University of

Shefﬁeld

Novel -dodédemicropor ou:
gas diffusion | ayers
performance of pol ymer
fuel cell s
By :
Fernando Ruscillo

A thesis submitted in particdcddgrfaid fafl m=c
of Engineering

The University of Sheffield
Faculty of Engineering
Depart ment of Mechanical Engi |

Energy 2050

Augroei4



Decl arati on

e authoThesobsafismmyhawntWwer k. | am awar
e Use of Unfair Meanmedmwww. shkeifd$ i wdbdk ale
ously been presented for an award at th

I, t
on t
prev

h
h



Acknowl edgement s

Firstly, | woutldatddé skDer tMo heaxnineendd Insymai | f or hi
ment orshi p, and supervision itfthuelugbelul s mlgad
inval uabl e, and our numer ous di scussions a
exper.idnaen al so grateful to the supervision
Derek | ngham, Professor Lin Ma, Dr Kevin Hug
Theeekly meetings kept my workeoononttabkwoahk:
researikcing bveely gf uwio.ul d ahaokl DkeAhdy Heel ey at
gr enetnt or. Working on research projects with
| al so appreciate my friends and coll eagues
Qi zhi |, Jinbei, and Fat ma. l anavats aealhlhiyi bap
di scussions, particularly the coffee on Tues

Mo ha mmeAd dAloo s, deserves a special mention f
experi ment aabasnnmeogoutihpl nye natnidi grma Inttraei amanchgsaf ety st

|l would also |Iike to thank the CDT team at t |
and Dr Claudia Matz, Asowetl heias snyppoi enids t@lm
CDT: JeamakyRlahi ma.

|l am grateful to Professor Masamichi Ni shi ha
t hkyushu University | abs. My thanks al so gc
Birmingham for his assistance wiatsleimbély cel |

| acknowledge and thank the EPSRC Centre for

Fuel Energy Systems and the International F
support .
Finally, Il woul d Dorkienito dahrddy&n dhtpecgb aranthei r

support, along with my partner EIl ena.



Abstract

Pol ymer el ectrolyte membrane fuel cell s, k nc
are used in portable devices, stationary po\
resi gteanraad encshal | enge. This issue is particul a
compdi sfeerent | ayers made from various mater
make it difficult for electrons to pass throc
ar e particularly onbdbusenltayadr., Tnmaed e miocfr o T a
polytetrafluoroethylene, is typically applie
i mproving electrical contact and expelling e
Applyingsiada@ad urhil er opgracsugilfdwern otho | talyeer can
by reducing contact resistance while mainta
|l ayer, coated on both sides of the gas diff
components buthiicikommresase s fttladbehgeantehdetric
mass transport. This thesis investigates t}
el ectrical contact with effective gas and

performance.

The first research chaptesriaxaminnes otploeg opiesr fl

gas diffusion | ayers, cesmparde dc otad ed gasvaant
Speci,fiocallslimywg on wusing two different conven
mi croporous | ayer. The i-snivideesd imngiadri omo rroewse all e
effective in the fuel cel | due to i mproved
edd ectrical contact. Of t heutcmerbfoorr hd hcket jt ersh

t hese f i nidnthnaggroavtehregcraeto ns tmad e r e

Buil ding on
us |l ayer, toi dedtbhenfiecqpghraatciecon heGuda
I

mi croporo

exceptiona el ectrical properties, woaf sf si ntr
associated withonndragaeesed hgak nekeisfsf.,.usvul can bl
the two, were used to make the microporous

arrangement was foundcithg héewictah aVwylsdan alyleac
the bipolar plate.

Foll owing this, the research aimed to repl:.i
graphene facing tipedf®irpaodnegrt 9.1 aVYaer,i dws ugu aamgt |
sizes of pore.fdbmeeeswéendd etyersatcad por ous | aye
permeability andwpble mazertdisitngbgoodnel ect

Overalslit,udtyhiconcl udes dhatpdarhfeoerbrieaareasr from usi
graphene on the bipolar plate side and Vulc
graphene’'s unique advantages.
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Chapt:emtdoducti on

Energy is fundaméantfalcitla taitwisl itset ideervel op me
which in turn increases |living standards. Cu
fossil fuel s[:1]chsals o wiietnya ngryapdssmatinidecr eases.
l ed to an increasing usage of fossil fuel s.
are released i[n2JoOndeofatimboepmai a,, GEGgerimf ssa
i ncreaBsebr opodgeerniiveendlsdlOgfogest ed t o be one of tF
to cl i mdgt2d TcheeamCgdehe at mospher & ilgdtd) ei nfcrroena s2e7d8
ppm to over 400ndpupm, i @il BReAwto haal trieosnu | t of i n
emi ssions,ofnthee potequemti extreme wehamhee pat
the earthés cli4thate has increased
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Figure1-1 Globalmonthly mean of CQ (ppm)since 198(5].

1. Net Zero

Il n 20109, the UK government passed | egislati
emi ssions by 2050 [6é|TaheEasemhtiot i1o9n9 O0i sl ecvoen ssi st
ParAigy eewmleinegh aims to keep the gl obal averag

preindusfv?] dhel seelusi ty of the supply of ene
change are the major charldgdgaovgdd hec dmudearrrei eq ea
intention is to find the best wayafborddbtg
and r,eini aobldetr feud umeetdemands required to sus

[ 8]
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t zero can imeypachie eveducti on of the depen
urTcoeshi eve thi s, countries around the worl
d cleaner enp®lgy technol ogi es

spite this, fossil fuels stildl account f o
y to decrease our bemephdeincg oenéwabli é é€éne
newable technologies, such as wind and sol
en so, these technol ogi es ar edegfefnbdiecnttle e wi
atahngdrher ef ore are i ntermittent. Part of th
e hydroglehO]eScomramyy excess energy produced
drogen, for | ater energy usage will be cri
urces. Fuel cells will constitute a@yi mpor

mponent of the hydrogen economy.

Hydrogen Economy

the quest for adoptin renewabl e energy

g
ri ous bpuicreg selsean energy sources. However
rtain sectors persist, primarily due to th
e promising alternative to fossil fuels is
ter electrolysis. This method wutilises an
ement s: hydrogen and oxygegasds$isf ptbeees$
ovided comes entirely from renewabl e sour c
i g sexnedegynsity, l i ght wei ght and [ehB]eT hoefs ee | «
tributes make it a suitable option for tra

pe,l icmoemspr dd ggaud dgasbsu,almsnponi a transported on f

.2Hg¥drogen Producti on

taining hydrogen in its elemental form, d
b-omreabalbkeenge. Hydrogen is not naturally
antities for practical use; instead, It p
mbi ned with other el emenlt2s],Thsschmheae®ssathbd
traction methaolbdde as outlined in



Tablll&u mma thyd rodpg e d u tetcihonn[ d.1Bg s

Source Hydrogen Production Technique
Natural Gas 1 Steam reforming
1 Pyrolysis
Coal, Oil 1 Gasification
1 Partial oxidation
Biomass 1 Fermentation
1 Gasification
1 Pyrolysis
Solar Energy 1 Electrolysis of water
1 Photolytic splitting of water
1 Thermal splitting of water
Wind, Hydro, Wave 1 Electrolysis of water
Nuclear Fission 1 Electrolysis of water
1 Thermal splitting of water
Il n practical i ndustri al applications, t he p

gasification and reforming to producandynt he
COSyngiass aal uabl e gaseous mixture that serves &
hydrocanbohd hecayamgas wadgears eslhii fnt t ((WAGESr)e r e a
carbon monoxide (COX 10¢ladcdtos pwiotdhucwatammhaap a i
hydrogpeh3phHE carbon di oxide can Whhdre sgumbss g we
of coal , bi omass, and oi l of fers potenti al
industri al practice overwhelmingly relies or
driven by Ger ehtiigh iHh ffH8]resulting syngas

The production of green hydrogen from electr
years. The research into fuel <cell technol og
electrolysis and vice versahemmicah rtrkeacttbe
functioning in opposite directions.

