated tBR @ FsEutphpeo rctoombA MmMSA,i oanndo fHPA arr
uni que morphol ogy that correlated to water u

MMC



presence of both HPA anedl GsRiWedmdmian easc irdce sful nn etd
hi gher water up3MPkFeSaAhdl2MPRE ®ncbherother hand
addition oé&PhbhsEurpomhhdbiresul ted in both water

conductivity decd MRRESAnalBEAFSAMBari hpge rate o

uptake increase as a function of RH was diff
compared to PFSAs, where the rate of water u
dramat mpalrley] ¢@®@ the PFSA. |l ncrease i ne mechan
PTFseEupport was achieved for all the membrane.

strength differed with the presemtH of PFSA.
membr anes were not ealsOPwegnbr aseshedueonor alo @h

to form proton conducting channels shown 1in

Singl e tactli voeD acrnea fuel cell test for me
exitu proton conducti ve3dtMPHRSMboaerementegilTheec
maxi mum power delwshiitlye dfhel .b&B0tRApEIN fr ercroir g d
W/ ¢&2m I nterestingly, two slopes were detected
which may be considered as an extension of t

present due t-bodonmkemrelreannte ciarctaddHpaNegmbo anfe st

| mpressive chemical durability |1 mprovemer
f oerlOPVdHmpared to3 NMPRBERANDmtamnels, where the aver
AST of 511.5 N 45.5 h compared to that of 19
corroborated the enhanced chemical durabilit
ePVID membranes were 3@/ (5¢cm] 1day )a,ndr &s pre it i5v. &

the chemical durability improvement via HPA

was independent of the enhancement. This stu

MMT



potential for reducing HPA | oadings in futur

design phase separation and morphology to ma
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CHAPTER 4: I NVERS TII GMOMBR AND TRANSI TI ON MET

| NTERACTI ON USI NG A POLYETHYLENE MI DBLOC

ANl ON EXCHANGE WATER ELECTROLYZERS TO Ul
PERFORMANCE AND DURABI LI TY

Chul OontgdakKk mWKeGriene | CKapPueeae ,"MarBei Der Sal gad

JordHawRIsvy 'Mer-Chen 8 Koo, Andrew’ M. Herrin

4. 1 Motivati on

With the promising durability results froc
poly(vinynebodyzypl pEr i ceiproil yna tlipgollleo(reaitrey | benzyl
met hyl piperidini tPBPCHMS boMRREB) ), (#LCMSti on of
oxides catalysts on the anode, where OER occ
durabi |l i tcyeliln AaE MH h.gWikg p pols e sli $poo leyvnaelruat e t h
el ectr ol ytien dauncdeadni ghehsel yrsetor gani zati on energy f
i nfl uence ptelred oAdaMdvMEddar t abt hi sy woPHH,CMShe PCMS
[ MPRD] i onomer and membr amengtiziedr wan de aamd t

manganese oji.oxide (MnO
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4. 2 Abstract

Anion exchange membrane water el ectrolysi

over other hydrogen productrehomet hgdsal kati

electrolysis, and proton exchange membrane w
durability challenges pose obstacles to feas
sources. |In this study,yawsidt oat engit@adl loxi del

(GOs, M MNOfor oxygen evolution reactions in
Empl oying a pollogek hydpeaonleymeard wictalta soent hg !l pi pe
membrane, we tested.thhr e 5¢ adaaldy ##th Shonfgd icang s i
| oadi ng 0%t 00.a% smgc/actiad nyosmheri nt @readtoironm s1.g Tlae al
|l oadings for all three catalysts:. uMldler went a
membr ane el ectrode assemblies exhibited cond
i mpedance spect’Mao®tiopyl. aved snggem or perform
with 2.40 N 2&.n@2 aV vaotl t h gD cii@é/y e +paotse o f

stabilization.r aba Ifiuryt,her |aosngess 50 h test v
mg/dme@el ectrode, reveal i ®#bpgVahvoFTa®e mabangee
mi crometred morphology chadge Bdakrelt bet dacheé
t empl. atTihege findings offer promise for enhan

durability in the pursuit of feasible green
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4. Bntroducti on

en
t h

Gr

30

hy

Decarbonization of hydrogen production i s
ergy system to combat <cli mate change. Hy dr
e recent emerging interest inhcarsbdmendewter
een hydrogen production, wusing renewabl e e
bstanti al attention as part of achieving c

odu'tairge. pcaldeecHi on with economic feasibil
vernment policy such as @Shkealld. M dteaa tvreg n
ropean Union and European Commission initi.@i
ean hydrogen %afheasteamempebaneel gfor ming
drocarbons are the current major technique
drocarbon based hydrogen production inevit
eds to be sequaensottehreerd *iRyud apundeimigit. hm nef r ef or n
actical at scal e, because pressure swing a

p rhoi dguhc édpyudridgen, so it i s not suitable for

For | ow temperature operation (< 100eC),
st commercialized and developed technol ogy
year s. However, the usage of the porous d
drogen production-70®&t enM/ticylf.i A% ¢t yr ac bemidc &

een hydrogen production using polymer el ec
MHM



This technology is scalable from watts to MW
photovoltaic or wind systems. Proton exchang
another commercialized technology with | ower
remcing diaphr agtmuaoife dWEet Dl wet i nated sul fon
Nafﬁ)orresulted i RatachV.e vHonwge v2e rA/ ctnhe usage of
met al (PGM) <catalyst on both the aannooddee ansd ac
primary disadvantage. Especiall y-ofaritdicamaarnyd
used on the anode side of the PEMWE, is more
where it is estimated '8%losuat, Ot.h0ed 3c rpupcbi ailn uesaar
backbone polymer are the cur fsemte aldo totf | @ rheec k i
techndPegfyl uorinated compounds ought to be wu
their persistent, bio accumulative, and toxi

heaidt h.

Anion exchange membrane water el ectrolysi
can overcome the I imitation of abovementione
catalysts and perfluorinated?pAPMWES se xalrieb into
reduced overpotenti al in comparison to AWEs.
density of 2atp 4 ocdl. I3 VWdIlctmage o f%Blo.wew eirn a hleM
cost of hydrogen and durability of the el ect

feasi bl e.

The performance of AEMWEsS has steadily in

production cost and is now nearing that of P
uti i z2PiGWM creacml ysts and a 1M KOH el ectrolyte.
AEMWEesmai ns their durability, needing to mat

MHH
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s u

tu

ar

an

t h

st

ca

i s

ov

erate for 30 years, and PEMWEs, which <can
staining performantceDébmpatabyeand PEMWESn
ned simultaneously because the cost of hyd
st but also the capital cost of the systerm
rformance but gnhancdeglt herduhabAEMWE al o

oosing materials that are feasi bl e.

The primary focus has been on developing

l on exchange membranes (AEMs). The -efficie

il ms has been demonstrated as a crietviical f a

rformance through the 2dP'Bugoy.atudalkdf at he
emisstrupgtaperty relationship of block copol
sign tunable i onomert*Amod tAEeM idmwli &eme mtpyptl ii @
pol ymer based AEls has been demonstrated i

mbi nati on-bpl pgdley tyy-ememld oauttywyrdeme )bl ock cop

i @nel ectrocatal yst?Ni €E@Qownedgi hi ghemghbamgen

action (OER) &dlce®Vity than 2 mg/cm

OQur group has succestséahbhl éytcrbhoek aapall
y | ether and using met hwhipcipecandi me ulmo {{ MPIR
d AEM and all owing for control over water
e polyethyl &2 Ho@dVerk irtats oi. mportant to
udy was confined to-fAEavnist mnanasEEdasm manm e b a
talyst, | eaving the investigation of the O
cruci al -pteor fdoervnealnocpe haingdh r obust AEMWE devi c

erpotential compare tBRhydueedteo terooont urteiccra r

MHO



hi gher energy barrier, sl ower reaction rate

the hydrogé4d® producti on.

As mentioned earlier, the OER is a sl ower
bottleneck crucial to be sol v=®d: IfM8r epsoptoennstei al
this challenge, research interest has grown

el ectrocatal ysts that coouttlhderevemt akytsg sr ¢ plka
Ru©O Transition metal oxide catalysts such as
Il nvestigatedefduecttiovemess, cotstai ghtforward m

activity, and?!Y oWoawdBrveat, enthieali.ncreased ki ne

environments, as opposed to acidic or neutra
i onomer s dMHAJE MWEpsp ofrrtesquent ly empl oy | iquid el
carbona@e ofKpotassium hydroxide (KOH) soluti
on polymer electrolytes. So far AEMWEs wor ki
performance and durability. The use dfe |iqui
membr ane and catalyst | ayer, -ahdcarbobgaki zad

can enhance t&daeti remchki met ieqs.a€@ion: of AEMFC
OH+ HEDCQ@™+ .6 (1)
Anode ( ORR)26I 40OHO4eE= 0. 401 (\2)
Cathode {OHER)A:M HIOE= 0.828 (%)

Over alON:2HZE&E= 1. 23V (4)



hy
sy
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co

t h

Whil e KOH gives higher pelfffloe maoste fadr sav
drogen production can p®Q erlthiealKIOWH led elrit g tod
stem requirersobmoste dammdbinentasidt hat i1 nclude
sembly (MEA), pi pfiinegl,d sb iapnodl asre aplliantgess ,d ufel otw
nversion to | ess conducti wencahboanate Cong
ese hRL@@proerssentks a favorable compromi se co0mj
ere osfaiinrpeeformamses Cat 3FABWE@mMbenefits
tend beyond-ejfdstctutviel imaitreg imadst due to the

dium and |l onger | ifetime of the cell

At t hi s-tteirme ,dulrarbg 1:C@el @ etsrt sl yutse nlga Ke b e e
spite its potenti al advantages compared to
vesti-gablkd oanal ysts for bot hiL#OBe COBERMdand
CoOx catalysts along wi4?fhepecdokugama A201
rability t’estd 40eL7 WiCBA/ Hoowe v &or K t he cat al
S notably ?ioghHER. A4rffigBO®OBR/ amd exhibited
rformance decay over time. Vincent-tet mal
rability using TokAW ,amanRARBAAMAMefmbmamen wi t h
me catalysts. They increased?athe6euC asbnd it
nducted the test fori 20m0e avasvedtlene@li sT@0 i n
parate study, Nel -ty dr alggermm bddnduwyc taessd eas slimem
dulus and strength membranes, specifically
ncti on@Alidzeerd pbaleyl(sph-PARPPENnahnd (GTMAI t ri met h
nonhali zed-bpo hylgssthyprreemes) tr i bl-DMA) coPplod ytmegt
s carried out at a con?atnalnt5 0eCr. -TehdAr d éhres iStE

MH P



membr ane, a | oss of differential pressure wa
50V/ih arM/ IBlWwer e r ep®dDAtPPd amMVIASHBMAr 500 h dur
test, respectth Weh-yeomwg duepobrt e-tREDPEMS wi t h P
[ MPRM®g mbr anef owamhomWNianode and Pt FP2P€ummertat hod.
density and XM C,quwidt elecMrKl yte. The cell v
of 600 h test and recordedeVlladhsvv alh@l@gbh dettag
was not a result of me-mbtenechhngeri ng. pAl yome
was observed oéYoRvEIVR rmampmieng.houl d consider t
electrolysis at relatively ) pwehecumpant deén
formation during the reaction is | ess pronou
increased. Additionally, due to reduced mech
bi nding between the cdatraoldest idndeicomemerf e@ars i
| oadings of catalysts and ionomers with mini
it'"snwbrhfg that at higher current densities,
catalyst and ionomer that can be effectively

environment .

This paper investigates three @i sNbfiOct tr
andsOLfoor the OER with theoretically | ow over
characterized, and?°chabnercatadll ystay awd rad | £t. ud

|l oadings (0.5,%208. 8odMdBndubsFIrmgledmand a const
and identical membrane. This setup facilitat
i onomer ratios on OER catalysts, and AEMWE d
were col lae c58sddn qulsé ngel | oper aXiQhggat d50AC wi

el ectrolyte. Il nitial celalt Gdurcabisltiamy wasrang

MHC



mA/ éfnror each sample analyzing t hgperfodrt migreg ch .
sample Z2ZMB@unmugderngoi ng tetsta nago rfsotrarbt0 Oc thr r e n't

mA/ & m

4. Experi ment al

Mat erdiOal3s mm -t bamkw&ls obtained from MSE S
used for anode gas diffusion bkGyes . 50Commlpgar(
size (TEM), 99.5% trace metal s,05i §Ma9sel driac
met al Dbasis, Sigma Al dr i c®)9, 98r6d meern qad rse e sa
Prua€rohmher moscientific) was used as receive
paper-HUOUBPwas used as a cathode gasakdai ffusi o
TEC10E5S50E, 46. 3% Pt) as received for the cat
99 % ,CAH was obtained from Aldgficam Alxls awa taenrd pnri oxve
a MQI Water filtration systtetnt &dohl drhee teH aercd r (o
098%), sodium hydroxi-mhet f Na®Hp e AGHhINge 8@ B RDN
met hanol {OWMeOKCSCHrade) were used as Fecei Ve
b-PCOEBEPCM®o(l y(chl or ompolhyt pe-lyo@eated ne
poly(chl or omet hrydReCtMSr € mpe)l-Jy apsadgyr(Rdriyd or omet hyl

were prepared using previously publ i’hed met

222

Membr ane foabhCMBPAQOBPICMS bl ock copol ymer wi
PCOE/ PCMS ratio of 1:2.58 was used for membr
The polymer was then hydrbPdFdem@NMe.d Tk RAMD

PEb-PCMS pol ymer was suspentdeetdr aicnh | Oo.r0Oo5e5 hga/nnel bl
MHT



63eC and stirring with a stir bat>faite 800 rpm
solutionbwasedoonoiow a TethoWMEBhEetpEAMEKY a t
H200A) at 13 3mMm/csmcX yli%laoamnmgembrane. The dri
hoepressed at 1a6t0eG Tposei MOmini anes were peel ed
sheet and quaternizemethgt p8Bpeaysine 50 WwWelOH%
membr anes were rinsed with DI water 3 ti mes
The dried thiclmes svassnf. 6 0thd& Bne mibrreadn ei nwabDsl  sw aot
at room temper agdxuahearuqd idr icarr btoom attlee me mbr an

described bel ow.

Anode fadbrNiammowas cut to size 0% the si
and cleaned with 30 wt. % NaOH at SO0l e@Cifomr
under room temperature sonication for 10 min
on the surface. DI water was used to rinse b
samples were dried overnight iomderasv pcepmar ed
mi xi ng -aP P@BWIMS functionalized with MPRD cat
chl oroform and sonicated for 1 h. The anode
catalyst ink ¢0anti® nomgygMm@t zgendt Bweistih 6 mL of
water, 1 mL of ethanol, and -famand ewaAmandanger S o0
into the catalyst ink solution and dried on
hours. The target | oadi.rbg rffgaird nti wen oanaetr all ywsatd i w
mg/mnsi stently. The PCOE midblock wa-s then

coated el ecanmbpdie g eidn va sN el for 3 h.