1. 2Hg2drogen in Industry

Hydrogen already has an established gl obal n
pivotal role as an intermediate component in
and prevalent applicationedamibhg.f Adnrd tii o ntah
i's extensively-Tuoed cthini Gauki edc, Epsfsacrhnee x amp | e, a
producti on.

Looktiomgt he futur e, hydrogen is expected to a
emerging roles encompass iron and steel ma n u
and integration into the gas gried,saamonmngyo
hydrogen positions it as a key player in mul

efficientl3s]jol utions
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1. 2H8gdrogen for Energy
As renewabl e energy gains wi deaxwaa diapttuiroen, a

understanding its wunique <characteristics an
Specifically, the significant variability of
from traditional fossil ef wallrsr,enpgosges dmasjycsrt ec
engineered for more stable energy inputs.

I n response to this challenge, there has bee
energy storage technologies aimed at effecti
energy generation. A rangedof tkbcnpuogpiose,
pumped hydr o, compressed ad onebatggreesrage

[ 1.4]

Currently, electricity | &1pTihfifsi ciusl td uteo tsot otrhee
of current technologies and their re|[ ab]lvely
Hydrogen has an advantage over electricity a
The stored hydrogen can then be easilly6é]c,onv e
[ 1]7Fi g b2 ki s ptlhaey sdi f f erent types of energy sto
storage capacity and the amount of time that
arae range of different storage technology opt
short storage, | ow power vs high power requi
i Riglzelt is a flexible storage option that
provide power when required.

Large-scale
\ energy storagg

Hydrogen

Days Weeks

Hours

Redox-flow- batteries

NaS, Pb

Li-ion, NaNICl Batteries
ele

Minutes

2]
© — T T R
§ 7~ Super / Super-
% \_ capacitor I,‘. conductive | StOr:
“._magne
1KW  10kW  100kW 1 10MW  100MW 1000 MW

Power

Figurel-2 Comparison of different energy storage technoloffi8s



This elegant concept of wusing hydrogen as a

choice -fwal d agrgied st orage. Wi th its i mpressi
143 MJ/ kg, hydrogen can be effexdlilvelfyore mpé I
backup power generation. Not abl ye mitshsei ounsse, oaf

any surplus hydrogen produced can béasedur el
energy system.

Further mor e, when evaluating the entire | if
favourably to the primary alteonatbiavéernesn:e
primarily -doei tonatereoaof hydrtogteon,t hwehitcyhp iscte
chemi stries assioocni abtdetldO ¢wiitehs | i t hi um

On the other hand, i1it's important to highlig
gaseous stat-eomnnuwdmitrhee pmeacagss o forc can vceorntpirneg s
gapresents a notable drawbackTavdileehi cplnda esnpt
comparison of hydrogen and conventional fue
energy per volume. 1t is apparent that hydro
| ower energy per unit vol ume.

Tabll2€ompari son of volumetric and gr édudi2hetri c energy ¢

Material Energy per Mass (MJ/kg) Energy per Volume (MJ/L)
Hydrogen (ambient) 143 0.0107

Hydrogen (liquid) 143 10.1

Hydrogen (700 bar) 143 5.6

Methane (ambient) 55.6 0.0378

Natural gas 53.6 0.0364

Petrol 46.4 34.2

Diesel 45.4 34.6

Despite it being in its early stagesecdmdl ®ouwgrni

advancements are progrbsasedeleynwemgki mgonbeyh)
Hydrogen has a high potential, particularly
along with substanti al energy storage need:s
intermittent renewable electricity but al so
Within this context, hydrogen can be describ
energy vector is a substance rich in energy
energy. Hydr ogen hol ds t hetipoontse nbteitawe etno ceesntt:
decentralised energy supply and demand point
energy[48$temt he future hydrogen economy, hy
roles: as a chemikiadi*3feeedst ock and a fuel (



Fuel Cells
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Figure1-3 Hydrogenproduction andisecasepathwaysfeaturingfuel cells [16].

Hydrogen's versatility extends across vari ou
source when combusted, a reagent for synthe
source of electricity through faoaebtoeéel enefFug
l ong ter m, in tanks or underground reservoi

technol ogies capable of storfi2Zdd energy throu

Hydrogen as an energy vector offers a soluti

availability, and e[n2.1]rtoyndmeong eanl  @sowt et natimnadl kd id/
supply, as the main sustainable feedandaecrk wo
fr,eeassuming it is produced by water electro
The hydrogen economy iist niog Qglursd ady ddxpamdi i
enedgyyamads. examphe, near future, hydrogen wi
decarbonisation of the transport-dutgnasdct on
range fuel cel l vehicl es. Mor eover, hydr ogel

secwlbhere it can be balnedn dterda nwsiptphr preddti uirdas! o fuggahs |
purposes.

Fuel cells will be a core technol oFgygl&fe a f u
I n paritti cafiffaegrs a cl eaner, more efficient W
considering internal c ccnobAu stte@dolne resn ga mde ss t eaan

227} [23]

1.2The UK Hydrogen Strategy
The energy | andscape in andheUKeleals flbeem diyam

wi || be crucial to the future UK energy mi x.
the economy peakedoppedOt 6 %b468nNni i AaDRY a n
i mporter in the 1970s, the UK shifted to a n
and gas, though it returned to being an I mpo
of all main fuel si buytebpoamer af oettleéettrsct

mai nly tFo gl @enscheows t he energy swpRpl.y of the
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Figurel-4 UK energy supply24].

can be observed that UKAdimsergey hmsodeeni an
redKfeudln i mport s, which doubled and reac
orts surpassed domestic proaumgvo ok th 201
i mports below production | evels until 20
rts to satisfy the hei¢g®t epnaendd edne ma n dT hfe
inued into 2022, withLitgue f Uk d!l &Nae ua @il ng
sification capabexlpiotrite se nteor giymptoorTthmiaa nndh latsl
o derceleciamrece owhRobhswas gasriti dale emerg
i nvasion of Ukraine. I n 2022, there was
, petroleum product s, and gas, despite a
ctricity.

he UK has an i nterteactkrliisBnigpgeerggerggcumpobytan
eliance on fossil fuels and turning more to
f 1 ts primaowachengyndtriomes (34% from bioer
ower , and 20% f[r2odmh Hwshadr iea&lrlgy,) t he UK's
onti nuoue¢l yir®heiod wleidght s that since 1990, th
n coal usage, an increase in gas, and a sur
have seen substantial growth from 2000 to 20
firgaus i n 2022, wi t h  withnmodu r gse naenrda tsionl ga r 8 Op.r 30 dtuecri
hours, even though wind spde#ds were bel ow th
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Figurel-5 The UK energy mix since 19924].