Cat hode foda blroircasyt icamm bon paper was cut to

field . (5Tkken t arget | oading fdandhieocaméodeoa

MHY



was 0.6 2mgMBRmBDcmunctiab@GslSi zedomép in MeOH (5
used as an ionomer and binder for-pahatedthaod
pl ace on top of 60eC hot plate to allow dryi

t heeetrodes were dried in vacuum oven for 24

Membr ane el ectr ode@ (astsaelnybsl tyf cfoasbteals aNpir ers s
bet ween two aluminum plates at room temperat
sharfpodm surface mechanically damaging the m
cathode wer e G@fackredl ihn sle-phacKaa e . t BuelonCel |
Technol ogies har?dMivaser wehhi heof Becoosanfei de | fda barnidc
gaskednsg (we e used for the celm. asG® bl y with
el elcytree with 40 mL/min flow rate split to an
cell with both the cell and the flow Iine he
l' imted to 50eC to effectively cnognet rion t he e
electrolyte concentration. The cell was allo
flowing for 1 h prior to the first polarizat

obtained by applying current steps for 2 min

The durability tests were conducted after
mA/ écourrent to the cell was applied and the \
dur abhiesihey | i qui d el ectrolyte was chanrged app
test analysis, the polarization curve and EI
El ectrochemical i mpedance spectroscopy (EI'S)

to otbheatmieghuency cel | resistance.

MH g



| oemxchange capacit.g ThleEConmeaxshraemmentcapac
was measured using Mohr tit t%tEiComfmethleo dneand r

used for the study was 1.28N0.07 mmol / g.

Fourier transform infAareeadsqFiThdkd ppecitowsl
was acquired using a Thermo Fisher Scientifi
with a germanium attenuated total reflectanc

800 cm T, andc@aoM@®udeat endttarogweans empPloy¥d f o

45Resul tDesandsi on

AEMWE performance comparison ion different el

We first i nvestC@eltecdt rtohley teef foeccric eonft rkat i o
performance, aGQ@Q§{bi diyasmdTa MerKabl e a direct
l' iquid electrolyteonomeenimr af oam, edatcdd ONies
anode with a | fwadsi negmpolfo y2e.d5. migs/ cammt i ci pat ed,

performance was obser vad,c rwiatsh ntgh & rwarl t2a 49 a

l i guid electrolyte concentration increased f
i's higher. The Tafel sl ope increased from 64
increasedokenpbtenti al i n theXCWr eag@Mces ofs au

to carbonate conceandatowerri horabdspH|l e&s v OH

not only to explore robust membranes and i on
subsequent sections will consistently empl oy
K2C G.
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Figure4.1. Polarization curve with 0.5 M ¥CO;s (black empty square) and 1 M®Os (red
square) electrolyte. 2.5 mg/émeading MnQ coated Nifoam electrode was used.

AEMWE el ectrochemical perfo®mance in a singl

First, we investigated three different ce¢
catal y3t15@n®. Bag/veifti xk ed i onomer I20aTdhe@gi ohomMe
|l oading was chosen from our ?%prseviheupdti mhy s

| oadi ngf ova'm&heNioverall Tafel sl ope was deri ve
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curve, and it's worth noting that this sl ope
HER remains constant due to fixed catalysts

solely to OER.

Cobalt #£i cdat@Cygst with different | oadings

The volta’gecateakAk/dcrhrom 2.55 t@»2.63 and
catalyst | oading was?2vdrhieceda®deb, s20pe omc4 eB
and 139 mV/dec, 42e sapmdadiljabeley. cb Rt gase, t he O
the cobalt oxide with 1M KOH electrolyte wusi
mV/ dec, which is as expected to be | ower tha

of HER and no mas!Bdhransport | i mi

Furt hetrhneo sea,m de ner gapsi fso r0 . t3ReB8 @ov, whi ch i s
semiondu’@bespite abovementioned potential of
OER el ectrocatalysts, a higher |l oading of <co
which causes |l oss of surf dtc*eAdds®e,a tama & cheelrem
cobalt oxide nanoparticles in the abs-ence of
conducting pathways and thefebhmcwabscalUl tgndl
for 4.5 mghdm to act as an insulator. As sho
mg/“owhi ch overl aps wit-hoameel & tuode ahdbsar mi
135 and 139 mvVv/dec, respectively. FuigOf her su
was not assisktiacgi omecaat dleydieci ved from t he
where the | owest | oading sample experienced

to 2.5 anrdhé4. vemgpoment i al increased 0.30 N

MOH



Furthermore, the ohmic resistance of the cel
N 0.19, 0.78 N or@®@speamnidvdl 1.8 Nhids 1i7ndi cat es
aggl omeration is too severe thhatimomatatcalk vt iy

| oading, providi3dg han uwpme raplpil mietd afo Gdre OEF

@ Bare Ni-foam
3.0 L O 3.0 - 0.5 mg cm” Co;0;
® o O 2.5mgom” Coy0;,
° o € 45mg em” Coy0,
o ©
o [=
2.5 8 o 2.5
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& 3 o A g
= o 8 oA A = o ¢ & & 8 8
= 204 o, A = 204 'S * o
A go o o o o @O
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© 45mg cm? Co;0,
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Figure4.2. Polarization curves (left) and {Borrected polarization curves (right) of
0.5/2.5/4.5 mg/cimCos04 for the anode.

Table4.1. Electolyzer Performance Parameters fos@pMnOs, and MnQ

Anode |l oa l onomeat alcTaf el sl ope Vol t age
ratio (1 :¢( 1A/ m
0.5 mMGeédem1: 1 84 N 1 2.55 K
2.5 mMGedem 1:5 93 N 2 2.63 K
4.5 rm@édem1: 9 139 N 2 3.07 N
0.5 mMPh@m 1: 1 117 N4 2.63 K
2.5 rmhdm@&mM 1: 5 98 N 5 2.55 K
4.5 M@ m 1: 9 97 N 2 2.59 K
0.5 MEnemi1l:1 108 N 4 2.59 K
2.5 menhem1l:5 83 N 2 2.40 K
4.5 rmPh®&m 1: 9 82 N 4 2.46 K

MOO



Manganese (#h)I| )cadxailddest( Mn th different | oadir

q
[ ] @ Bare Ni-foam
3.0 1 ° 3.0 1 0.5mg em” Mn,0,
O 25mgem” Mn,04
L4 & 45mg em’” Mn,0,
¢ <
— 254 ® & o _ 25
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o L 8 o
8 8 £ e © © o
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|~}
@ 1 & & e -4
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ﬁ‘ 0.5mg crn'2 Mn,04
150 O 25mgem” Mn,0; 1.5-0
O 4.5mg Cm'2 Mn,0O4
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Figure4.3. Polarization curves (left) and {Borrected polarization curves (right) of
0.5/2.5/4.5 mg/ciMn,0s for the anode.

The volt ateex haitbilt eAd cvma r.0:d toiaairesd @®mercd r dd e s
measuri ny. m02n25%3Vv for catalyst | oadings of |
respecti vigdl)y As( Ringurce pated, performance i mpr
catalyst loadingZ f8omp0OiL §i hgl 2, Samggi/igm n per
the loading was f ArthReirs rmhseradmemom. Samgld &€ me
recognizing -¢thtaal yhte i onemnface iantg tphoe nZ. & emip
opti mal ion transport and conduction. Conver
mg/ tnhe supplementary catalysts hindered the

contribute as catalysts.

I n contxOeedtectta oBlees, the Tafel sl ope disp!
mg/“amd then stabilized?betgeésne?2i hgaval 4e5 «

mV/ dec, respectively. The reported?@ER hTafel
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i's significantlynehtgloeedtcahl|lt  val alrovdhis ob
MEA cont ai-bP B® CMSWIEBRIDgdnomer and meOnbr ane wit|
el ectrocatalyst experienf£&Qel kicghet ykienethiaa g
medi a RDE measured kinetics in 1M KOH. And t
with addition of ionomer enhanced the | ocal

el ectron transf ecormrapoli emtirzatsiealn dlwrevd Runder
proficient electrode wa&dsf that anegst oasiegn iwf y ih
of an advantageousOi:ehtesysdHossevprusthos HKdva
counteracted by increased resistance stemmin
can be corroborated by theGiifacgr ¢ataer tthleamban
Cag0s, suggesting | owe eMdhct’hbivealpod @emidiu @t i \ait t
not show a strong trend, 01V29 rfés@p.ex3,i vee.lyg &
| oadi ngs were sfiararmh awaltwe tvhei dlries NO. 31 V, wl
overall catalytic activity is similar regard
resistance mirroreldethei mary ofr i mantiengreadt of

was the ohmic resistance, yieldingcmfadues of

catal ygsd ofoa@.i®m, 22cHrraemspoh.di ngd/ycmThi s outc
with thieocamat ysarf ace morphology, wherein a

the el ectrochemical reacti on.
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Manganese dxcdea(MseO with different | oadings

i
PY @ Bare Ni-foam
3.0 1 3.0 1 0.5 mg om” MnO,
[ ] O 25mgem” MnO,
Y $ 45mg em” MnO,
[ ]
. 25 [ — 25+
= d =
2 g s ° 2
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0.5 mg cm” MnO, )
15— [ 25mgem” MO, 1.5
& 4.5mgem” MnO,
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Figure4.4. Polarization curves (left) and {Borrected polarization curves (right) of
0.5/2.5/4.5 mg/ciMnO; for the anode.

The polarizati on cuscvleo sterleyn dp aerxabDs) bei lteedd tbhy
albeit with a reducti omldfagaepmritorxi matfeleyntO .dkE
(Fi gu4d eThd s outcome aligns with expectations,
over pot enjaisalc oimp aded The Maf el sl opes clhoirgldéror
activity and reduced overpotential, yielding
| oadings of 0.5, r2esbpecatnidv ed.y5. nwh/ecnm compar ed
slope value in 1M KOH wit?fheDEafwhishops 107

| ower showi ng »&,a mehitah nadg aisn Mnn &€iad atl g stt hat

i nteraction has i mproved the overall kinetic
The difference in perf or méacnactea |byesttweleona dtihne
were marginal, as evidenced ky rlroetch etdh ec upovlea

observation underscores the redundancy of ad
MO C



i onomer | oading remains unchanged, indicatin

unnecessary without a corresponding augment a

Remar kabl ycattahleysMnQli spl ayed the 2l owest o
compared s@andeh AZor oss the spectruwm of 0.5,
| oadings, the overpot,@®@ntila/N dedBsNebed ¥s 0.
respectilvies yfinding stands as evidence of <ca
the introduction of the electrocatalyst, con

augmentation.

Furthermore, the ohmic proelsairsitzaantcieo,n acsu rdveec
a robust correlation with performanie outcom

|l oading catalyst experiencegdmamwhdHnmi a hree Di. S5t
mg/dmadings exhibited Qc®H0 rNe sOp edc5t iavnedl y0.. 613n cf

both the heightened catalytic activity stemm
ohmic resistance, the conclusion can be dr aw

resi stance deareattioompotiemtsuwrlf aadd mor phol ogy a

Durability of AEMWE ida a single cell electro
100 h durability tests were conducted to
met al oxide catalysts with ionomer affects t

Specifically, we selected s0anal st Imgadimpgof
and Mm@ed on the results of the performance
tests. | mportantly, no evidence of membrane

observed foll owimMg)2the 100 h test (Tabl e
MOT



Table4.2. lon-exchange capacity of the membrane before and after the durability test

Sampl e name Il niti al |l EC (Posest | EC |
CaO4d #1 1.28 N 0.01
C @04 # 2 1.23 N 0.01
MnOs # 1 3 1.24 N 0.10
MnOs/ # 2 1. R®. 07 1.27 N 0.05
Mng #1 1.28 N 0.04
Mn @ #2 1.30 N 0.03
Mng 500 h 1. 16 N 0.02
Cobalt i ceat@Caqyg st
) — 3.0
28 0.5mgem Co;0,4
06 —2.5
24""*\-\/“'\"111) "‘V"ﬂ'lfmw o
—20 o
—_ @,
> )]
— 22— &
o 2
8 -15 9
S 2.0- —
o
> o
Q
1.8 1 - 1.0 EM
16® ® ¢ e @ o © @ o
1.4
— 0.0
| I I I [ I
0 20 40 60 80 100
Time [h]

Figure4.5. 100 h durability test at 750 mA/&for cobalt oxide (C¢04). First run (light blue)
and second run (blue). Resistance of the cell for first run (light blue, circle) and second run
(blue, empty circle).
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Throughout all t heOsdurhaebicleiltly etxehsitbsi twidt ha
voltage drop ofan@®pmdxwimahieh yt A& 0i ni ti al 24
a ra3e®ddd. 84 mV/ h for the first (light bl ue)
(Fi gdgbrand4)aldlhes observation |-ehspehkeodbncivh
the change of <cell performance is unpredicta
previously document ed ofno atnh ea nsda nPet /nCe nthartaanl ey sw
requiagpr @axni man et ibme at®f h20 Hhneawass. al so depi ct
resistance where a distinctive drop in both
first run. Notably, a consistent trend of vo
phase for HWWotskectoma friumst, anar k4d 3dlayd . & 4d end/ ¢ & n o

respectivel y.

After the stabilization peri o, i n which
consecutive cycle with masgsadtircans magr tt hlait mit tha
transport is the |Iimiting yvatrheabfier ctompuam ean
after 48 and 52 h -6&&/i ht-akhe@dd hv o IHoaveer edr,op hef
run encountered more pronounced mass transpo
oXxygen gases resul tciahgrferaemi tounleli edhteidlt it zeadth i ahne
catal ys’tfmardmser.ved voltage increase or per
as a typical phenomenon of bubble i nduced ma
performance recovery ensued after the sequen

acqui sition.



Table4.3. 100 and 500 h durability test data for 0.5 mg/@wsOa, 2.5 mg/cm Mn20s, and
2.5 mg/cn MnO; electrodes.