By 2050, electricity demand %tmoth@O0 WK dmrsi wewean
growing reliance on renewables, nucl ear ener
capture and stor pg.6] THICsSS) d itwerhsniofl iogayt i on ai |
energy security but al so to meet stringent
Cli mate Change Act seeks to reduce the UK gr
to 199P6] evels

Hydrogen wi |l | play a key rolachreeawveadggupinryi n
reliilalb vy, adrhadr dailslitilaiistrsya bpr evi ousl y di scussed
technol ogies face issues with intermittency.
role in tackling this issue.

Further mor e, transportation in the UK <coul d
hydrogen and fuel cell technology. Transport

t he UK, with energy gene[rZa@lilonn effoflolrotwsi ntgo cnhi

emi ssions, the UK has been incohypompaoptiergdel e
buses, into its public transport system. E I
hydrogen counterparts because the recharging
be found in most major UK <ci tfiuveesl.| eTdh ebsues ebsu,s
emit pollutants directly during operation. I
upstream dpurrodnugec ttihon ofusbdSttweiledrhavecshow:
el ectric buses sadiragatfgesr nefyfsi ewihemte alssohydr ogen
best suited [®»6] 1 ong distances

Looking ahead, the UK plans to ban the sale
hybrid vehiQl7TéShi bym@W&5i s expected to signi
el ectric andephywevetden!l egseli n the transport ne



the country's environment al goal s by potent.
from the tf&2A$port sector

Lowarbgdrogen is crucial for the UK to meet
t he -2mMi3dds goal s outlined in Carbon Budget

decarboni sdteilcectofi f Wase@ctors of the UK =eco
alrtneat i ve for energy across power, heat, an
geol ogical attributes, along with i1ts robust
gl obal l eader i n opeo hiytugneonee @ast see cetcoorn,0 nwict hb e
The UK government has cbobemmt peli ty £sambWosk
| ovar benhnol ogi es, aiming for a hydr[o2g8¢n pr
This target is intendedtashaeveuhdaurenchaobs®
the ultimate goal of net zero emissions by 2
|l ntroducing hydrogen into the UK's energy

i mproving security in the energy system. To
policy reforms are necessary to maditfoy saemrdr
|l ohgrm i nvest ments.

Further mor e, a detailed hydrogen roadmap i s
met hods for the short, medium, and |l ong term
of feedst ocks, fluctuations m@aindesf,utuhe i mea
environmental regulations (for example, carb
patterns, as well as the technol ogical read.:

for hydrogen and of wsdlgndadlilc atngdlyn elndiqaines tt he
the UK's energy system.

1. Fuel Cel |l s

Fuel <cells are electrochemical devices that
(DC) el[ex%]Mihei py i nci ple of the fuel cell was
Grove. Grove carried out experiments with el
t hat if electricity could decompose water i
gases should produce electricity and water.
a "gaseous voltaic battery." When hydrogen a
generated, and water was praddudbdededseganhypryao
the electrolysis processes hbAwdtbereated mbhaea
proddadg

Al t hough his invention did not i mmediately I
of the fuel cel |l was revolutionary. 't demor
chemical energy directly i ntpaog oeleescst.ri ci ty th
Unli ke a battery, whi chheaemdtdrmdrtuint weuntt o fa rceé afru
Fuel cells can undergo continuous operation
as a fuel cell is not combusting fuels, it i
cydlsdhe t heoretically most efycient heat engi
[ 23]Fuel <cell efficiedetaSweicltlindne3 .dli .slcussed i



1.3Types C€tl Fael

Fuel cells are wusually classified by the typ
of fupBOtells

T Phosphofiuel acied | s

T Al kafuak cell s

T Mol t en daredormrcetld s

T Solidfaeildaeel |l s

T Pol ymer eflueeclt rcod lyltse

Pol ymer d lued tcreocall yiftaer t her be classified deper
met hanol is used, this is a direct methanol
pol ymer el ectrolyte memhdrveganet diufefl e rceee bl & yYEdVE-
di scussed in more detail

1. 3.Plhadsphoric Acid Fuel Cel | s

Phosphoric acid fuel cells (PAFCs) use phos|
porous carbon electrodes with a platinum cat
and oxygen to the positive electrode.

Operating temperatures air2ed OtAyCp. i cTahlel y |iant itnhuem
be susceptibl e tthhey COope®mn sbmnéeéhgsuppl i ed must
[ 3.1 ]PAFCs were the first fauped i matillsytosée Tor
power generation. PAFCs can ach4 2%.e TPohvey at &
achieve higher efficiencies of ar-gemer a8t5i%0 nv
Sy s t[e3ms]

PAFCs tend to be | arger and heavier than oth
makes them more expensive to mlakre talkse tdhatyalrye

1. 3 . Al.Kaline Fuel Cel | s

Al kaline fuel cells (AFCs) typically use co
el ectrolyte. They ©2h0 o®.erTaht ey bhea we efno RMdA Cwi
space industry for ,obhbsar & pawert ogetnheeriart i pm

reli §BR2Ni ty

AFCs can achieve high efficiencies of aroun
poi soning by small [a3nd]uimtiss arfe acnasr i dimtd iAdXCisd &
supply to operate as they can be susceptible

1. 3. Mol3ten Carbonate Fuel Cell s

Mol t en car bonat e fhueylle ncpeel flase U(rMGHds.) Capreer aat i n |
range bet we@hWAGOOMCFCs are constructed from
from Li-Ma oconmpounds supported within a poro
typically wuse Ni with Cr or Al additive to p
openag temperatures, they dd 3nlogt require a ¢

MCF Cs , unl i ke, ucsteh ecrarfbwenlat®elilosns to carry t
el ectrolyte. MCFCs can achieve efficiencies
[ 3.1]
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MCFCs are used mainly in stationary power (E€
together in combinesdsh@@smaasdi posvefr  @HPD S s
plants could be used as an i mamut i amwpd otvleu e f i &

[ 33]] [34]

1. 3.80l4id Oxide Fuel Cel l s

Solid oxide fulkilglempéeé sat BIOEE)| :ar eTheyioper at
1000AC and the high temperatures mean that |
are not necessar-por cSusF ésaisce szi raconona compour
electrolyte. The electrolyte conducts oxyge
temperatures enable the high ionic conductiyv
t he degradati on SdOfF @t®h en omha treerqiuailrse uas ecda.t al y st
effectievalf®8uakf ac

SOFC have a high efficiency of around 70 %. I
up tiod8 5848 However, due to the high tewmperatu
t i nfe3sl ]

SOFCs have the potential to use CO as fuel
app!l i cRa&D otnaarrgee tasiomi anlgl ow t h e nc o-eok rbigvaffdi4]l | e d
[ 3]51]

1. 3.0i.r5ect Met hanol Fuel Cel | s

Direct met hanol fuel cells (DMFCs), use met
were developed because methanol has a high:i
hydr ogen. This gives methanol an advantage
Furthermore, -methanbkemisah tbwt can be readi

DMFCs to be a promising option for portabl e
phones aph86] aptops

DMFCs work in a very similiashatayl ituiPE MRe&tsh a
supplied rnat Heére tamar ehy dr ddiem oxi di sed in th

gener at eydrOogen ions and el ectrons.

DMFCs have an ef fiiZi% nclyhiosf iasr qund el 9 ow and
Cr eosvser @ fmaen o dtehcead hode. Crossover can al so cau
cat dI13ylgft Pl ati num catalyst | oadimgPkMFG@, DiWF Csa
|l east one or[d®0] of magnitude

1. 3.Ploléy mer El ectrolyte Membrane Fuel Cell s
Pol ymer el ectrolyte membrane fuel cells (PEI
electrolyte. They also have porous carbon el
relatively |low tempda08ACrePEMFCbehaeent Hh@Aa@
st-apgti mes. However, the platinum cat[a&@8Illyyst i s
Due to t hBe-apttigueelc&tliigehltywedgHtow operating t
PEMFCs are thought to be the most versatile
applications they can be used for. PEMFCs wi

sections as thitecwinloll oy t me efsuelgadceldl i n t hi
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1. 3FRel Cell Applications

Fuel cel | applications can be divided into
transportation.

1. 3.Rorlt abl e

Portable applications include mobile phones,
Il n the technohegwemar &dasmamdli gmabndy-ll @antgi ng
power sauspoprle epsdwe ialt els d ev erleogpueidr et haatst eady sup
electricity. Fuel <cells are well placed to c
good ener gy demdboidtuy [aZdiltryabi | ity

1. 3.2t.a&2t1i onary

Stationary applicati greseasadunme n.l yT huesye dc ars L
primary power source, in place of the el ect
systems. A particularly successfysit@rBpl scat i
promisingtapimlei auasteidoni n  c onj uSwycsttieoms wiatnh bfeu e
natur al gas or hydrogen. Tdires yhHPh raohnii esremda t | n ¢
current (AC) | pgvwaehdeeaat! ofnoghse sdpea @ g and [d3o/mest i C
Japan is a gl obal | eader in fuel cel | techni
map for hydrogen and fuel cells, 5.3 million
by 2[033800The CHP wunits typii0al7lby kMWavercapactt.i
water gp88}ation

1.3 . 2rra3nsportation

Transportation is one of t he vwadrglgle'sshl pehenty
consumption is highly dom4.0pBaetdt ebryi etsh ec utrrraenns
el ectrical vehicle technology. However, fuel
energy density and quicker refuelling ti me.
technol ogy are avai ltahbel eTooymttah eMi marn k e tHy ulna a
Clarity.

Over recent years, fuel crrdbeererhgail misn§omous
The Clean Hydrogen in European Cities (CHIC
building up a fl eet o f h[y4ddlr JoFgueen  fcued Il  cbeulsle sb
promi se as they meet sustainabl e performance
Al so, the commerci ali piricajbedt &dgectoeh pmmomée t yc ai k|
théossil fuel counterpartg 4Ry the end of the
There are stildl maj or barriers that must be
storage, hydrogen delivery infrastructure a
technol ogy can be 4d3¢lpl oyed with 1 mpact

1. 3F8el Cell Working Principles

A fuel cel l is a device that facilitates thi
this by a series of oxidation and reducti on
pl ace on the surfagiet b&ttevdee ncathael pstectwhidels
[ 4.4]
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As il luBitgm& ed hienprocess begins when humidi

side, hydrogen molecules are then ionised at
H'i ons. The electrons generated from the ion
an external circuit, producing useful DC el ¢

through the porous gas di f f ustihoen olxayygeern taotwoant:
with tdhes Hand two el ectrons from the externa

Load
2

—

)

Fual in —l 17 Cigldant In
H_;' ] «C:'_:
L. o
FPositive lon
or ]
MNeogativa lon H.O
I
H.,x
Depleted Fuel and ‘ Depleted Oxidant and
Product Gasas Oul Froduct Gasas Out
Anode _i T T— Cathada
Electrolyite
{lon Conductar)

Figure1-6 Diagram of aroperatingfuel cell [45].

At the anode si de, an oxi dati on driesascoicin dbaat etsa k
hydrogen ions and el ectrons.

Anode reacti on:

0 °9¢0 cQ PP
The hydrogen ions travel through the membrar
travel through el ectrodes and an external ci
of a direct current
At the cathode, oxygen is reduced and i s tl
el ectrons to f orpm ondautcetr .c rTehaet enda tier thlhye el ect
expelled from the fuel <cell along with exces

Cathode reacti on:

gﬁ ¢cO ¢Q °© 00 ol

13



The overall reaction for the fuel cel | i s th

o 25 ooy ”

1. 3. Bhelrmodynamics of PEMFCs
The overall fuel cel | el exst roarhelme caaébemei@anct i
The heat produced from thig 2t9¢acti on can be

Yo Q o -0 p&
Whetrkcehange i nY®ntamal phye aits off for mati @n. of ea
The dfeator mation @861 kqumdl waterR5AE€. The he

el ements is zero. Therefore, by substituting
YO cquyom T pd)
Yo cuy@pacia P
El ectrochemical reactions involve a transfer
The Gibbs free energy is the maxi mum amount
fuel cell . 't i s related t ol etchter intaaxli meunme rcgoyn \
reaction. The Gibbs free energy also shows i

as f dl219dws
yo Yo WY P&

Where the Gi Vfs efqrieth seamger gyn €nt hal py minus t
by hcehange i ¥XYAht25AE€, (from the 286.02 kJ/ mol

kJ/ mol is |l ost as heat and 237.23834 kJ/ mol <can
El ectrical wor k must now be considered. El ec
®w & 00 PR

Whet Bneumber of el ectronsg)  r el aerasckca)d sa nadhres tr aemte
vol t@Qge (

El ectrical work can be equated to the Gibbs
® Y0 P&y
After cemqmbaniogs 1.8 aodlll. pptéehei aheofetita

expressed as foll ows:

Y

o YO -
5 PP
The theoretical reversible potenti al of the
C OHT :
T opryft Y PP P
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Il n thiOsscabe, reversible voltage of the fuel

possible voltage that the fuel cell [} oDbt a
1.3.3.1.1 Theoretical Efficiency
The thedrfetciieanlcy of a fuel cel | is the rati
With regards to a fuel cell, this would corr
output, in the form of Gibbs frewr femreragyr.e®ds
is transformed into electrical energy,, the e
the higher heating value (HHV) of hydrogen i
be generated framttimmen ©dmpl anod odmbhydr ogen
this mixture is fully combusted and all owed
only liquid water wil!/ remai n.[ 2I3hi s process
The fuel cel l efficiency is defined as follo
YO

R o) PP ¢
Substituting in the Gibbs free energy and th

oy T

- ob o

cwﬁpcw PP
The Nernst equation 1 s an expaierscsuiotn wdl ttahge
function of temperature and pressure. |t 1is
in nonstandard operating condfia6lJons. The Ner

6 © *Y"YTG 08
:0' 7 PP T

WhefOe,s the theor®itscaahevohitageahnNgassicoag
shows that the higher the parti al pressure o0

15



1. 3.Bal2ari sation Curve
Performance | osses in a fuel cel | can be ch:
curve represents cell voltage abBiglUfanction

1.4 — A - e
theoretical potential (1.23 V) \

equilibrium potential at actual T, P,C -~

- activation polarization losses

Ohmic losses

——

Ty s =

cell potential (V)

02 | . actual polarization curve / .

0 500 1000 1500 2000

current density (mA/cm?)

Fi glhfFeueellpdg | ar icamy 8.6 h

The | osses in a fuel cell can be categorised

T Activation | osses
T Ohmic | osses
f Concentration | osses

't i s Iimportant to note thatndthedir®egrn eothes arfd
modes of | oss contribute throughout the ent.i
in the regions highlighted, they are dominat
the polarisatiomldurlwes sies momtunbgtue, throug
regi me.