. Vol t age ¢

Fri t 2 Stabil rate aft e

Anode/ Run 37 voltage : - )

( mV) time ( stabi iz

(¥/ h)

CaO4d #1 -170 4 8 -6 43
CaO4 # 2 -80 52 956
MnrOs/ # 1 -70 50 2514
MnOs/ # 2 40 24 284
Mneg #1 340 52 99
Mn& #2 50 52 -128
Mn& 50*0 h -330 24 21
*Unti4dsheoofft was observed at 375 h

Manganese

|l nterestingly, t
shape with only
period was ozxskevedofles,
(Figure

el ectrodes

after t he

the ti me
vol tage i

i ncrease

vol abgpaert 60
second ru
should note

second

ncr e\al/she.

wa s

(10Nt at aky se

but mor e

- d p oteat etdhse

after t he

mV buti ntchlei nveod ttaog e2 .woa sV.r €l h e

t hat t he

Mnn

( Mn

d upsleil extt e odlersa lsihloiwteyd @

di fference i

4. 6)-i Mmhpert nDstiatsb rsthiMde d le r

dynami c.

rleast 50

stabilizati on

determined to

Mwher e a

startiimg

tsdyran t

Surprisingly,
cycl a@,n vpheire2he\di/ $w.acstHo svied emr ¢ d w
of operation,

rLaitkee wtahse 2f5i4r st run,

be asVt dér.

conditionindi ahdretnabil

volt a

significant

peri od.



batch i onomer and membrane usage. Al so, the
i ssue due to the evolving gas wReurer drhte idsegr
drawn but recovers when the cell i's measurin
from 10 mRHicsn i ndi cates that the when the bu

from the electrode surface the ¢elPi1® voltage

-2 - 3.0
284 2.5mgcm  Mn,0O4
2.6 —25
_ 20 @
> w
= 224 &
® 5
> s B
S 2.0+ Y =
= S
3
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.8 © e o o o o o o 0
| I I I [ I
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Figure4.6. 100 h durability test at 750 mA/&for manganese (ll1) oxide (M@s). First run
(pink) and second run (red). Resistance of the cell for first run (pink, empty circle) and
second run (red, circle).
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Figure4.7. 100 h durability test at 750 mA/&for manganese Oxide (M First run (light
green) and second run (green). Resistance of the cell for first run (light green, empty circle)
and second ru(green, circle)

As for the dwhabel shgwheshe MaW®est? initioeé
and | owest resixs¥aNs®nd wh.idgflc Mwveds.pel2ti kel y. F
firsesmn (light-igr evars) praoclersesaeld for the first c
drop of 80M7mV.Af(tFirigntrhveo Ibtraegaek i ncreased at th

13 to 38t hAbwallsh eéagc,chi eved at +3h%//‘holftraogne 3Br adm |



And after thel 0Dt enhi Itihza tv-&W/allgme2 dFroorp twaes s eco
(green), more gradual conditioning was obser
resul i 84 mv/ h voltage drop. Aftther viohe agtealir

was | ess signiRBsVdahmrt. vCloincsh swesat |l y, the mass

observed 2ehetheoiMer®. And the mass transport
the cell completes the tsad abondiztaitominn@nwa s oll
El ectrical I mpedance spectroscopy (EI'S) ¢

t he membrane and was the driving factor for

Consistently forOsalidyg t Bnéee, Mot ea blyyisgeclmcy Coesi s
for end of test was | ower than the beginning
assigned to the ohmic resistance of the cell
contact resistancéesmthahechkhnnekxistanhd tmhessy
can relatively compared usiimtgertcheptdidrfdrexntcre
hi ghnxercept al @ wat het whi pbakepi cectisr ctlhee d

in the EI S.
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F i g 48 HEectrochemical Impedance Spectroscopy (EIS) at 2V. Cycle 1 represents the
beginning of the test and cycle 8 is the last EIS taken before the end of 100 h durability test.



Table4.4. Electrochemical Impedance Spectroscopy (EIS) data for beginning and end of 100
h durability test.

Anode/ A Lower !—Iigh-erX-_interPeaZkﬁO
4 ¢AYS oOftintercintercDiffer val ue
aic o aic o aic o aic o
CaO4/ #1 n 0.69 1.18 0.486 0.150
e 0.56 0.93 0.372 0.124
CaO4 #2 n 0.58 1.20 0.614 0.143
e 0.52 1.08 0.558 0.172
MnrOs/ # 1 n 0.51 1.30 0.793 0.190
dhc 0. 45 1.17 0.716 0.190
MnrOs/ # 2 n 0. 44 0.95 0.512 0.147
dhc 0. 44 0. 96 0.520 0.155
Mneg #1 n 0.47 1.02 0.547 0.150
e 0.33 0.614 0.320 0.082
Mne #2 n 0. 46 1.04 0.581 0.151
e 0.33 0.65 0.327 0.100
Mneg 50 n 0. 48 1. 04 0. 5614 0. 146
375 0. 28 0. 69 0. 412 0. 133
500 0. 38 0. 93 0. 547 0. 205
* Extrapol ated fsreeom ricnlieti al half of the
Firstly, in contrast t:0:etl eetotohler exWwo belt e
changes in resistance when comparing the ini

100 h durabiDsetgctestde tUbeooNetrated rel ative
and voltage fluctuations in the 24 h timefra
when assessing twl, dwpl hcaeed rFress pfoMounced
Z66 and intercept difference values. This o0b
kinetic enhanceam@®MEApMNe Comvenrnxxaehg, MbO®t h Co

el ectrodes exhibited significant kinetic i mp
final cycle. This was evidenEZoédonamndhei studsdtam

di fferencedeambnesr aMe® t he most pronounced c

Mnp



phenomenon was particularly elucidated durin

|l ongest stabilization ti mes.

The membranes underwent FTIR analysis bot
test (see Figure 4.9). When comparing the FT
test, a noticeable change occurredshinf ttehde OH
from 3%302 acmi gher range,-35p8¢ccmnhcallysheapie e
shift suggests a weakening of the hydrogen b
Remar kably, this observation c osntturdaydiicntvso |l wh ar
onl yf odim and®ftonpmevi des valuable evidence th

catalysts and ionomer influences membrane de

- Before test
— Co;0, After test

- = Mn,05 After test
— MnO, After test
— After 500h test

Absorbance (a.u.)

3600 3400 3200 3000 2800
-1
Wavenumber (cm )

Figure4.9. FTIR spectra of before and after test

MnC



I n addition to analyzing the Ohpepeae&k, we
associated with the PE backbone in FTIR mapp
di splayed a relatively wuni-Assmcdaseédi paak®n(
4.10). However, after subjecitn ntghe¢ hARE MWEbatan
mA/ cm], we obs-er¥yed mhangmeten its morphol og

heterogeneityi ndudbded hOH hpe avht eegpdk atkHe PE

Before Test After Test Co;0,

L
el
[}
<
=]
©
O

100 pm

Figure4.10. FTIR map of the membranbsfore and aftedurability test on both anode and
cathode side.

Not abl yOsMEWRe dMis pl ayed | ess r e®@saghani zati or
Mn@ This observation can be |inked to the gr

100 h durability test and6 mam)d,mailn dEIlcSa tciunrgv emi
MOT



mor phol ogi cal rearrangement and, consequentl
l nstead, a performance decrease was noted. N

di fferences observed between the anttdewamda c

empl oyed on each side. This suggests that th
membr ane consistentl y. Further mepeakwbent bem
FTI R map, it became evident tha&td,i wategi ons
mol ecul es were | ess abundant. This finding a

the PE backbone.

500 htdromgdurability test

Based on the performance and durability c
el ectrocatal ysts?Mm@watshec h@BR,n 2.05 rmg/ cam e xt ¢
for 500 h 2at ( FH.Quliig/ecmpol ari zation curve wil/|
beginning and the end of the test to ensure
curve was measured every 5 h to precisely mo

the mass trmhibabfionsdue 4t d -itdir enpds eakK{BBOX i mat ¢

mVSurprisingly, the Bdbhawwaschafgdyheavodedo D

membr ane thinning nor | EE€sde elmefbosra iusnaast esl hyo w
shorting of the cell was observed after 375h
bel ow 1V but recovered operating voltage win
with hydrogen and oxygen gasebubbhesebdbbser ve
di agnosasdhoad s aofstt ead ofk eepteconr iocpadr asthioont i unngt
pl annedl S0Q0 both the eHFER Samdirrveedii nc reefa steld af

Mny



shorted, this can indicate that the contact

have decreased. (Figure 4.12 and Table 4. 4)
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Figure4.11. 500 h durability test &8550mA/cm? for manganese Oxide (MnD
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Figure4.12. Electrochemical Impedance Spectroscopy (EIS) atA2V¥he keginning of the
test 375 h,and500 his the last EIS taken before the end of 500 h durability test.

46Concl usi ons

Il n summary, this study has succesefwml |y

testing, specifically targeQansg al 00 qaunidd 5e0 Oe c

Our strategic choice of employing theoretica

el ectrocatalysts for the OER has yielded val

observation was that as tbhlkalcbtaxydes | diadi mg

corresponding increase in performance, pri ma

i ni ti al resi stance of the cobal't oxi de MEA d

primarily because aftiwm©OmratnrGmplalrablcd easg g W meéri

materi alPERCWIMBI t h MPRD i onomgr feamuirned wint

i onotmeat al yst ratio of 1:5, demonstrated the

This outpezdmond:Madabnevi denced by a Tafel sl

voltage?aft 2. A0 clth 0. 02 V.

During the 100 h du’mabli 0extadst MantOo750

exhibited a decr e@®see pierr i vemlcteadg ea,n whiclre aMre

Mp



stabilization. CoAMEe@WEAN twlays, steH e c2.ed mg/rc m he
500 h durability test. The 500 h dura®bility
Mng PEGPMBCMS with MPRD membrane and i onomer ¢

change-2rk¥fleetowe-2n"5BWi th thei nsiprrliaocd bafeakppr ¢

24h. Al so, no observation of mdmlsrtarmea atltyisnrsi.n
durability tests coll ectewakd ypamidodc,at MEAG ad X
i mpr ovedcatoaloynetr i nteractions, resulting in

of before and after 100 h test showed water
after the test andadrrRhsieRzema pmernebvreaanl ee dmoar prh o | o ¢
rearrangement which correlated t oz0tahned per for
Mn@As part of future work, we plan to empl oy
membr ane to mitigatcaee,edfgwer tamar oehdmn an aiersg sd warn

el ectrocatalytic performance and durability.
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CHAPTER 5: SUMMARY OF WORK AND FUTURE REC

51 Su mmaofWo r k
Given the sever-reyyavbtedcl ematetese ahdngbe pot

humanity may face  evinit doiuonsonthedéiing &£Ocomp
devel opi ng an e nzeerrgaye @sO/sssti eonm swib @A ehdy edér coogneonmy

emerges as a Vviable alternative energy syste
chemical feedstock and an energy carrier. Ho
practical, we neucsan cenmihca ofteeahspiditiblgiethye pr oduct i o

effici encybaosfe dh yednireorggeyn devi ces.

Pol ymer el ectrolyte membrane fuel <cell s &
spectrum of energy consumpti on -sacnad ep raopdou citciact
to Isxrade ones in the megawatt ranggteHowever

membrane systems, such as PEMFCs and AEMWESs,

achieve economic viabili-dytywnfdualttcalclt comma
vehicles, we must develop fuel <cells that <ca
comp able to a million miles of travel. Addit
match or be | ower than gasoline pric-es per u
customer price of one kil ogram ®&f hydruong earg s
one kilogram of hydrogen can propel a fuel c
per gallon with a vehicle efficiency of 25 m

price ofi nhyChrlhafsonrriisen tosf#bP9tdaoeivwb thitial

i nvestments required for R3¥drogen infrastruc
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Even with the use of grey hydrogen, prodtdt

customer price f or ahdyddrreosgse nt hriesmaii snssu eh,i gcho n tTiol

essential to reduce the cost of green hydrog
durabilityacsfedhyldkervaigers. Therefore, this stuc
durability of RBEMMEse amd tdhuer apperlifiaday of AEMWE

\Y

a l

n chaet suwczessfully funct iVDFaltiezegd | tyhmerr

dated through FTIR spectroscbhbp$AMd NMR.

HPANIMPFSBA00EW were created to assess fuel ce

dur abhieBGAyanal ystihse rHPVAe d loeadli ng and | EC of th

SEM and STEM observations showed HPA cluster

t

h

a

he

-diidheer SAXS analysis demonstrated changes

umi

ubs

eve

at

a

dity |l evels. The composite membpramntomdi sp
uctivity compared to the 3MPFSA 800EW co

bited hysteresis, suggesting potenti al [

i eved significant chemical gdumarbiiHiFAtlya yeerh

nst the anode, exploiting its radical de
i cal decomposition efficiency, particular
anode.

n chapteuvucB8essfully produced four compos

ti onaVDRk emo dPyeBefrFsEu p pwohritc h enabl ed to fabr
tantially 91 BmnhneHPAMelmba cainreg (wasandlet er mi n
aled that excess amount of VDF &Xm&Ehoring

i ndicated unihfrorurg hHRASE iMdsutr & valecaet edn HPA ¢

di ame tne ra nodd rMwlidtdnapieet ®@lrust er-si. d ®ad wdfd & HAN ¢

MPp O



functi onal o®P @ Fspuwp pyomretr swas verified with som
ePVmhlembranes. SAXS anal ysi se s 0Bivddndb ruanni egsu,e mo
i mpacting water upt akleO Rantth i bri dtean hd grhceu c twiau ie
SMPFSA waBMBEMSA reduced water uptcaoknp aaredl @groot
3MPF SdAu eeePtToFskEu pport . Mechani cal integeity and
PTFsEupport, though tensile dJtureéngteh | vdrised W
coneBMPFSA higher power denstipteyr f(ox. 1D RYW/ c m| )
2.2 (1.11 W cm]J). Two slopes in the current
addi tkii mea&lecpowkinagh acan be mitigated with el e
| mpressive chemical dur ahloPd&v/dHyp a med otve meme v
e3MPESAIith an average durability AST of 511.
supported enhanced chegmi ERIR o al adeisd io3fOy.,65 Wi tNh
eg/ (cm|] eddyywmrdildIMPE SAespectivel y. |l nterestingl

directly correlate .with durability enhanceme

Il n chawet erstda,bl i shed a teshduwmgatpil@andg owimt H .
K:=CQas the liquid electrolyte. We used | ow ov
t he OER, yielding key insights. l ncreased ca
cobalt oxide performance due t o sageql, ebareCrMaSt i 0
PE-PCMS with MPRD iz0onwimeh a4 M adrmiOoynsotmerrat i o,
the best perfor mance ai#Ogankdsdeot wictsh d tTafudlpes
83 N 2 mV/dec and a vol2lage HdfulZd.0640 iN y0 .tOeXs tV
mA/ éamd 5QG&E&ndCMm@dwed voltage 08 orcaashesse,d whi
stabilizing?2MneMEA2wWES mgh o meenx tfedirdl®tda ®t mowlker e

it exhibited excellent s#2&N{ hitynwitkhi agvalb

MpPn



period ol &dbomemb0Oane t hi ntha mtg. w@we rodlsle,r vtelde
i ndicate i mymroekeygnsbitroannbeme act i ons dturni mpee rtihoed i
reducing resistance. Additionaliploy,ymeTl R anal
i nteracti onsscaanlde mmecnmmborneentee rmor phol ogy rearr al

performance enharCa@&mendt MoVer ti me for

Having outlined the findings of this thesis, it is now possible to explore the

hypotheses presented in Chapter 1 within the framework of these results.

Hypothesis 1: Covalently bound HPA will <cata
due to its redox catalytic property, Il eading
without any | oss-sofl uHRPAe dnuaet utroe .i t s water

The effectivedeseampdsihmhg cadalkwplic functi
Chapter 2, with a notable emphasis on the si

observed when t-8edeembhibok Batsi aelbhghapadei c

Meanwhil e, Chapter 3 showcases significant i
HPA functionali zed membranes, demonstrating
dur albFiulritthye.r more, i n both Chapter 2 and 3, tF
to the polymer is substantiated by the exces

persistence of HPA even after rinsam.g with w

Hypot hesis 2: The super acidic nature for mo

enhance proton conduct i vi-MDF wphoelny nieurn, c trieosnud Itii

i mproved fuel cel |l performance.
Il n Chapter 2, we noted a reduction in proc
compared to the control, yet there was minim

Mpp



Chapt eeP BFrEeti mdPd-rSsADEHPAI t h 3MPFSA composite m
exhibited increased water uptake and proton
This i mprovement can be attributed to the mo
onei ded effect. TOhlesadeirsemgent hfei meicessity
to thoroughly explore and establish a connec

performance.

Hypot hesi s 3: Teld FrEsicrofr @roacReFIVADIFH RAfe mbr ane s

will enhance the mechanical integrity of the
redox catalyst for radical decomposition wi/l
mechani cal degradation in fuel cell s.

The i ncorePdlrFeEh ablne d f me mbr a nae sfiagbnriifciactainaotnl
thi nner amddaldr dme a substanti al i ncrease in bo

cryst aMelainmihtgffhédeFEEupport ed membrane demonstrat

the i mprovement in chemical durability, as e
measurements. Therienftoerger,i tbyo tahn dmwoehbedansi eccasl b dd.u r
Hypot hesis 4: Anion exchange membrane water
addition of | ow overpotential and high cat al

poly(vinmétrewnlzyi p&r i dib-pna luyre tbipw lbeprheail @YWl benzy
met hyl pi peri di ni-b-PhEbLMBo watt &) MPROMS i onomer
evolution Rcelayxmaronelsa dterol yte membrane and c
activation energy because both ca¢a@tysemn and

transfer reorganization energy.

MPp C



The introduction of transition metal <cat e
performance compdrmoadi.t dowsivreg , bavhe nNicompar i n
three distinct transition metal cavabdlysgs, I
with the overpotential and activity values.
i nstance the polymer electrolyte membrane, i

altering the electron transfer reorganizatio

5. 2 FRetcwormemendati ons

This work addresses a pressing need in tt
durability. These membranes play a cruci al r
devices and, wultimately, the integgraitd on of

through the production of green hydrogen.

I n Chapters 2 and 3, weTdEp|l adddes hebatsle

chemical and mechanical durability of PEMFCs
i mprovements in chsemtoamedbaabchl tyntaadrieky.
recognize the i mportance of conductihy tembs

gain deeper insiglkP%FreenitnfPErStda®HPMmMemadr aoes , of
botPVadnal 0 PiwWedmbr.anfedsdi ti onal ly, our fuel <celll
the need for proper cataliyBandcekpenftommnamde o

| owering kinetic overpotenti al

Anot her notable observatiosipedt andedODOTT

sized clusters of HPA, despite thediiametremt
mol ecul es. To address this chall emge and max
approaches, | propose considering the applic

MPT



electric fields, to either align or disperse
pioneering wocP%vhoof sGuicweers feutl layl .c,r afted compc¢
t hrepugashne magnetic field to al i gcno oprhdoi snpahtoetdu n ¢
pol-y(Ayl pyridine), resulting in enhanced pro
ai med t o rindaetnitviefsy taol tfeerrocyanide. This sear
incompatibility with PFSA, primari-ly stemmin
generating mechanism known as the Fenton rea
ut il i 4atciunmrof heteropoly acid salts possessi
KeSi MDsawi t h vacancies filled by metal <cations
can serve as Vviable substitutes for ferrocya

proton conductivity and the catalytic abili it

Two potenti al routfesndwoiromalcioz@dr@aoli ymge HF
our findings. First |l y3 MPdFiSsAeRtFRt S\ AD#HRA cn gt hwva t h  a
anoeadleecs hodlked be cpoanrstiidceurleadd | y since our rese
t hat radical decomposition f-denseosbtetfacses
anoamrd Chapter 3's insights that HPA | oading:
This awplhkdbwemhage the synergi siPA cerf fveattesr oudpt
and protonwictomdechawveéement .$Seac @amaelmy ,c ail n dtulr ea b«
cat aloyasstted membr ane fabrication, applying a
3 MPF SaAnRIF SMADMHPAet ween the catalyst | ayers wil
without compromising performance by | everagi

conductivity of the blended i onomer.

Additjonhal tgnsi deration of environment al

fluorinated backbone polymers, we recognized

MpYy



such as HRhbyadsreodc aprobloynémer s s hDlud e halnt erah atainde s
mechanical stability, | ow gas crwhsotnewj | &nd

makehem a promi sing avenue for further researt

I n Chapter 4, an enhancement in perfor mar
utilization of transition met al oxi des for A

for hydrogen production based on AEMWE requi

performdocabahdty. To delve deeper into thes
i mprovements, the foll owFhngsbbyjoper Ebomadcé
achieved by tranpieienaingl ysia setaltpd I nstea
aceiarea cell, employi2mg learege n?pc wiol 088 ttenh c

perfor mance brye sriesdtuacnicneg. eFdugret her morPeGM cont i n
catalysts on the anode side, informed by the
Manganese oxide el ectrocraahalley scthso iagpep etalran oc
particohairtigei pglitical uncertainties surrou
of Co63Hpawever, an eféeddgrteg ariitn gartaeet ubtese of C
conducted with tunibnyg ttuhne nigo nPoEmenri adcbd eontigks &r mayt ni

ionic surfactasna t ooothlwer awar kk snoti nknly as b

conducting channel but al soaggragabi bact ant

Al so, since a micrometer sized morphology
durability test -ssenctFiTdnnRalmamipd rnags ¢ ccpryo svei | | he
pl ane morphology change. And a SAXSoanalysis

i nvestigate the nanometer sized morphol ogica

Additionally, fumne¢theddeavpbecaghbaleyysronemer

i nteracti onf iwli m hWenglhtahvee tohbisner ved a more f avol

Mp ¢



mangaoerisdes abPdE-PCWS wit hhMBRDh Tafel sl ope ¢
suspected that t hto sddo pThhoelroegfyo rnea y cdoinfdfuecrt i ng
Il nci denArgISreaay)k IScattering qIiGfi SAXS)t sttualrys iwt it
O X isdueb sstcoat @ o hi@intohmer woul d provide a deeper
i onocamretral yst i nteraction impacts the perform
and cobaHutr tohxeirdneosr.e, overcoming the electric:
when using transitinceredmedinal apypirdva thaotyas!l t Ot 't
advanced str satchr e¢dédr gnett al ys56t amewor ks ( MOFs) .
Ni Mn, Ni Co, and Ni Mo &R abtea |eyxsptl so rteod aadsd rpeost se

l i mitations effectively.

I n terms of membrane fabrication met hods,
enhancemental puati et icadlull Y] r educe -itnh ep ecroinoddi toifo
i onomer . For instance, employing ultrasonic
el ectrode can si gMEA iecastlaywcredmde mbotemgalle |
def eaused by unevenly distributed catalyst p
and | oss aof Aduriftd menadrleqg t r an s i-ctoiaotneidn gs ufbrsotnm
(CCS) methodotad ea enamblrypentt (CCM) approach ca
ti me and lpreealod, as evidenced by observed di

beewn these ?223%Wo0 met hods.

MC N



REFERENCES

(1) Stendel, M.; Francis, J.; Whi-Tke Ret Wil
stream and cICil mantae ec IChragg.e Athecher EdT.t i M.n)Ed
2021; -3pp7.327

(2) Screen, J. A.; -[ISatmmownde,pllandmatyfwawde i
regional wedbhereect  r 2nénk¥i4 8L h7a0i9g.¢ DOI :
10.1038/ nclimate2271.

(3) Agreement, R.e pPparti so fa grheee meomtf.erlemce of t
Nations framework convention on climate chan
Decembe@onl1l5; Hei nOnline: Vol. 4, p 2017.

(4) Oberth¢TheSKyoODbtPréelto€ol : international
centubBpringer Science & Business Media, 1999
(5) Keeling, C. D. ; Piper, S. c. ; Bacastow,
Mei jer, H. A. Atmospheric CO2 and 13CO0O2 exch
oceans from 1978 to 2000: obseAvhitstoosy aofd c
atmospheric CO2 and its effectSpromgelran805a
113.

(6) Eichlseder, H.; WalTherpoTentkFaéymanhydR
combustion engines i;n SSAHB uTteurhen intoabli IR atpye rs, c e2n(
(7) Kusoglu, A. (Re) Defining Cllheean Hydrogen
El ectrochemi ca20 Z2icdi)e,t yd71.nt erface

(8) Birol, F. The future ofl BAdJdReOpgemnt prépEam
t h e2 0&290,

(9) WaFwde,| Cel |l s ;H29t0®br.y, part 1

(1PYel Cell, Gltmims:/ /Caitraavrad sphlajcec-tse!l. fewdaul/ c ol
gemicnmit away/ nasm_(AdOGCHENDH6etd.00 0

(11) Grot, W Discovery and develChement naf N
198159, &#40P .

(12) Mench, M. M. ; Kumoury meE. eC.ectVediyrtcegIfw,e
degradaAcadhemi ¢c Press, 2011.

(13) Rajendran, R. G. Polymer EIl edR3 o0l yte Me
Bul 12e0t085®% 8 ) -59508.7 DOI : 10. 1557/ mrs2005.165.
(14) And% ar, J. M.; Segura, F. Fuel <cell s:

Renewabl e and sust2a0i0i98 Bl) e-2@R2&€&19gy revi ews

MC M


https://airandspace.si.edu/collection-objects/fuel-cell-gemini-cutaway/nasm_A19660647000
https://airandspace.si.edu/collection-objects/fuel-cell-gemini-cutaway/nasm_A19660647000

N O
oo

Q — I Q — mos —
- N OS C N S B — @D

N ()

D —
>

To ™
N

Mil ehFuebk: Cémi I Tioaknj | efuelcell tru
I

n
mi Il i on(ma d ceefsused dc.el | t ruck. or g/

| opment focu areasefohahgoe wmembr ameé oimo ¢

P

) Gittleman, C S. ; Kongkanand, A.; Mast e

rGent Opinion2§ﬂ1198EL&BeﬂctrDoOtherﬂiOs.terylG/j.coele
N

7) Ramaswamy, ; Kumaraguru, S.; Jarvi s,
' ' s witrh chl AtilmymCdohodal Cafalk het €l ectrocht
2137,05) , 054504.

Ramaswamy,
uorinated

N. ; Hakim, N.; Mukerjee, S.
I proton
t roc h2i0ndb8g &8 ) A-B13& B 9
N .

)
f exchange membrane unde
c

9) Ramaswamy, Durabl e Fuel Celll MEA t hr
d Membrane Chemical Stabilizer. Energy, D.
0) Varcoe, J. R.; Atanassov, P.; Dekel, D.
cernak, A. R.; Mustain, W -eBE.c;haNigememejnebrr,ar
el ectrochemiEaalr ggn &Emyy 174,906 ) Swis9113.5 DO
1039/ c4ee01303d.

1) Firouzjaie, H. A. Mustai n, W. E. Cat al
kaline membrane fuel <cell s.-234LS Publicatio
2) Arges, C. Ramani , V. ; Pintaur o, P. Ani
3) Brennan, N. M.; Evans, A. T.; Fritz, M.
gul at-and pol pelruoroal kyl subsltnanecrensat(i PMAaS)
ur nal of environment®d211§ 26parthoand public
4) Sinclair, G. M. ; Long, S. M.; Jones, 0.
vironmentally r€hemwanddthaR0d,d8 cle2n7t3rdalt.i ons ?

5) Omasta, T.; Wang, L.; Peng, X.; Lewis,

l ancing membrane and el ectrode Watremal nofan
wer 2d0uU3scE A3 .

6) Sethuraman, V. A.; Weidner, J. W ; Haug.

roxide Formation Rates Jioura alP EMREC TAreo dd ean

ci2®0$551). DOI: 10.1149/1.2801980.

7) Kusoglu, A.; Weber, A. Z.-Adietdv Il osométs.

em 2ReI71,(73 ) -1 190847. DOI : 10. 1021/ acs.chemrev. 6
(28) Arcella, V.; Troglia, C.; GHindlumit,riA.l R
Engineeri ng Ch2eOnbds4, 210y -R&SRL.Er DO 10.1021/ie0

MCH


https://millionmilefuelcelltruck.org/
https://millionmilefuelcelltruck.org/

(29) Giffin, G. A.; Ha u
and relaxations in perf
2 01133(62) /838422 DOI : 10.10

gen ; Hamr oc k,
l uor o

21/ j a
Ao ki
ec
0

, M. ; Uchi da, H. ; Wa
trol
9h DOpP
D
b

,yte i n Eploelcytmeorche
s://doi.org/10.1

oD~

Ham

0303
Qo
—_

0
I
B
h L.; Zhang, H. M. ; Li u,
t he Jroeunrbrraaln eo fu rPRodwCe,rf uSed |
i.org/ 10.1016/ ) .)jpowsou

e
, -1 B
Zhao, C B
he durability of
5) -4 641620.h DIOp s : / / do
32) Zat oG, M. ; Pr®l ot, B.; Donzel, N. ; Rozi
n PEMFC and its impact OdauPR&SIA méEmbhen&l dey
0

c2OupsE6), F3281.

(33) Coms, F. D. ; Liu, H.; Owejan, J. E. Mit
chemical degradation uskEag TrakRd@8dkhpn snahIm.n

(34) Motz, -.; RHor&wmpop,JM.L.; Yadav, R.; Seif
g, Y. ; Dal e, N. V. ; Hamrock, S. J.; et al
h outstanding chemical durueldiHoetryg ya n&d
[ Cc

n
wi t a
Vv 8eeO

o1 @
T

ronmen2t0alli8y,$9i, 4®2@®9 DOl : 10. 1039/

p
0
35) Gittleman, C-H.SMemBomne EK.ur@b; [Laiy,, Y.hy
egr adatl iyoner el ectrol ya@®l 28815 cel | degradat. i

36) Baker, A. M.; Mukundan, R.; Spernjak, D
orup, R. L. Cerium migration duJouwrgn &lEMoff ue
|l ectrochem0D tl166|393 0 c iFAtOWY 3.

(37) Trogadas, P.; Parrondo, J.; Ramani, V.
membr anes using ceri unr aokii cdeel &sksceaavtamgdre.eni a |
SolSitdat e 210018, @y s B113.

(38) Bakeér.;, AMddewms, S. T. D.; Mukundan, R.
Prasad, A. K-:d;opBaor wpe,r iRR. alddizZri ves for enhanc
and radical sJcoawremagle ro fs t MabtiHCGiII5AR 8 ) ChBEBWD I Bry .
DOl : 10.1039/c7ta03452k.