1.3.3.2.1 Activation Losses

Activation | osses dominate at | ow current de
overcome the activation energy of the el ecHt
Activati onl opsoslehst pasmad e mih on t he el ectrode r ec
occur at both the anode and <cathode. Howev
overpotentials, thus | osses are |l arger at th
to be Ineegasi gtihbey ar e swer widrmaltlhei taddhmomari Ac
can be expr ess\éad nuesri npgd:& htei oBBrut | er
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’F’YuY ‘ :Q
— | -8 tg PP L

WherYes the wuni ve'Nssalt hgea st|etnsmetrta@tnutrrea n@ fser ¢ o ¢
t he Far ad®ys ddires tcaunrtr(einst tdheen srietfyeraemdc e ex c han

1.3.3.2.2 Ohmic Losses

Ohmic | osses occur because of el ectrical re
resistance in the electrolyteidResit®tamee i hh
resistivity properties of the materials fac
hydrogen i1ions flowing through the membrane ¢
|l osses can be p2Ptessed as foll ows

- Qy PP @
WheiWes the current density and R is the tota

1.3.3.2.3 Concentration Losses

Concentration | osses occur when there is a |
takes place when reactant gases ar er ecaomntsaimte d
gapsar ti alWlpircelks suecuoces, the voltagaetdhe ¢her &t
densi ty f r\oonh niehre eBjwtalteéron. The surface concer
reach zer ogifss thengsemaed anaster than it can d
density at whical tddstbecluirmi iting current de
can be expr g29gd as foll ows

Y 0
- —8 89 o PP X

Whekgé&s the charge transferred

Overall, an appr oxi maattiioom ocour vteh ec aPrE MFeC sphod varr

equation, considerifk®]all the | osses discuss
0O Orr - - = PP Y

1.3.3.2.4 Other Losses

Fuel cells o ser emihndin tl es®snes, which can cau

classified as fuel crossover and electrical

1.3.3.2.4.1Fuel Crossover

Fuel crossover | osexedi see bwpdsedewhfktunelncros

me mbr ane, It then reacts witamowpgeéeredahytdhe

peroxpdedbgt and creates an dwdrlhael | c rdorsospo vienr

reactants in a fuel cefl elcdaangeriadldsad i bea andaij

Crossover can cause the Nernst potenti al t o

concentrations of reactantsusaudalklpyei gabbhéyst

17



1.3.3.2.4.2Electrical Short Circuit

El ectrical short <circuits can occur when t h
This is not so lmuwempeff attdr exeddes fSarcnorses PEN
commomi g @mmpefaebreell s[ 44ch as SOFC

Both aboltahsesses cause a small amoun,t whfi cihntiesr
knownihawr raent | eako. However, these | osses al
because the rate of hydrogen permeation or ¢
| ower than the hydrogen consumpéenbngeédé&pated

1. 3. Bower Density

The power density of a fuel cel | i's an i mp
polarisation curve to help understand fuel ¢
optimum point of fdehsicteyli o pgiraemolmy: Power

0 Qo PP W

Whebvies the powefd Mdentsh e yc | W & mtavndde ntsh & yv o |At/ ¢
the WEI gLb§sehows an exampl e ofcuaavreds etl hec erl ds ule
power density curve.

0.9 -+ power density -+ cell potential
o 0.8 o "
;S 0.7 P
© E0.6 ; > o
2
@ » 0.5 o=
3 g /’/
R = |
o gO.S } /./' :
7
Q. 0.2 " /// \. |
% g
0.1 {ESE
0 &
0 500 1000 1500 2000

current density (mA/cm?)

Figure1-8 An example of a fuel cell polarisation curve and corresponding power [@8\ve

The power density of the fuel <cell i nNcrease s
maxi mum, peak powmax detahse tpya weArf ttelren hdtsart s
' i miting current density S reached. The p
pol arisation curve can be a good indication
current densityoanbeapeaktafiet bbopewer densi
out put of t he -offfelofrec@dpher althiest padet I's that

18



efficiency isnbét at its optimum due to therm
cel | is usually in operation below the peak
considering fuel cel | desiagnadldat wenegni neeea ri ant
efficiencies and power density output.
1. 3.Bl.edctrochemical | mpedance Spectroscopy (
A technique to measure voltage | osses in a
spectroscopy (EI S) . -sTihtits met hmo &c oafmoan &l yssierdg
cel | and it can be wuseful I n dseteeemniusegdw
experiments when consideri-sigdeéetieMEbntadtedes
[ 4]8.]
EI'S assesses the impedance response in an el
signal over various frequenci edédCanldchime arseu rhiomnd
the resulting voltage and current responses
the AC version of Ohmdés Law:
v @
0 p& T

This takes into account the fr eqegeunactli. d&ile pe no
[ 4.9 ]

o W 0 &

1 00 pPg P

Whe d&le i s ftrheeq tdeemoeynidnepnetd jnge®i s t he wvami@ a g e
the carrent

|l n PEMFC, EIBi i Bi coaduicmetded cur-Irieméd amiatnyg eo ft
pol arisation cudveeamd coaidnt aomsnedthe techn
independent| y anal ysing t he di stinct fuel
conceminr adsses) each occurring at different

of these | osses at specific frequencies.

EI'S data can be modell ed using ameimbalaamrt (
el ectrodkeeatss eceadt laglayasht a aryeesri st or and capacit
another resistor symbolising the membrane.

resi stanatal yasntdt Hahyeere | e c t-Ir my drre ma tc allhext deulbdloat tr ¢
interface,Fiagl9%depi cted i n
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Cathode
R.(C)

Electrolyte

R-;L"J;l

Anode
R A)

1
i
Cy(C)

CylA)

Figure1-9 Equivalent circuit for a fuel ce[b0].

Il n EI'S measurements,
represented through
di splays these

shaped curves

Bode
camp ¢ n-axmitds yaé spme@c ttihwee Ixy,
t hat

i mpedanc e migg icaoanaplyoyngeehdt s
magni tu

phase, Bode

refl endats.t HFeors yextaanmpWee , d ias t
Ny qui
magnit

ti menstants wi l show two arcs on the
frequency against phase and i mpedance
0.25 -
Ohmic Cathode activation
losses  Anode activation losses Mass transport
02 k [ losses l l losses
.
l ’ : )
L ] * . . *
i 0
0.15 ] -
* ¢ o
—
S ol
en
« .
E
N 0.05
Ruc ) Ry -
0 T T T T -
0.2 0.3 0.4 0.5 ®0.6
20kHz 1kHz Inductive effects .
-0.05 . .
005Hz® o g 4 ®
High Frequency- Low Frequency
-0.1
Zreal (Q)

Figure1-10 Typical Nyquistplot [51].
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Il n Nyquist plots specific to PEMFC EI'S measu
hifhequency intercept on the real i mpedance
frequency resistance, -tdleatf eadrsd otslsnmd d e aarmrcd rle
represenrtel| atad dh oldedEsrseecgu e My rhe ggihst ance, oft en
resistance, actually includes various resi s
resi stances. Anodfet rkeisnuehttiac ss,mald d iemrg rsapmed,i mes
with the width of each arc correlating to th

Asgharf[i5&mpladyed EI'S to evaluate PEMFC perfo

parameters, i ncluding clamping torque, asser
Key findings indicate that opti mal clamping
resnicseesa.-unNdmr m assembly pressur e i ncreases
transport l i mitations, whi ch ar e mitigated
temperatures enhanced fuel <cell performance
i mroving membrane hydration. EI S -ienff frercd ¢ eved ,
showing reductions in ohmic and charge tran:

density reduces chargelowahsier ressisstacee d:
membr ane hydration.