(39) -Haj , R¥hmoell er, K. M. ; Hur st , J. H. ; Ku
Gittleman, C. S. Accelerated Stress Testing

Mechanical / Chemi cal St Jeousanrad aorfd TGer iIEUm cMirg
Soci2®t66b6) , -AFB32R2197. DOl : 10.1149/2.0241806j es
(40) Agarwal , T.; Sievert, A. C. ; Komi ni Bab
Advani , S. G. ; Hopkins, T. E. ; Par k, A. M. ;

el ectrolyt me mbr ane usdawr rcalt | ofn 2RO2C&I0 sRd wLerc
233362httO@ws:://doi .org/10.1016/j.jpowsour. 202

MCO


https://doi.org/10.1016/j.elecom.2006.07.017
https://doi.org/10.1016/j.jpowsour.2010.02.043
https://doi.org/10.1016/j.jpowsour.2023.233362

(41) Agarwal , T.; Mat anovi c, Il .; Adhi kari, S
D.; Bae, -Col;l avwoa,al®.s; Brennecke, J. F.; et al
perfluorosul fonic acid thembnahesf u®Pb2ndg,r o6gan
554 2323 A0G.t pBOI/:/ doi . org/ 10.1016/j).)Jjpowsour. 2
(42) Keggin, J. F. Sphosphoe¢udipgscsabhbel33amcli ecul e
(3321909908

(43) Dawson, B. Thietsdmapgdluy eamif o4t hien 9p dtla89 s
tungstophosphat e, K&E t (P WY S O a9 3639,8 ) 4HI2ABD..8 a
(44) StanisC. R.RUckeKup,AM.J.; Turner, J. A.
the activity of heteropolyacids towards the
El ectr oc h2i0n9b8g 2 8 A ¢8 288267.7 DO :
https://doi.org/10..1016/j.electacta. 2008.06.
(45) Hammett, L. P. ; Deyrup, A. J. A SERIES
APPLI CATI ONS TO SOLUTI ONJSOurN aFORoMI O hAeC I ADde r i
Socil®t3p4 1 1) -4 244273.9

(46apan New Materials CO. , LTD. Product s
http:// www. jnm.co.jp/en(pcodssed/ heteropol y_
(47) 1l zumi, Y.; Ur abe, K.; Onaka, M. Zeol i te
1992.

(48) 1l zumi, Y. ; Hasebe, R. ; Ur abe, K. Cataly
Jour nal alf9 8834 2 a I-4y@90.2hD @Ip:s: / / doi .-org/ 10. 1016/
9517(838) 90011

(49) Timofeeva, M.; Maksimov, G.; Li khol obov
with various strukinmeescand dMdiphosd JGiosn s .
(50) Hill, C. The Use Pol yoxomet al at es

of
Catalytic Oxi SHydkobenGPeEdxi d8&p

d ons wit
Net herl ands-280Q

L.
ati h
992; pp 253
(51) Hill, C. L. Progresoased clall g sges ainn
mat eri al sl oauuhemail storfy Mol ecul 20 026g2tRa)l-6y.s21 s A Cr

(52) Hill ,-M€CCarltha Pr@ssMdr Homogeneous cataly
ani on €bostdenati on Clh%e%by 8t#4FH Revi ews

(53) Matthews, R. W Wavelemagdtilcatesni molthedup
photolysis of cAudgtcr asluildmtjeo 15908B44|t31)qth&8M5%e mi st
(54)-KBRpthn, M. ; Rabani, J. Pu Ise radiolytic
perchl oraTkResdbutmnansof 1PIW8E L C pll 8B thi st ry

MC I


https://doi.org/10.1016/j.jpowsour.2022.232320
https://doi.org/10.1016/j.electacta.2008.06.052
http://www.jnm.co.jp/en/products/heteropoly_acids.html
https://doi.org/10.1016/0021-9517(83)90011-8
https://doi.org/10.1016/0021-9517(83)90011-8

B0~
o> U

HZ/\
o ®d® 01

O O S ol

P T —A—
okhocw

NDYD O™
o0 =" o

-U-O/\
(olNelNe)

o —
oo

Ki m, M. ; Weinstock, . A.; Geleti i, Y.
ropolytungstates by diAQRygeap albf svidd er c a

6) HuM.ng,JiQ®angshiZ. ¥Fang;l .H.P;r ewr az.i on and
aracteri ziPtvibdn bdfena mMR$Afi ber membr ane anc
vestNagwatd oownr.nal 2 @ I47X,Clh5e) nyi7 §7654y4 D O :
1039/ c7nj 01555k.
7) Zhai, L. ; Pio,] yHnerP ddlyyoo Xx admevtaa leatieal s as F
mbranes for FuRol €I pp)i c®O1 ons.
3390/ mol ecul es24193425.
8) Niinomi, K. ; Mi yazawa, S. ; Hi bi no, M. ;
Crystalline CompToyspiet ePso | Byaosxeodmeot na | Parteeyss sal nedr
nNhumi di fied or Humirdi2ChsE@Gg2 Cpn-1 b & 28 AsDOI :
1021/ acs.inorgchem. 7b02524.
9) Meng, F.; Aieta, N. V.; Dec, S. F.; Hor
rner, J. A.; Yandrasits, M. A.; Hamrock, S
ping perfluorosul fonic aci dWlp2od4yOmeorrs wi t h
Si WI1ZEDO4@trochRionb7§ 8) AdRa882 DOI :
1016/ j.electacta. 2007.06.047.
0) Motz, -8.; RBen&eo, G ; Pivovar, B. S.; H
a Radical Decomposition Using Silicotungst

Josur nal of The ERG®O@&IB6(BA AN e AFIECREBI6 4S dDcOlet y
. 1149/ 2.1361814j es.

1) Ki m, C. :C.Wu ,Calr.mo skuwmoo,, ND.. J. ; Bl oom, E.

P. ; Lindell, M. J.; Jiang, R. | mproved F
d Functionali zed-PRerfflluwa roisrudpfoesh itToee rApcd |dy nCe
b

raoernal of The ERG®ORIBAOR)Nhe Mi2AdI0O5Soci ety
2) Lu, J . L. ; Fang, Q. H. ; Li, S:Nalf.i oM nov
' tilayer membrane for prdbdwmnalx cdfa nigembnreanb
I 2r0cl482,7 1117 .
3) -vh;, Yo.shida, T.; Kawamur a, G.; iMut o, H. ;
ganic composite electrolytesulomnist stt €¢cch ghef
Il ds and their applicatidoufoal medi Mant ¢ eimp le
120@, 3 0 ) -6 366365.9
4) Smitha, B. ; Sridhar, S. ; Khan, A. Proto
|l ysul fone and heteropdlbyaociatl bdr Poblgimec elSk
| ymer 2 @6453s1 Z)s -1 514573.8
5) Oh, S.; Yoshida, T.; Kawamura, G.; Mut o
nductivity and fuel cel |l propeulgt iotf utceodnp o

MC P



heteropoly acids detdh esmnul|Xweinramael)d. opfo IR0 n0eert hSeoru |
19(518) 58528322

(66) Y. S. Ki m, F. W, M. Hi ckner, T. A. Zawodz]i
characterization of heteropolyacid directly

copol ymer compositemembranes fdmouhlinghemnftemp
Membr ane2 G0231e2n 282 .

(67) Lee, K. H.; Cho, D. H. ; Kim, Y.-YM.; Moo
Kim, J. F.; Lee, Y. M. Hi ghly conductive and
exchange memigmraue-l wintlBmegngdy & Envi rd0lh@nt al !
(1) /282575 DOl : 10.1039/ c6ee03079c.

(68) Zhao, D.; Yi, B. L.; Zhang, H. M. ; Yu,

substi-tungsdt dghosphoric (CsxH8egPWdiaOda0On | oa
mi tigation i n pol ymleoruren alc torfo I23000489,(h2eSmpbur Badnkess .
306. hb®Ilp:ss: //doi .org/10.2016/j.j)jpowsour. 2008.

(69) Safronova, E. Y.; Osipov, A.; Baranchi Kk
x Hx 3PX 12 O 4 &nd&X M2x OH 44D ( M= Rb, Cs; X= W
heteroplohgragamdis@ OM2b1, e I-1l B 2.

(70) Mahreni, A.; Mohamad, A. B. ; Kadhum, A.
Nafion/silicon oxide/ phosphotungstic acid na
conducdtoiuvrintayl. of Mem®33(HRe) SldB.2 nc e

(71) Sacc”™, A.; Carbone, A.; Pedicini, R.; M
E. Phosphotungstic acid supported on a nanop
membr anes for pol ynkreurele 2@cBEl 350 U y2t3e522Bel cel | s
(72) -Badamabadi, M. M. ; Dashti moghadam, E. ; \Y
Renaud, Pdopegepaltybddeerczd rmdtdeadz odaer bon -nanot ub«
performance proton exchadmage® skcGalb3ez 8 mp-os17 €0 me
11717 DOl : 10.1039/c3nr02886%k.

(73) Oh, K.; Son, B.; Sanetunti kul, J.; Shan
oxide/ sul fonated poly (arylene ether ketone)
proton exchange membrane fuel cJeolulr noapleroaft i ng
Me mbr ane2 @ thr4eln 8D

(74) Ry u, S. K. : Ki m, A R. : Vinot hkannan, M
physicochemical properties and single cell p
ether) ( SPAE) membrane by incorporat:ioam of ph
potenti al electrolyte for Pplt gth®@R1$sF X4 hang 86 Mme
(75) Mot z, A R. : Li, D. ; Keane, A. Manri qu
Fuji mot o, c.; Jeon, J.; Pagel s, M. K. Perfor

membr ane water el esectlrecltyade po | Wsnemgneaed ewrf r ol yt
Materi al s 20Re(n8 9%)t,rr2y2 8AB 3 0

MCC


https://doi.org/10.1016/j.jpowsour.2008.12.133

(76) Horan, J. L.; L€ngubSdahddva, RENn, W¥Hang,KkKu
Greenl ee, L. F. Yandrasits, M. A. Hamr oc k,
mi ni mum water in -hisséinices umdystly gil-aglesi | vyl

hexanedi ol di dbeylJDauenpbl pme P9 1418l -1 414Bbmi st

(77) Zhang, X.; Guo, L. ; Li u, H. Recovery me
cells after ackedremalt edf SROOMREZE JBBBItcsOO!
10.1016/j).jpowsour. 2015.07.063.

(78) Bamdad Bahar, A. R. H., JeTfTHIrey A. kol d
| NTEGRAL COMPOSI TE

MEMBRANE. 1996, (404853) .

(79) Shi, S.; Weber, A. Z.; Kusoglu, A. Stru
composite Jmweumbnraaln eosf. Mem@d36h 6 18R c.i enc e

(80) Jiang, R.; Fuller, T.; Brawn, S.; Gitt]l
fluoride) bl end nelmbatarncecshidOndiBL, @f 8€dH .ac DIOI s .
10.1016/ | electacta.2013.07.074.

(81) Ballengee, J.; Haugen, G.; Hamrock, S.;
of a nanofiber composite membrane with 660 e
Jour nal of The ERG®O@&IB6HOAQ N e rkid2&®Ol. Soci ety

(82) Choi, J.; Lee, K. M.; Wycisk, R.; Pinta
membr anes with | ow equival ent Jwalirgihmatl pdr fMau c
Ch e mi2st120¢ 3 0 ) ,6 269208. 2

(83) Powers, D.; Wycisk,-lRyerPimembumraonesP.f oM.
celJlournal of Memd3983 d1ASEc.i enc e

(84) Jiang, R. ; Fuller, T.; Brawn, S. ; Gittl
fluoride) bl end nelmbatarncecshiOntiBL, @f B€dH .ac el | s .
(85) HerringiPoA.y nM.r ICoompgoasniitce Me mbr anes for
Membr ane Bwelrn@é¢l losd. Macromol ecul ar 23d0i6éenc e,
4 3) 292645 DOl : 10.1080/00222340600796322.
(86) Di Not o, V., Boarett o, N. ; Negrio, E. ; G
organic membranes based on Nafion,[(ZrO2)L(H
Synthesis, ther mal stabilitywtendapgerofn@arld magoue
hydrogeBdO&8a{gf)y,y681899

(87) Sl ade, S. ; Smith, J.; Campbel |, S. ; Ral

a -c®&st composite NafionE 1100 series of prot
i norgani c oXiedcd rparfidndlges2.a ¢6 862891. 8

MCT



(88) Di Noto, V.; Gliubizzi, R.; Negro, E. ;
and mechanism of i1 on conducti vitylhef JoNafniadn
of PhysicalPOWBEOHO3tL2RIBBG2

(89) Talukdar, K. ; Gazdzicki, P.; Friedrich,
performance and durability of | ong and short

Me mbr ane Bwualr n@él log. POMIBO SHODUXF T&.s

(90) Shin, S. H. ; Nur, P. J.; Kodir, A.; Kwa
Mechanical Du$iattébhi hyPeff Bbhoritinated Pol ymer
by Annealing and PAMYSsiGedlddR21 nf-beeee@nbOl :
10. 1021/ acsomega. 9pb02436.

) Ve zz?Y, K. ; Nawn, G. ; Negr o, E.; Crivell
Not o, V. El ectric response and conducti vi
uoride/ Nafion ddbechmabspbéint handmMRBDd®faZ Chen
) /8 1840.1

) Nawn, G.; Vezzu, K. ; Negr o, E. ; Pace, G
taur o, P.; Di Noto, V. Strwuctural anal yse
sical Chemi st2rOyl29C 2O mi, AdAIBBBIYYsi cs

Hu, H.; Dong, T.; Swui, Y.; Li, N.; Ueda
i bl ock sul fonated poly (aryl einri &2 dhllee ke
nt for pr ot ond ocuornndaul c toifn gMam et iG&aBnse, sCh e mi

ang, S. He, Z. Wang, X+-i;ntWarnpge,n eGQ.r;a tLi
Kk membranes based on perfluorinated su
ed hydrogen crossover flomurmradt o ehheha
ochem0 2136|8830 c 0814y 08 .

moa s —
- ®d® ® ©
® O A

9épPTPEBrosity How it is created, how it af
o combine different 2@dhStatsp g lelsi paaweomec amp/pfl i
PTEEBTPBT ocsridajtu nocntpiea nf eolrhmawvascoemb-d infef-er ent

or og wotnieep |l i Catcesased.

cations handbook:

Q S DO~
5 O © ©
D T O
= ~—

) EbnEspanaed BTFE app
|l i caWilhisam Andr ew, 20

Chi sholm, G. ;,;-HyYytmaoged.fr&€mowster Lebgedtr
gy (Secobhdt Edetj oh.) M. E®I91. El sevier, 20

rn/'\

(98) Sun, P.; Young, B.;
air pollutants and gree
reformi nggnfvaciolhimeineal s

gowai ny, A. Lu,
se gas emi ssions
X E2 K -7TtIABOH ol ogy

(99) Wan, L.; Xu, Z.,; Xu, C Pang, M. ; Lin,
design strategy of the membrane elEncerrgoyde& as
Environmen2t0a2l3g 39i, dd3Sd 4

MC Yy


https://ipeweb.com/fluoroflex-eptfe/eptfe-porosity-creation-functional-performance-how-to-combine-different-porosities-in-one-application/
https://ipeweb.com/fluoroflex-eptfe/eptfe-porosity-creation-functional-performance-how-to-combine-different-porosities-in-one-application/
https://ipeweb.com/fluoroflex-eptfe/eptfe-porosity-creation-functional-performance-how-to-combine-different-porosities-in-one-application/

(100) Reduction, G. H. C. Scaling up electro
Il nternati onal Renewabl2® 2Bnergy Agency, Abu D

(101) Buttler, A.; Spliethoff, H. Current st
bal ancing and s eecttgoas caonHpd il apuge v s R e erwsabil eew .
and Sustainabl2d 182 e2-3h4DRevVvi ews

L. ; Zhang, J . ; Wang, J .

(102) Xu, Q.; Zha
I Dt ylzed :t ed teicng odestdemi @
7.

membr ane water e
eval ukgamndarogny2@h2e2m 1

(103) Li, D.; Motz, A. R.; Béd.e;, Ay er skFujK.moR.o
S. Durability of ani on e x cknaenrggey n& nionrvainreo nwaet |
Sci K4 6) ,-33393

i rshekari, G. ; Oui met , R. ; Zeng, Z. ;

uano, C.; Ayenmrfsqgr Man-e Maaatti, ¢ ks medmigrha n
de assemblies for advanced LporAogeom e X cC
itynasesseasmentl] Jounrmw4lq 2y ,-HEFBR6gen E
/doi.org/lO..1016/J.|Jhydene.2020.1C
(105) Ayer s, K. E.; Anderson, E. B.; Capuano
J.; Niedzwiecki M. Research advances toward
ECS tramrd9dl03 Lpns3.

n -

cost analysis proton excNatRig@ramamhbeakaew

(106) Mayyas, A. T.; Rut h, M. M.a;n uPiawd war ,n gB
for
Lab. ( NREL), Golden, CO (United States), 2019

(107) Minke, C.; Suer mé&mmu,s cM.e;n bBaeerhs m&Rnn || sB.i;r
a potenti al bottl ensclklien PtEMe wraedlanirti em dntaid di mo cdafy
Jour nal of HZ @ 241],g4e6n) ,E2n3e8rSg8yl D O
https://doi.org/10..1016/ ) .ijhydene. 2021.04.1
(108) Jang, M. J.; Yang, J.; LeeY. J.Yi rParXk.,;
Seo;H.M. Choi, S. M.; et al. Superior perfor me
me mbr ane wat ercocentercalrloddy sciosp. p epri ecso bfad rt  tolxke daex
evoluti ohourermalti oin. Mat2028G 8% ,-CAagDstry A

10. 1039/ C9TA13137J. DOI: 10.1039/C9TA131371J.
(109) Sun, Y. ; Liu, C. ; Zhang, L. ; Wa n , P. :
El ectrodeposition of Ni1T Fe Hydroxide Nano sh
Anode for Energy Saving ECremElod gyt HTCDF M Na2C
1044050.

(110) Titheridge, LecdnomMarmwmbadaeéell,i Ag af AEM
systems to identify ideal currentntdemmsatiyoma
Journal of HZW2Z D.ghetitOpESn:e/r/gdyoi . or g/ 10..12016/j . i |

(111) Department of Energy Hydrogen Program
MC g


https://doi.org/10.1016/j.ijhydene.2020.10.112
https://doi.org/10.1016/j.ijhydene.2021.04.174
https://doi.org/10.1016/j.ijhydene.2023.08.181

(112) Bipartisan Infrastructure Law: Clean H
Recycling, Funding Opportuni-FEQAANMNMRAELRMRC e ndd rfti ¢

D. o. E. H. a. F. C. T., Ed.; 2023.

(113) Zheng, W. i R Compensation for Electroc
Recommend&@8i BEner @ 283 edt)t,elr8s8 82 DOI :

10.1021/ acsenergylett. 3c00366.

(114) Liwu, J.; Kang, Z.; Li, D. ; Pak, M. ; Al
Weber, A. Z. Elucidating t he xrcdlaee gobfr anyedr o x i
water electrolgymenapeof ol mangR®6 RI6BH)Nhemi cal
054522

(115) Ito, H.; Kawaguchi, N.; Someya, S.; Mu
A. Experi ment al investigation of electrolyti
el ectitoteshnational Jour2md483 86) Hy@dBd68§6n Energ
116) -TRen,Yab., -W.. ;FarlwrmaingatZion str-me¢ &agleees of p

(
bi functional el ectrocatal ysts Grcreno\Eerealgly wa
Envi r 2rOn2é{ng ) -6 4632.0

(117) Das, M. ; Khan, Z. B. ; BanmepneieondM. ; nBc
and clhppedihoam architecture as an el ectrode
Cat al ysd®2432eldaly3 8 ha .t pBOI/:/ doi . org/ 10.. 12016/ j .c

(118) Man,-Y.l; -@Cal;l &juo,, HE. ; Hansen, H. A. Ma t
Kitchin, J.; Jaramill o, T. F.; NBrskov, J. K
El ectrocatal ys iCheomCaQz@htékny pu-. 1 @6 8 s DOI
https://doi.org/10.1002/cctc.201000397

(119) Hassan, N . u. ; Mandal , M. ; Zul evi , B. ;
i mproving anode performance in an al kaline m
ex per iEmmeerctt sr.o c h2i0On2420, @ 1A4c0t0a0 1 . DOI :
https://doi.org/10.1016/j.electacta. 2022.140
(120) Zhao, G.; Chen, J.; Sun, W.; Pan, H. N
efficient hydr odanw amxieda tFiumrc 2r0e@zhia? O gMa.t er i al s
2010633.

(121) Tian, L.; Zhai, X.; Wang, X.; Pang, X.
transfomimMaORo6 MNOOH modQDsatfeodr beyf fN ci ent el ecH
oxygen evolution reBkécobno ¢ IiiORBO& & |1A3cbBa2Be d iDWOrt
https://doi.org/10.1016/j.electacta. 2020.135
(122) Tian, L.; Zhai X.; Wane,as*x.d; olxii,delk. ;f o
oxygen evolﬂlOUDnareattMahEOZ&Q,QQ) Chamaeapry A
10. 1039/ D0OTAO05116K DOl : 10.1039/DOTA05116K.
(123) Kim, M. G.; Choi, Y. H. El ectrocatal yt
Fi bers by Mhrgramalc Metpalsi ti on for the Oxygen

MT N


https://doi.org/10.1016/j.cattod.2022.07.004
https://doi.org/10.1002/cctc.201000397
https://doi.org/10.1016/j.electacta.2022.140001
https://doi.org/10.1016/j.electacta.2020.135823

Water El Habhombyer RaDI2E3, 6Bas®0): 10. 3390/ nanol
NL M.

(124) Bai, L.; Hs
Atom Catalyst for
14199. DOl : 10.10

u C. S.; Al exanderDobdbl &.
h el OXny g@&h2eOnBE198)d 2u6t) i, © Nl 4RLeQa0C t
/' jacs. 9b05268.

(125) Man, . C.
Kitchin, J.; Ja
el ectrocatal ysCcC

u, H. Y. ; Call e Vallejo,
millo, T. F.; NBrskov, J. K
Mm@ a RO eV )s, ulrlfeabc9e s .

(126) Santor o, ;
F. What is Next in
and FOQhem®&u2OREHS)

A. Mustarelli,
ange Membrane W
-

i

X

0
) Wang, X. X. ; Hwang, S. Pan, Y. T. ; Ch
del ow, J . S. ; Su, D. ; Wu , G. Ordered Pt 3
lganic Framewor ks Nafommo 204§ dn , R4d&S8t DO :
021/ acs.nanolett. 8b00978.

(128) Xu, L. ; Ji n
nanosheets with X
5

a Q.; Xiao, Z.,;
0
Angewandt2e0 108,68 In7 )e -

L
vacancies and high su

iu, B.; Zhang, X.; Shioyama, H.; Muka
s i-or gamiatc tf mamawor k i nto aggl omer ate
de materi adJodromal i dfhiZR0odd0d,@NS BHRLE g Vv .

(130) Seh, zZz. W ; Ki bsgaard, J.; Di ckens, C.
F. Combining theory and experiment in electr
Sci d®5,56321), eaadd4998.

(131) Jiang, J.; Zhou, X. L. ; Lv, H. G.; Yu,
Oxygen EvoIuAd\oamd?aedachumeDBSE&alO)MatZaZl%ll&O

(132) Antoni, H.; MoralesT.  D.Mak g, BJ.t;zeKl eils
§chuhmann, W. ; Muhl er, M. Enhancing -t hpewat e
UK) Mn@2a.r nal &f0 1834 aB33N56.i S

(133) Meng, Y.; Song, WY.; Haainlg, 8HropRedyr Zc
Rel ationship of Bifunctional MRSQ2a bNaenost ruct
El ectrochemical Water Oxidation and Oxygen R
Al kal i nkowWrerala.of the AmennilelH63 20Q0h elMidc8a8l2 Soci
DOl : 10.1021/ja505186m.

4) Kar as, F. Hnsgt , J. Paidar, -M. ; Schau
hange capadietcyt i vfel aeiendom aniesnal journal of
4

(13
e X cC
201349, 1 0) /5 056025. 4



(135) Marino, M.; Kreuer, K. Al kaline stabil
el | me mb r athheesm Saun2IO M&HnB ) ¢5 BAL.Gui d s .

(136) Wright, A. G.; Weissbach, T.; Holdcrof
Power ful Protecting Groups for thregewaempdatrat i
Chemie I ntergatshfoh@a) -4B42811.8 o n

(137) Fujimot o, C. ; Sorte, E. ; BeiSlL , Kim, P&i
S. AKaitcal yzed benzoyl-Atdem pelaypli ¢irEll&fite D.i el s
19097.

(138) Pham, T. H.; Allushi, A.; Ol sson, J. S
exchange membranes functionali zed Pwiltylmeal i cy
Ch e mi290t210y, 4 3 ) 6 966935. 3

(139) Schalenbach, M. ; Lueke, W ; Stolten, D
permeability of the Zirfon PERILoO wremalr adfort He
El ectrochem0tlé6l3189¢i &tly 80.

(140) Lindquist, G.; Gaitor, J. C.; Thompson
Oxidative instabili-eycbtmegnénamer waterhgtieoxr
Energy & Enviradahan:.nt al Science

(141) Zhu, L. ; Pan, J . ; Wang, Y. ; Han, J . ; Z
Ani on ExchandleacMe mof & ale¥ F)s,-8 2841.5 DOI :
10. 1021/ acs. macromol .5b02671.

(142) Mohanty, A. D.; Bae, C. Mechanistic an
exchange membrawmrendluedf cMdtl2=x.124 4 8) ChEaHhBadr y
(143) Ayer s, K. E.; Anderson, E. B.; Capuano
c-y. ; Leng, Y.; Zhao, W Characterization of
cost el ECEr of g s280a81d3g,i28ns 121.

(144) Vega, J. A.; Chartier, c.,; Mustain, W

medi a on ani on eJxocuhrannagle onfe rAGOIAANE2SE D Lirr1€880%. 6
DOIlhittps://doi.org/10.1016/j.jpowsour. 2010. 065

(145) €®hoe FuY.i  motSo,; @a;l tloeneg, LK. T.; Ayer s, K.
S. Alkaline Stability of Benzyl Trimethyl Am
Computational andhExp ertir ge 200 224K d3%9 u-6 @#E3627. 5

DOl : 10.1021/cm502422h.

(146) Moteall eh, B. ; Liu, Z.; Masel , - R. I .
generation anion exchange membrane water el e
l i fetnmesnati onal Jounrmw®414, 6§ ,-B1g8BO6gOOI Ener gy
https://doi.org/10..1016/j .ijhydene. 2020.10. 2

R

(147) Buggy, N.-CC,; ;, SPufeV¥t;, ISuo, GEMsvoda, .
B. ; Herring, A.exWhaDegda ginomogmearnsi owmi t h or i ent ¢

MT H


https://doi.org/10.1016/j.jpowsour.2010.05.030
https://doi.org/10.1016/j.ijhydene.2020.10.244

separation atThhe SJidwremrali ndferR @gl$i(c3a7l) , € ReOmbiot
20605.

(148) Buggy, N. C. l nvestigations of I nterfa
Bl ock Copolymer Electrolytes. Colorado Schoo
(149) HerringG. ;A.Caug h IKiumo,, BM. B.; Buggy, N. ;
crdssnked triblock cationic functionalized poc
met hods of making and methods of wusing. Goog
(150) Wu, . Dunn, K. c.,; Creel, J. W ; Rad
Johnson, A. M.; Carmosi no, D. J.; Salgado, M
Bl ock Length Rat i emedfh yHopliyp(ewiindy-pnb bupme yokayr Nbeomea t
poly(vinyebédyzpl pEridinium carbonate) Bl ock
Membr ane EAG@StApplyised . P @I0»5%e8r) , NbaBt8e3r4i aD Csl
10.1021/ acsapm. 3¢c00414.

(151) Hardman, S.; Tal, G. Who Ilamrtee rtrheaet iecamrdly
Jour nal of HZ @ 148%,93e7n) , ELnTedr B8gby7

(152) Cullen, D. A.; Neyerlin, K. C.; Ahl uwa
L.; Weber, A. Z.,; Myers, D. J.; Kusoglu, A.
duty tranNsapaor e2 6 b6 159 y-4 7446. 2

(153) Zhang, T.; Wang, P.; Chen, H.; Pei, P.
membr ane fuel cel I-s tdoepg roapdearta thipip duinclaBnOdlirStd iraq iyt .
223 2562

(154) Kongkanand, A.; Mat hi as ,-pdWwerF.péerhfeo rpma |
of -plbat i nuaenx phan e me mbTrhen ej dwredalcedfl sphysi ce
l et2@¥76,7) ,-11327

(155) Gittleman, C. S.; Ji a, H. ; De Castro,
conductor-aguthyrvdleiadllpaldeabe V) c-2 6 B8 0

(156) Hamrock, S. J.; Yandrasit s, M. A. Prot
appl i dJdaotuirmmmd. of Macromol ecul ar 299046 3¢ e, Par't
21344 .

(157) Cleghorn, S.; Kolde, J.; HiawmdbW.okCatfal
fuel 22@3 | 6/ .