Brunetfib68¢edaEl S for PEM fuel <cell tesfting a
r etail me diagnostics. They developed software
constrained environments such as vehicles a
software module that model s el eaitdiogl ioi opt
fuel cel | operations by adjusting parameter ¢
vital for ongoing performamaragemehbriagsupan
operation and preventing failures through ta
EI'S has proven effective in analysing how f
fuel cel | |l ayer material s, di mensions and c
overall perf ormance changes in the fuel <cell
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1. 3PEM Fuel Cell Components

This next section wild.l explore the individu
particular emphasis on the gas diffusion | a)
t his Rihgelstii.spl ays the dt hadeémenitt ctoenp@antuaneéehb
sequence in which they are | ayered.

Catalyst Layer

™S

e

e

x
Uy

v TR
» GoL | | i
. ’ . . o
- |€<— Membrane

~8

g

O

MEA

o
/_

Gasket

Porous
substrates such MPL

as carbon cloth

Figure1-11 Components of polymer electrolyte membrane fuel célEMFQ [54].

1. 3.Bli.plol ar pl ates

Bi pol arPPpl atrees alBo known as fdumw ffoirenM dimsltatie
of reacitmme ®PYaslescell . They also act as curr .
stack, they interconnect the anode and cat hc
BPP will be the anode and cathode current <col
structur al support. Graphite andPRadasedt mey
provide good etycandcatroonhduati support. Th
waste heat away f[r®5n BtPhPes RaEcMFOQI ndt afcokr 80 % o f
weight and 40% of[ 4.%])d nf uvmedldicteiloln ,s ttahcek ntaotsetr i &
BPP should have tM&a]foll owing qualities

9 Structural integrity

1 Excellent electrical conductivity

1 Low gas permeability

1 Resilience against corrosion

1 Good machineability
Graphite and graphite composites are typical
of the above points. Ha wedarvea , pgorapmadckei cani |
per meability. Met als such as steel, nisck el a
to try and mitigate |t Hh&] Mehtoarlt cBRR nafsf eorf agd va;
reduced stack volump5@hd better machinabil it
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BPPs are also responsible for the wuniform di
BPPs must house the flow field channel s, whi
5 main flow fiel dFicdlalimpn edercperitiigrue ,atp amal | el |,
and ¢$pi5dal

| o o o
|

[
|

|
]

[

o ' o o
Serpentine Parallel Interdigitated
o o

=

Mesh Spiral

Figure1l-12 Bipolar plate BPP flow field configurationg44].
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1. 3.CGat2al yst Layer

The catalyst | ayer (CL) in the PEMFC i s c¢omg
and carbon black mixNaffiegn omembrrt &aree sulrtf aice
thinness and porosity. Thi s | ayer i's criti
conductiuei ttioests strong ability for oxygen
for PHMRPGati num, facilitates the key el ectrc
t he r eocafctdgidosness hydrogen and oxygen. |t IS
conductive carbon black to increase the effe
i ts wut[i5l8i]Faei ohickness of the catalyst | ayer
a P

This | ayer i's pivot al for el ectrochemical
el ectrons, and protons. These reactions are
access the catalyst. El ectr gnd hter xvadrad g saqn
mai ntain electrical connectivity with the
which means there must be good contact bet w
el ectrode i s i mpor teaancth atsh e tr ead cltoiwse fsoirt egsa saer
of water produced in these reactionsvhi Thi s
would potentially block the flow of reactant
three-phase
/boundary
ionomer - O
(t’tv;gas
prot&.n'; zlectrons
void
Figure1-13 Catalyst reaction sitg23].
Figir3® il lustratedtadthesp!l pgpaastes e Oiumpdeiasyi n g
ofi,onomer, sol i d, and void phases. Practical

EMFC typically rafg®es]}fr[o5m]0.2 to 0.4 mg/

boundary because gases can permeate through

reaction zone.

1. 3. Membrane Electrolyte

Il n PEMFCs, the membrane is a thin illdgmer of
[ 6.0]1'ts main purpose is to camceatchToothg dtr bigen
me mbr ane materials must have the foll owing
electron transport, |l ow fuel c¢crossover and

Nafion is widely used as a membrane in PEMFC
1960s by DuPomtaf mdoandtr amederam e made from per
incorporating sulphonic acid groups that are
inert base of polytetraf(Hiugokkdeee iyl esrei 1t Pa Fila¢

t hat exhi bsttrsucat uwruea:l as ohbyddurcotpi hnigl isct,r uicotnur e,

sul phonic acid groups that c-iaamoanbdsuocrtbi nwga tpeorl,
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backbone that, whil e not i nvol ved i n i on tr
chemical stabil6iofy and durability

—{crF, - CFZH?F2 - CF)—
0

FC - CF,
P
i
ok
SO.H
Figure1-14 An example of the structure of a Nafion membrane

is very important

Hydration of the membrane
l'y move from the cat!l

t

t

Water mol ecules gener al

from the anode to the cathode vwat eerl ecam ooal
flooding which inhibits he perfor mdmomen of

taking 4Rl ace

Wh e n considering membr ameoddé bt wkapsseffebere
management and minimising electrical resista
hydrogen crossover from the anode to the cat
cel | voltage dr ofho.weA etrhi dkeenrgtrmembsr arhee i oni
i n turn, menncbrreaahseeiss trheesi st ance. Moreover, thi
drying out i's higher withrthmher eabkedattedi c&saie
reduced proton transport ef[f6.lc]li ency from the
1. 3.@asA Diffusion Layer

Gas di ffusion sligayertse d( bRLsveeaar ¢ he CL and BP
from a pobassedcmabeni ad .c Mihtei GDIL pd lagteisinb at P
the reactant gasses ecor bhe Cdishieh enceBnib® catnlkee ehpy d
transepaeretss | iquid water awawstfromtahal membp @
me mbr ane el ectrode assembly (MEA)
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1.3G&s Diffusion Layer
The GDL consi st &igfirfewd hrmaimacp a&rmptoy ous subst

mi croporous | ayer (MPL) .

FTFE-bound
Microporous layer carbon powder
Gas diffusion
layer ———
Ma layer arar-bar
ErOpaTaLn Sy treated with PTFE

T T T T T T T T T
Gas flow field

Figure1-15 Diagram ofgas diffusion layer@DL) andcorrespondindayers[62].
The GDL must carry out the fol[RO®Wing i mporta

Provide a pathway for reactant gases to travel effectively from the BPPs to the CL.

Allow excess liquid water formed at the CL to leave the PEMFC via the channels in the

BPPs.

1 To be electrically conductive, carrying electrons from the CL to the BPP and the
external circuit.

1 Conduct and expel the heat generated in the electrochemical reaction from the CL to
the BPP.

1 Provide mechanical support for the MEA.

= =4

The GDL' sanMdatsdpiuaipenrtales need t o tshaeairs foywst h
functienhediaksdMveg, the GDL must be porous to

fowater to be expelled. It must also be made
conductive to allow the flow of electrons an
be a rigid materi al to giveosupaobritttoahhmal
el ectrical contacts.

When considering GDL propérfti easgobaed aveehi ¢ &le
conductopttpmuinnchappocesGas transport require
for 1t to be effective. On the other hand, e
structure. Thus, these properties should be
transportabhndoaebactirwvity.
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The capability of the GDL for mass, heat, an
properties: di ffusion coefficient, per meabi l
electrical conductivity.

Carbon fibre has been found to be the best n
di scussed further in the following section.

1. 3.Maclroporous Substrate

The MPS is the primary component ofs(Fag@Dle an
1-1 % This is because carbon fibre fulfils th
structural integrity and hcghfggefpeambabilfi
used are carbon papefri Bamede tcsardam kxd owdv e rnCatrd
cl orhcomprbkeecwsred tamglet her with resin to form ;
typically haveidmmédied sovber avlelenMBS t hi cknes
1010500[s6.4]Carbon cloth and papef 6&63dn have po

Figure1-16 (a) Image ofcarboncloth and(b) carbonpaper{64].
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1. 3.Mi.c2roporous VLayer

The MPL is wuswually applied as a | gy6ebr]j]TOe t o
MPLwessuabimproifseed composite mixture of carbon g
sever al benefits {6:7lhe GDL, these include

Homogenous distribution of gases to the catalyst.

Increaseof capillary pressure thus reducing liquid water saturation.

Improvel catalyst utilisation by preventing Pt particfesm migrating into the GDL.
Improvdl interfacial interactions between the GDL and CL, in particdioreasing
electrical contact resistance.

E N

The MPL thickness can be in the range of bet
of thp6.&pPILt should be noted that although ¢t
| ayer, once applied there is no clear interf
structure of the MPL is composed of fvery s
magnitude smaller than the pores of the MPS.
an ambiguous border péBWween the two substanc

The applicasigni bdbf cantthvd Lmonrfpd hucelnacgeiscal and t
of the GRBlme dhesto the type of carbon part:i
| oadi6rB8g

For exampl e, the thickness ofefafroerdiRLlh ec sorx ymgae
di ffusi onoédntdmdtehe veéb,y by increasing the mas
reducing the overall fuel cel l perfor mance.
be considered to achieve the best PEMFC pe

condi[t6i8g n s

Bet ween | ow and medium | oad conditions, fue
performances. However, under high current d:
performance than an uncoated GDL.

MPLs have also been shown to i mprove the dif
removal of liquid water. A thin MPL has very
| i ntihlgggs supply and increases the mass trans
el ectrical resistance bech68¢ of the increas

When applying an MPL to the GBbU.,fstHherad areeed
considered and optimised.
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1. Ahesi s Overview

The research 1o itmpsovédeshs avewsall perf or ma
investigated by focusing on the impact of mo
modi fication windvdeole-béespldo WMiPhg cblaé edi @BPH. T
MPL coated GDL wil/l be modified further by i

graphene and thmef @ margeeght st itoon cohnfangd@hebhe mi ¢
modi fi cattd omesl ppimeduce contact r edihsetadmceers i
PEMFC per fl @lrerpeeihaeact eri sati ons wsiiltlu -saentda arnr i
for the modifications made.

Chape2wirl | explore relevant |l iterature concer
GDL, MPL and <contact resi stances. |t wi ||

characteristics and consider PEMFC d¢dmrtmact r
Particular attention wil!/| be gi vesn dtead MNMARPL n

coated GDL.
ChapB8experimentally investi gaitceesd t MRL agp@dti e

This includes the experi ment al met hodol ogy f
dou-bi ded MPL @woatdeidf fGDLent carbadone éekpYaébsedor
bl ack and Ketjenblack. These are compared tc
choice i mitdheed dWwPUb Icammaft iegu IGDLiIi on

Chaptlewil ds on this further and investigate
graphene, -sindddt eMRIloucbhdat ed GDL configuration.
wi || determine i f using a novel meet edroiuabll ec a

sided MPL coated GDL.

Chapbexpl ores poli®r omsgaegotfs | ns itdheed dwPuLb lceoat e d
speci fi cavPlfyaomingy tthhee BPP. This i s to exami ni
i n thesiddoeudb | MPL coated GDL and to analyse if
this configurationt byefmotdeef yMPLg. t he mi cr o

Fi n&Zlhlaypgseurmmar i ses the findings of this rese.
of MFldesi gn. It wi || a | s 0 ublsedi gugnedsetr t fakkteunr eo nwat |
further enhance the fuel cel l performance.
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ChaptE&€he@r andc&k peBamkgt altnd

Characterisation of the GDL is an importan
guanti fying i ts performance within a fuel
characteristics that must be considered: str

properties concern the physicratl prtaperttuires od
mass, electrical and thermal transport throu

Thi s chapter comprises a comprehensi ve [
characteristics, MPL materi al s, cont act resi

2. Btructur al Properties

2. 1Abi sotropy
Ani sotropycheaerfa®ctse it os ttthes hdhdnmad regtiradtse vari ed

chemical properties when measured al ong di ff
relevant in the context of the GDL, as they
These fibres, matetioalt hpriopemttiresnsarcd t he wa
oriented in multiple directions within the

t he GDL behavesotatharei ntefl B c tdeemppmntdd mtgs on t he
which it i s assessed.

For instance, the anisotropic nature of GDLSs
mechanical strength, and gas permeability.
pl ane of the fibres, it mi g h e asthroevmeart i gt
perpendicular to the fibres. This is becaus:
the aligned fi bre[s6%lhan it can across them
Gas permeability is another critical propert
oxygen and hydrogen, essenti al for the fuel
direction compared to anothé&hjsbasedodomolpywec
the overalll performance of the fuel cel |l , [
di stribution and the removal| 9] water produc
A study conduct[e7d0 $beyd Aah nteodmperte haeln.si ve numer i
the influence of varying GDL permeabilities
featuring a single straight channel geometr
significanttlye i preorarnd a&Wdi Ibiyty characteristics
observed when per meabi lpiltayn ei sa npdlo anhér roduigihe & e ir o
was discovered that changes in GDL per meabi
| os stehserr at han cathode overpotenti al. Thi s i s
t her mal management i n determining ohmic | oss
and t her mal management could be aahipdwmedk i n
or t Rhprl oaungeh) exhibited hi gh per meability. Co
per meabil ity I n both directions suffered fr
mar kedly i mpairing water removalndf rsangntife c@
hindering the heat removal process. Thi s, [
at hi gher operating current densities.
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The study concludes that relying on model s t
|l ead to overestimations of cel | perfor mance
management efficiencies in PEMFE@sofTk®nisngieg
ani sotropic permeabilities in GDLs for a m
PEMFC performance.
Mor eover, I t wa[s7 tshhaotw na sbsyu nhiingetanali.sotropi c
| ead otveradiodt ifare |l cel l performance compared
when the fuel <cell operating voltage is at O
Anot her case exploring the effect§7,2fFt haenyi s o
experimentally investigated anisotropic el e
cyclical compression strain. |1t was found th
after the first compreslB&onmpCownednbutydi mi.
ipl a[n®2] Recent studies of -aayscomppyedthate mo
characterisation. These have provided good vV
Thiji:n turn, gives strong insights [[h3]Jo the ir
Understanding and controlling the anisotropi
fuel <cell performance. Engineers and researc
fibres within the GDL to achsuwervieng hef fdiecsii e retd
durability, and reliability of the fuel cel |
use in PEMFCs, the study of anisotropy wil!/
2.1P@rosity
The pwrfodihtey GDL all ows the reactant gases fr
enables the removal of the |iquup whtleirqgqpr o d:
can inhibit the electrochemicalonr eraecatcihoinn,g at
catal yst, thus causing [BANEGOLSTr dtyiporc ap dlyatrhiac
that ranged9b®tdvepean®@diOng on tHe&dtfype of mater
Por os)i toff (@ GDL can be cald)ul atthei@c kfanmeabnsditns i d n
the soli)d ghaséu( k porosity of [a2:3GDL can be
@