(158) Danil czuk, M. ; Schl i ck, S. Co ms , F D
membradée. Chemi stry of Membranes Used in Fue
Stabili d2athnoWwWi |l ey & Sons, | nc-53Hoboken, NJ,
(159) Danil czuk, M. ; Schlick, S. ; Co ms, F D
Membr anes Used in Fuel Cells: I n Situ Detect
MacromoPeoddz] 2%) -8984994.3 DOl : 10.1021/ ma9017108

MT O



(160) Pear man, B. P.; Mohajeri, N.; Brooker,
M. D. ; Cull en, D. A.; Seal , S. The degradat:.
el ectrolyte membranes inJextaeaadedff ZP®MWE,c elSlou
225-%. DOIlI: 10.1016/j.jpowsour. 2012.10.015.
(161) Endoh, E. Development of highly durabl
under high temperat ur eEcasn dT rlao2n® &i8& nki pdni st1y2 2c9o0. n d
(162) Pope, M. EncPolpprdmat afatesrganic and
2011

(163) BrowWmp, rGR.t;, NBAesi ng, W. ; Levy, H. Dodec.
hexahydrate, (H502+) 3 (PW1204031). The true
singrdystay And neutr dArntadi Chriyadtl dwmgdatphi ca S
Structur al Crystall odlroa’p/g ¥t ) a1@0B8By st al Che mi
(164) Vernon, D. R. ; Meng, F.; Dec, S. F.; W
Synthesis, characterization, and conductivit

a mdmaunary heteropol yaci d ofuorrnalE M ff upeolwecre |sl
200153092) ,-1541

(165) Motz, -CA.,;, Rie;rrHwma,, M. M. Synthesis of e
Silicotungstic Acid, Performance, and Mechan
Membr ane EQ®I| TrCan2d0al87,i89gns 565 .
Gu

(166) Emery, M. ; Frey, M. ; er
Pierpont, D.; Schaberg, M. ; Tha
exchange membE @GS eT rf aun@sl0a0idieil gl rss. 3 .

ra, M. ; Hauge
l er, A. The d

(167) Duncan, D. C.; Chamber s, R. C.; Hecht,
H3 [ PWlQait4dbl]lyzed sel ective epoxidation of te
reactivity, and stabidJournnalf dfPOtdh g WOmM€ rOi29 a 2
19915172 ) 6 9618.1

(168) Ssafari, M.; Naji, L.; Baker, R. T.; Af
EMI MBF 4, and mixed phases on electrochemica
me mbrhanter. nal of Appla2CMA73@8bYymed53808ence
(169) Takeuch.i;, Hi.r;aiKuoT,. ;A.Miyajima, T.; Ur at
Shinoda, W Hydrogen permeation in hydrated
effect of polymer crysThad |Jonurtnyala nodf eRjhuyi sviacl ael
201192333) ,-2268838

(170) $cigaga, R.; Wlochowicz, Act@rystallin
pol yme9 849fal )-1 915

(1271) WwWang, D. J.; Fang, Z. D.; Wei, X. H. P
of Polyoxometal ate of Ci pr oGHhHionxeasce nJ owi rtrha ll 20
Ch e mi290t025% 1 2 ) ,1 610660.0



Pe
19

(1

u, Y. ; Horan, J. L.; Schlichti
G. M. ; Yandrasits, M. -al .grelSyXi f
i ng study of the devel opm&mMt of mor ph
i nated #$Makfombie MRl B8) O HIERT .

D >

M.; Pierpont, D.; Tur

S, ; ner, P. ; W
or the devel oE®@GSNITr@mn2s@hGiqt 8 o
T
1

ns2 P el

USDRI VE fuel adm

hdt pe.chhwwwa ro
[ fi 6/ FCTT

e I eam
y.gov/sites/ pro d iles/ 2017/ 11/ f 4
!l www

)

g

S .

gy.gov/sites/ prod/files/ 2017/ 11/ f46/ FCTT
)

0

, M. Ha, P. l on chromatography and
effluent waXxcur mallr i nfg tolpee nElcd atcrua ¢ |
, 034526.

ndrasits, M. A.; Mar i manni kkuppam, S
[
I

;. Amedur i, B. ; Boutevin, B.
oride andubeadi md Pwll fyonreirc S
1r843841. 4

woco o
p—

uzzoni , S. B. , Gabriele Ricch
i on of H2 O, CH3 OH, (Cl ~O, CH3CN, and

rfl uor osul

fonic Membr anel oNiafniad n:o fAnP hlyR i acnad
9959, 31) ,-1192937

78) CLAUDE ROECHICEBEFO6LI M. F., RAYMONDS FRA

THOUVENOT, a. R. Vibrational l nvestigations

An

I n

St

i on
teractions in Molybdenum(VI) and Tungsten(
rud¢tnor g.l 9@282 Mm2A75 .

79) CeEdric R. Mayer, P.l Har,gamidc RHyberEi drsh ol
|l yoxomet al ates. 5.1 Synthesis and Structur

aracterization of Bi s(or gRinwlph®3ep(h{oRRD))2d]ed
org.19088m6-4528.

80)ShGyku Ki m, K. S. H., and Craig L. Hi || *.
operties, and Hydrolytic Chemistry of Orga

|l yoxotungstates of Formula [C6H5P(0) hX"1

* W, -n (VBN *= PS5 4,0rgi ACH)SM ) 1-D FB2B4L. 6

MT P


https://www/
https://www/

(181) -Wierigwierrsr e@. slprefcrta a o f -execrhfalnucerdi nmeetnebd aca
Pol ylIme®9Qq 3) -3 7347.1

(182) Thomas, P.; Pickering,-aWsoRplteooaf solu
spect rioaslcabptyslq 2 ) -1 3172.7

(183) Meni
emi ssi on

i O.; Rains, T. Sensitivity, dete
a
1970;-7@gp 4

S,
nd at omi c Arbasloytpitd aln Klpanbdp r pmegdetr rya
7

(184) Feng, K. ; Hou, L.; Tang, B.; Wu, P. Do
saturated Nafion membrane | osd@hiytss cabhs Chleend s
Chemi cal2OPbY, 44¢ $9 191150. 6

(185) Shimoaka, T.; Wakai, C.; Sakabe, T.; Y
strongly bound water on the sulfonic acid gr
spectroscopy and quahlmhwsan acale nChaearmi st2rioyd 5¢ hag mio
1714) -8884894.3

(186) Wil kie, C. A.; Thomsen, J. R. ; Mi ttl em
met hacryl atédouandl nafi applliootld do -Y0¥O.1 sci enc
(187) Nawn, G.; Vezz?Y, K. ; Negr o, E. ; Pace,
P.; Di Noto, V. Structural anal yse®hygbibhénd

Chemi stry Ch20mi2ea2l 0 )P, h1lyQsGi 8¢9s7

(188) G. BM.t,elMA.oM. SGonlc.Ealves, V. Sencadas, .
processing conditions, defects and ttlher mal d
phakeur nalCrofsthadn i n2e0 0386,H2 W&y 854D Q1 :

https://doi.org/10.1016/j.jnoncrysol . 2007.07

(189) Hoffman, J. RATI ONAL DESI GN OF PROTON
PERFLUORO POLYMERS WI TH SULFONI C ACI D AND

HETEROPOLY ACI D FUNCHé¢ ®OINAdLI TRE@Baetean $1gi n
Sciendéeo.

(190) Beaucage, G.; Schaefer, D. W -aStgrlwectur
scattering: a dmw apdo@richilcayfspmbailrofd, sol i ds
17,2 BDH .

(191) Mauritz, K. A.; Moor e, CRemBc alRt0db¢dei e Wws
10410) -4548563.5

(192) Rubatat, L. ; Rol l et, A. L. ; Gebel , G. ;
aggregat eBacmoNaf @ aif). eG) -4 045055.0

, A. Dur sch, T. J . Weber, A .

(193) Kusoglu
i 1| mA G’FSACEdnEchEDﬂ)ZﬁE(a27)Malt94¥956lal S

0
and Thin Fi

MT C


https://doi.org/10.1016/j.jnoncrysol.2007.07.012

(194) Reucroft, P.; Rivin, D.Eivaplmeii chere,r aN.t
. Wat ol wafea?3, 1 9) 5 156115.7

95) Tsubaki, S.; Hayakawa, ;S.Fujueda,S.T. ;WaM
oeohanced dielectric propertie$reffjupakcyoxo
ectr omagMettd 2i0 dligdlsv7e)s,. 120 2.

o U/
— = R

Ryu-sH. S. tyel¢i, mMltbJn.,| nSv.est i gati on of the e
e nanostructure of Nadrnmal amfd Mdtse rpir alt ©
2) ,-2028836

N O —~
O S P

S DRI VE Fuel Cell Tech Team Cel | Co
ation Curve Protocols for PEM Fuel Ce
/| www. energy.gov/sites/ default/files/ 2
ts(paon26sddpdf

) Yandrasits, M.; Lindell, M. ; Peppin, D
tabakken, K. Chemical StAachiid i(tPyFIoA) Peornfolr
rcuit Voltage (OCWNOurArcxle!| efr aTleael Hleesdt |
6,66 ) , -AFB2760.. DOI : 10.1149/2.0301806j es

|3093

Borup, R.; Meyers, J.; Pivovar, B. ; Ki
, M. ; Gar zon, F.; Wood, D. Scientific
g€Chdmit ¢ al?2.0r0&/0,(v 1le0wn)s -3 935910. 4

Endoh, E. ; Hommur a, S. ; Terazono, S.
e PFSA membrane and inflBencEr ars aetpiosn
0174, 1), 1083.

Endoh, E.; Terazono, S.; Wdjaja, H. ;
under | ow Hluend tdri d yh emBtda tt @ D2DBI{Sre)t,s d

>0
N MmN
oz o
O ThEF
Ov
(7]

) Cleghor mHai®sdb &Kok dJdiFumwdealumetaMallss, Techno
i cattbpbns Wil ey & Sons, Ltd, 2003.

- N

Bahar, B. ; Hobson, W.ttrRa n Koktegyral. cAn
ane. Googl e Patents: 1996.

3o T O
T W
- —

3/‘\ >
ON TN

D. ; Peng, L. ; Lai, X. Ni , M. ; Le
for the membrane IRemnawamdteomnaxch
2E0n1494, 8 y1 OROe2v8i 9e.wsD O :

.org/ 10.1016/ ) .rser.2019.109289

S| un—~
T TN
S e N )
~ o N
n Q@ —~~—
- = o
~s5@0
- — —
O T O C
oc—wu-
- D

Y. ; Liu, L. ; Li, e TARELINnf or.ce du,
ectr odée&xAhsaamglel WefmbrrEafeeaoghauirekl FQesll |
) ,-1118%7 DOI : 10.1021/ acs.energyfuel s

I\)Zf‘\
oo N
NI O
N3
NoT Ul ©

RN
)

s Santos, L. ; Park, J. W ; Wycisk, R
asi |, F. Di Not o, V. Membranes from

m
(59 Bt
(9]

MT T


https://www.energy.gov/sites/default/files/2015/08/f25/fcto_dwg_usdrive_fctt_accelerated_stress_tests_jan2013.pdf
https://www.energy.gov/sites/default/files/2015/08/f25/fcto_dwg_usdrive_fctt_accelerated_stress_tests_jan2013.pdf
https://doi.org/10.1016/j.rser.2019.109289

PFSA/ PVDF and PFI A/ PVDF Fiber SgEieoctngcherti V¥
.al

Society Meeti,n@O0ABbst Thet €1 228 r oc hledd & Soci
(207) Mayer, C. R.; Her son, P.; Thouvenot, R
Pol yoxometalates. 5.1 Synthesis and Structur
decat ungsoaSd sW1l0iO3ebt  J RBOY a B ] cl49CBIg MRi69 t-r Yo 152
6158.

(208) Deltcheff, C.; Fournier, M:aniFrnanck, R
interactions in molybdenum (VI) and tungsten
struthar g.19@282 mM2A76 .

(2009) Ki m, G S. ; Hagen, K. S. ; Hi |l I, C. L.
hydrolytic chemistry of organophosphonoyl p o
W11038)XX&h+= P5HnoISg anti)cl 9CHB24, Mi59 t-5 352341. 6

(210) Luo, X.; Lau, G.; Tesfaye, M. ; Arthurs
Kusogl u, A. Thi ck neesxsc hdamepgebnrdaennec e ooof p epartoiteobn. t
El ectrochemD2la6lB1B9ci 051 7.

(211) M. F. Rut h, P. J ., Ni cholas Gilroy, E |l

Amgad El gowainy T Thandedanectl Zabdy Economic Po
Concept within WNaei dOmial e ReSteavadd e Energy Lab
https:// www.nrel.gov/docs/ fy2losti/ 77610. pdf

(212) Fuel, C.;HHydopgrnr admamdEaiilopbl e pat
t he European ;enPeubglyi ctartainosnist ifnf i ce, 2016. DOI
(213) Santori, P. G. ; Mondal , A. N. ; Dekel,

ionomers on the electrochemficak aatakWysysofo
exchange membSuwustea ifrueed| e @HOA24Efr., gy, -3 F@@ 1 s

(214) Chae, J. E. ; Lee, S. Y.-¥Y. YoParbk, H.; SK
B. ; Henkensmeier, D-:b;a s®an dy déboonxdiiudcetPionh ¢ sit g m @ m
bi nder characteri st itexsc haamdy ep eredfreddiRIongEemMd rusert  an
202113, 5), 690

(215) Zhou, Y. ; Yu, H. ; Xi e, F.; Zhao, Y.; S
| mproving cell performance for anion exchang
optimizing ilomtoenteratcioonnelntJourR®®43 € 8) Hy B8R 6§ e |
5275.htDOps: // doi .org/ 10..1016/ ) .ijhydene. 2022
(216) -Haome z M. ; Gu®t az, L. ; PrintempHMd,; T.; Mo
BayGwi |l | emaud, P.; Chanddienzeoms,i oFn gl Geerbelly, siGs 0
i n fuel célhtuekecomin@d 4 dat i 622 9.

(217) Gupta, G.; Scott, K.; Ma ml ouk, M. Per f
grafted anion exchangépmeywbfteneyiwpobhypoVybnreg
based ionomer using Ni Co20Dducabahl gstPbobwer w80
2 01387,5 BIH .

MT Y


https://www.nrel.gov/docs/fy21osti/77610.pdf
https://doi.org/10.1016/j.ijhydene.2022.11.057

(218) Buggy, N.-CC;; ADPueny¥,; KKud, ; MWi |l ki nson,
E. B. ; Herring, BaseMd. TAiI Pdlox«t IColponeg mer Ani o
with High Conductivity anACPrAapxpgliicaad RMelcyhmeari
202 3) ,-13294 DOI : 10.1021/acsapm. 9b01182.
(219) Pi, Y.; Shao, Q. ; Zhu X.; Huang, X. D
segregatreidckelldnhucmmblc dodecahedra toward ef
el ectr ok@S aR®reIBIs7 ) ,-733 91

(220) Pavel, C. c.,; Cecconi , F.; Emiliani, C

Comotti, M. Hi ghly Efficient PlERItecnturno dGr oup
Assembly for Anion ExchandegbMemhdaereCWameere E
I nternati2”i®43 56d 1t3i8oINBh tDtOp s : / / doi . or g/ 10. 100z

(221) Vincent, [ X Kruger, A.; Bessarabov, D
assembly for | ow cost hydrogen production by
I nternational Jourmd47Z, €6 ) HY@08HEnDBhergy

https://doi.org/10..1016/ | ijhydene. 2017.03.0

(222) Zhang, W. University of Massachusetts
(223) Makhl ouf, S. A.; Bakr, Z. H.; Alyvy, K.
optical propertiesSupferC@ald ®4 crean @@aB4aMiladrims .t r u
117. hD®@Ilp:ss:/ / doi .org/ 10.12016/j.spmi.2013.09.C
(224) Far hadi, S.; Javanmard, M. ; Nadr i, G.
prepared by the tAkeéemam&Llhi dne & & G6f=ZD 20)v 8 idIBI 5a

(225) Esswein, A. J.; McMurdo, M:delp.e;ndrRngs,
activity of Co304 nanoparticlTeeadodesafononfaP
Chemi 2t0r03©1,333) ,- 158088

(226) -PLi;u ,Zh@.n;g,Zbyu;,; -Hi ,MA203 Holl ow Nanotube
Foam as Efficient Supercapacitors anAdCSEIl ectr
Applied NabhoOl2§121) e? 47H4.14sDOI : 10.1021/acsanm. 8hb
(227) Bhide, V. G.; Dani, R. H. Electrical ¢
compo®hg¢slioceal], 9) /82862 1hD@Ilp:;s: // doi .-org/ 10. 1016/
8914(619 90079

(228) Arbabi, F.; Kal antarian, A.; Abouatal/l
Feasibility study of wusing microfluidic plat
gas di f f Wwoiuam all aydr P0OMRE 8 164D r ce s

(229) Niaz, A. Kr.;; AWK, &Hi eX.t;s Pdr k,hel . oper at
degradation behavior of anionJeuxchmahgef meombe
Sour2c0e2418,1 22909 3.

230) Moore, A. Why i sHyhdyrdorgoegne nF ukell@ BNesws e x p e
ttps:// www. hydr o-igkyndduég-eews. com/ why

MT g


https://doi.org/10.1002/anie.201308099
https://doi.org/10.1016/j.ijhydene.2017.03.069
https://doi.org/10.1016/j.spmi.2013.09.023
https://doi.org/10.1016/0031-8914(61)90079-9
https://doi.org/10.1016/0031-8914(61)90079-9
https://www.hydrogenfuelnews.com/why-is-hydrogen-fuel-so-expensive/8558411/#:~:text=At%20the%20California%20hydrogen%20stations,to%20%2429%20at%20California%20pumps

expensive/ 8558411/ #: ~:text=At %20t he%20Cal i fo
9%20at W20Calif.orni a%20pumps

(231) Liwuwu, X.; Li, Y.; Xue, J.; Zhu, W ; Zha
et al. Magnetic fiedcoanadluuicgmmgntic hamhnet ablia@ @mn
me mbr Mate. Co2nOmld9g, 1), 842. DOI-01@86:2120 38/ s41467

(232) PrauseCohfl Cbapteel a0Ded to resources:
Democratic RepUhli MavokerCahg®asi,s Bolfe iEcnheerrg,y AT
Pehl ken, A. Eds.; Ach&lz2mic Press, 2020; pp 1

(233) Park, J. -H.; Kamg,JS. KY:X.LOhHOH. YS. ; A

SungE. Ykpiegghf or maeaxehamgenmembr an&l wat eochl|l mct
Ac R 8& 129,5-D@®6 .

MY N


https://www.hydrogenfuelnews.com/why-is-hydrogen-fuel-so-expensive/8558411/#:~:text=At%20the%20California%20hydrogen%20stations,to%20%2429%20at%20California%20pumps
https://www.hydrogenfuelnews.com/why-is-hydrogen-fuel-so-expensive/8558411/#:~:text=At%20the%20California%20hydrogen%20stations,to%20%2429%20at%20California%20pumps

APPENDI X A: COPYRI GHT PERMI SSI ONS

©@®

Attribution 4.0 International (CC BY 4.0)

This is a human-readable summary of (and not a substitute for) the license. Disclaimer.

You are free to:

& &
Share — copy and redistribute the material in any medium or < OVED FoR
format ppR 7
Wor¥®

Adapt — remix, transform, and build upon the material
for any purpose, even commercially.

The licensor cannot revoke these freedoms as long as you follow the

license terms.

Under the following terms:

Attribution — You must give appropriate credit, provide a
link to the license, and indicate if changes were made. You

may do so in any reasonable manner, but not in any way that
suggests the licensor endorses you or your use.

No additional restrictions — You may not apply legal terms
or technological measures that legally restrict others from
doing anything the license permits.

Fi gurRPerAmi ssion famdFiChwpe efjr 2nQ@ @& dBYW n4dd. elr
(https:// creativecommons.org/licenses/ by/ 4.0/

MY M


https://creativecommons.org/licenses/by/4.0/

Author: Ronald |. Stanis, Mei-Chen Kuo,Adam J. Rickett,john A. Turner.Andrew M. Herring

Electrochimica
Acta

Publication: Electrochimica Acta
Publisher: Elsevier
Date: 30 November 2008

Copyright © 2008 Eisevier Ltd. Published by Efsevier Led. All righs reserved,

Order Completed

Thank you for your order.

Investigation into the activity of heteropolyacids towards the oxygen reduction reaction on PEMFC cathodes

This Agreement between ChulOong Kim ("You") and Elsevier (“Elsevier”) consists of your license details and the terms and conditions provided by Elsevier and Copyright Clearance Center.

Your confirmation email will contain your order number for future reference.

License Number
License date
Licensed Content

Licensed Content Publisher
Licensed Content Publication

Licensed Content Title

Licensed Content Author

Licensed Content Date
Licensed Content Volume
Licensed Content Issue

Licensed Content Pages

B About Your Work

Title

Institution name

Expected presentation date

guz e

Order Completed

Thank you for your order.

5630340728821

Sep 15,2023

Elsevier

Electrochimica Acta

Investigation into the activity of heterapolyacids towards the
oxygen reduction reaction on PEMFC cathodes

Ronald J. Stanis,Mei-Chen Kua,Adam . Rickett john A
Turner.Andrew M. Herring

Nov 30, 2008

53

28

10

Efforts for durability enhancement for polymer electrolyte
membranes and electrochemical devices

Colorado School of Mines

Sep 2023

Rer mi ssion f

B Order Details

& Printable Details

Type of Use reuse in a thesis/dissertation
portion figures/tables/illustrations
Number of figures/tables/illustrations 1

Format both print and electronic
Are you the author of this Elsevier article? No

Will you be translating? No

& Additional Data

Portions Figure 1

or Fi

gure 1.4 was

This Agreement between ChulOong Kim ("You") and John Wiley and Sons ("lohn Wiley and Sons") consists of your license details and the tarms and conditions provided by John Wiley and Sons and Copyright Clearance Center.

‘Your confirmatien email will contain your order number for future reference.

License Number

License date

Licensed Content

Licensed Content Publisher
Licensed Content Publication
Licensed Content Title
Licensed Content Author
Licensed Content Date
Licensed Content Volume
Licensed Content Issue

Licensed Content Pages

B About Your Work

Title

Institution name

Expected presentation date

Figu3.e

5630341221415

Sep 15,2023

John wiley and Sons
ChemCatChem

Universality in Oxygen Evolution Electrocatalysis on Oxide
Surfaces

Isabela C. Man, Hai-Yan Su, Federica Calle-Vallgjo, et al
Mar 16,2011

3

7

7

Efforts for durability enhancement for polymer electrolyte
membranes and electrochemical devices

Colorado School of Mines
Sep 2023

Per mi ssi owa sf

B Order Details

Type of use

Requestor type

Format

Portion

Number of figures/tables

Will you be translating?

& Additional Data

Portions

3 Printable Details

Dissertation/Thesis

University/Academic
Print and electronic
Figure/table

B

No

Figure 3.3

ogrr amitgeudr eb y1 ..J60 h n

MY H

Wi

granted

ey

and



CK

ML

ChulQong Kim (Student) O & « & -~

To: vy Wu (Student) Wed 9/27/2023 9:15 AM
Dear Dr. lvy Wu
Do you give me permission to republish the following in my thesis?
» Improved Fuel Cell Chemical Durability of an Heteropoly Acid Functionalized Perfluorinated Terpolymer-Perfluorosulfonic Acid Composite Membrane, Journal of The
Electrochemical Society 2023 Vol. 170 Issue 2 Pages 024505
Please reply yes if you agree.

All the best,
Chris

Ivy Wu (Student) D & &~

To: ChulOong Kim (Student) Wed 9/27/2023 9:21 AM

Yes

ChulQong Kim (Student)
To: Matthew Lindell <mlindell@mmm.com> Wed 8/27/2023 9:17 AM

Dear Matthew Lindell

Do you give me permission to republish the following in my thesis?

» Improved Fuel Cell Chemical Durability of an Heteropoly Acid Functionalized Perfluorinated Terpolymer-Perfluorosulfonic Acid Composite Membrane, Journal of The
Electrochemical Society 2023 Vol. 170 Issue 2 Pages 024505

Please reply yes if you agree.

All the best,

Chris

Matthew Lindell <mlindell@mmm.com> @ « & -~

To: ChulQong Kim (Student) ‘Wed 9/27/2023 9:22 AM

|[:AUTION: This email originated from outside of the Colorado School of Mines organization. Do not click on links or open attachments unless you recognize the sender and know the content is safe.

Yes, | give you permission.

Thank you,
Matthew Lindell

ChulOong Kim (Student) ] & &

Te: Ruichun Jiang <ruichun.jiang@gm.com> Wed 9/27/2023 9:21 AM
Dear Dr. Ruichun Jiang

Do you give me permission to republish the following in my thesis?

Improved Fuel Cell Chemical Durability of an Heteropoly Acid Functionalized Perflucrinated Terpolymer-Perflucresulfonic Acid Composite Membrane, Journal of The

Electrochemical Society 2023 Vol. 170 Issue 2 Pages 024505
Please reply yes if you agree.

All the best,

Chris

Ruichun Jiang <ruichunjiang@gm.com= © « & o~

To: ChulOong Kim (Student) Wed 9/27/2023 9:30 AM

‘EAUTION: This email originated from outside of the Colorado Schoal of Mines organization. Do not click on links or open attachments unless you recognize the sender and know the content is safe.

Yes, Thanks Chris.

MYy O



ChulCong Kim (Student) 0 # « &« ~

To: Ethan Bloom (Student) Wed 9/27/2023 9:18 AM

CK

Dear Ethan Bloom
Do you give me permission to republish the following in my thesis?
- Improved Fuel Cell Chemical Durability of an Heteropoly Acid Functionalized Perfluorinated Terpolymer-Perfluorosulfonic Acid Composite Membrane, Journal of The
Electrochemical Society 2023 Vol. 170 Issue 2 Pages 024505

Please reply yes if you agree.

All the best,
Chris

Ethan Bloom (Student) ®
To: ChulOeng Kim (Student) Wed 9/27/2023 2:30 AM

R
B

Yes.

ChulOong Kim (Student) ©
Te: Craig Gittleman <craig.gittleman@gm.com> Wed 9/27/2023 11:45 AN

Dear Dr. Craig Gittleman

Do you give me permission to republish the following in my thesis?

Improved Fuel Cell Chemical Durability of an Heteropoly Acid Functionalized Perflucrinated Terpolymer-Perflucrosulfonic Acid Composite Membrane, Journal of The
Electrochemical Society 2023 Vol. 170 Issue 2 Pages 024505

Please reply yes if you agree.

All the best,
Chris

P.S. Sorry | just found a typo in the email. | would really appreciate if you can send me Yes reply again.

Craig Gittleman <craig.gittleman@gm.com> o &

Te: ChulOong Kim (Student) Wed 9/27/2023 12:03 P

G

‘CAU‘[ION: This email originated from outside of the Colorado School of Mines organization. Do not click on links or open attachments unless you recognize the sender and know the content is safe.

Yes!

(?;a‘;

Craig 5. Gittleman, Ph.D. (he/him/his)

gm Technical Fellow

Engineering Group Manager - Fuel Cell Materials & Analysis
craig gittleman@gm.com +1 585.953.5516

My n



J & & o

ChulOong Kim (Student)
To: seifert@anl.gov Wed 9/27/2023 9:20 AM

Dear Dr. Soenke Seifert
Do you give me permission to republish the following in my thesis?
Improved Fuel Cell Chemical Durability of an Heteropoly Acid Functionalized Perfluorinated Terpolymer-Perfluorosulfonic Acid Composite Membrane, Journal of The

Electrochemical Society 2023 Vol. 170 Issue 2 Pages 024505
Please reply yes if you agree.

All the best,

Chris

Seifert, Soenke <seifert@anl.gov> D « &« ~

To: ChulOong Kim (Student) Wed 9/27/2023 9:49 AM

|I:AUTION: This email originated from cutside of the Colorado School of Mines erganization. Do not click on links or open attachments unless you recognize the sender and know the content is safe.

Hi Chris,

YES, permission granted

Hope you are doing well,

Best,

Soenke

ChulOong Kim (Student) ® ] & & ~

To: "Michael Yandrasits' <michael.yandrasits@matthey.com> Wed 9/27/2023 9:22 AM

Dear Dr. Michael Yandrasits

Do you give me permission to republish the following in my thesis?

Improved Fuel Cell Chemical Durability of an Heteropoly Acid Functionalized Perfluorinated Terpolymer-Perfluorosulfonic Acid Composite Membrane, Journal of The
Electrochemical Society 2023 Vol. 170 Issue 2 Pages 024505
Please reply yes if you agree.

All the best,

Chris

Michael Yandrasits <michael.yandrasits@matthey.com> O « & ~

To: ChulOong Kim (Student) Wed 9/27/2023 10:06 AM
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Hi Chris,
Yes, you have my permission to republish the reference cited below.

Best Regards,

-Mike
ChulOong Kim (Student) ® I & & -~
To: Mei Kuo Wed 9/27/2023 9:16 AM

Dear Mei-chen
Do you give me permission to republish the following in my thesis?
» Improved Fuel Cell Chemical Durability of an Heteropoly Acid Functionalized Perfluorinated Terpolymer-Perflucrosulfonic Acid Composite Membrane, Journal of The
Electrochemical Society 2023 Vol. 170 Issue 2 Pages 024505
Please reply yes if you agree.

All the best,

Chris

Mei Kuo 0 H &

To: ChulOong Kim (Student) Wed 9/27/2023 10:28 AM
Yes.

Mei-Chen Kuo
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To: Dominic Carmosino (Alumni) Wed 9/27/2023 9:18 AM
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Dear Dominic Carmosino
Do you give me permission to republish the following in my thesis?
- Improved Fuel Cell Chemical Durability of an Heteropoly Acid Functionalized Perfluorinated Terpolymer-Perfluorosulfonic Acid Composite Membrane, Journal of The
Electrochemical Society 2023 Vol. 170 Issue 2 Pages 024505
Please reply yes if you agree.

All the best,
Chris

e Dominic Carmosino (Alumni)

To: ChulCong Kim (Student) Wed 9/27/2023 10:30 AM
Yes, | agree. Thanks

Dominic Carmosini
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