- P 0 Q)
The main experiment at hpgnatolrsad yu odd at oGDrmhe d ssu rm
porosi metry (MIP). I n this process, a mer cu
intrusion into [t7h3e]l morntédre Ml Pt met GDI, mer cur
pore spaces upon the application of pressure
no pressure is applied, therefore, no pore v
of priessapelied which forces mercury into t|
pressure are then applied, with each increm
sample is filled. This telchwhgonetitvagy oaaedi
characterisations of pore structures in a PE
Anotweers e chni que to estaiymaxtoenppudreasittoynoigs aX¥ h

[ 78 hvestigated the porosity of the GDL wusin
esti mat MBk oafGBtdh dul k porosity. It was found
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i mpact on the transport properties of the G
from 0.85 to 0.5 with an addition of MPL. Ho
wasnodét precise enough when defingagianvhiuas
a combinatiomaypfc ®Mnputvewlihinehmoaggreadp htyoo accur at e
the pore struct Jr7ed3]Jof the catalyst | ayer

It should be noted that porosity through a C
i's i mportant to consider when modelling a GD
represent the chafra€fterisation of the GDL

2. 1P8re Size Distribution

As di scoonscsegdiriangi ty, the GDL contains pores o
mai n categories based on the pore size: a p
radi us bigtOwWddemnmbGre mesopores, and pomes t he

are designatp@83hs macropores

The assortment of these different pore sizes
di stribution. The varying range of pore size
plays a crucial role in defi hh&gGPhde spprloapyesr t
an example of the pore size distribution for
the three main pore size categories describe

9
% Micropores . Mesopores Macropores
B0 I =1
o I 19
3 : d
T 6‘— Ilf
= ! b
Q l c!
e I
= ' MPS
O I /I
- I (oY)
g 39 : [
c . , ©
L I Q00 \
3 MPS+MPL '\ 0
= : f@% '
a) : o5 .

Figure2-1 Different poresizes and theidistributionthrough the GDL[63].
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can Mbiegkleehmati m he addition of MPL onto the
e distribution of the GDL. The MPL <creat
ge. It should al so be noted t hatnfdiufefneereen
on pore sifgeé5Ppistribution
e
e
I

size distribution influences the way a
ral, macropores facilitate the diffusion
Il qui d water. At st andafrrdee epmaptehr a(tduirset aanncde
the molecule) of af76ilWhampptribxi pmant el gi &mMe tnenr

hundred times tédm ,mdaaere nf rbeud kp adtilf f(usi on domi
is smaller than a termh, ofheheKmedsehrdief pas
A pore si ztenheisre hhewmtowedenmmi t s wi ll see both bull
[ 7.6 ]

According a7 gwg&®¢h transport can occur :
mi cropores and macropores. Thp7®&PLamaonkgen
Fighgte The addition of an MPL influences the
amount of micropores and mesopores. A detail

an i mportant GDU 7d9%]si gn prerequisite

Knowl edge of the pore size distribution of t
and gas transport i n a porous medi a. Exper.i
standard porosimetry (MSP). MS P idn o ffelrwi o rroan
than mercury, t he most c p mmpint bwa mlkgs olty amea
dependence of the working fluid volume in tF
volume in the[] T2ference sampl e

MIP is a widely wutilised method for deter min
the high surface tension of mercury (Hg). Th
|l ow pressures due to iIits hingheasefaceetensy
from | arger to smaller pores, as descri bed e
measuring the intrusion pressure and vol ume,
into the poresomal inverbel g9i peopbrthe pores.
by the WashiuwB0j wegohtiesnabli shes an equil il
presdureand the resisting force. The equati
pressures for the mercury to penetrate due 't

O 1 AT-€0 &

The surface ténsibheotli anme®@er yaonf{d tthhee pcoornetsa c
mercury wit-h talree mcatuecriiadl p(ar ameters. The Was
to describe how mercury penefiB8&tftes the pores

MIP is highly regarded for its reliability
GDLs. Additionall vy, t-theep erri gGRL sstgwpcp airrtes otf h ¢
cylindrical pores, with the prmpapence Thfusc !l ans
MIP a suitable and effective [t&X]hni que for s

Chun [e8ilhavileest i gated the changepod e p oaigregstisz e
in the MPL. Charactsearngeitedi bnst est sgwdi-® aadr
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situ fuel cel | tests found that the opti mum
the operating conditions were. GDLs whi ch h
removing | iquid water isni ngddeir hammdntg. aAdGDI
contained numer ous macropores i mproved cel
conditildans s beneficial to the mass transport
di stribution within the GDL.

An experi ment[ 7bdyy eklonwg Petanall .showed that incr
usi e+ a@r ma gnegn t hel ps to reduce the mass tr a
fl oogliimadpee reactant gases had more macropore
macropore volume is too |l argd,77(iMkeeceékcte] ci
found that the performance i mprovement of a
size distribution rather[ T.hlaNne vierrctrheed seisnsg tt hhe
to measure pore size distribution does have
effecto. This occurs when a void behind a ne

Gosti clkB@j$tedala combination of MIP and MSP in

effect. The study compared pore size distrib
manufacturers in house values, in whiteh t he\
thatcd®Psti ngui sh between hydrophilic and hy
Therefore, MSP has greater potential for ana
on | iquid water and gaseous transport.

Porosity and pore size distribution are two
affect mass transport processes. A change
permeability. Whereas a change imasportea aflispe®
processes of water and gas. Therefore, bott

understood comprehensively for effective GDL
carbon substrates and caribars parntbii nlag s otnhsa tf ¢
t he GDL and MPL. When designing a GDL, it
size distribution of these materials. The <ch
i mpacts the poawedsover a@lilstpobosi opn when t he
knowing how different combinations of t hes
performance is essential for optimising the
topi c ohfenstiuudycowmmes t o GDL/ MPL design and op!

2. 1Tdrtuosity
Tortuosity is used to describe gas diffusi ol
actual mean path divided by the thickness ¢
di ffus[i8n3g] Th@&s mor e tort udeef ft dret ipvad hpattt el d rog
the por opsasusFl ogii teieTno r tHu ocsant ybg cal cul ated wu
of the -matefiactti(ve pagrebigpace vd iOfyf8us]i vi ty

-0

T 0 <€)
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Actual molecular path Actual molecular path

Porous media Porous media

¥ \J
() (b

Figure2-2 Poroussubstrate with (a)ow tortuosity and (bhigh tortuosity[42].

Espinog8&gtrmaéed out simulations to assess ho
in particul afrfoavdete atl dr tf wedi tcye,l | perf or mance.
t he GDL was epohmapsree stsoerdt,uogsaist y i ncr easgeads, as
phatsreansport resistance.

An experiment al [ i gat[i8derd wadnpaber estd 6D
characteristics i ing tortuosity values.
it was found that tortuosity values var.
mo s t compressed, respecet iwaesl yl i tHolwee veé ey i atvie
di fferent [BDEL] Toamplossty was al §@8@pealuatedval
found that the tortuosity property can be a
t hrepugahne tortuosity can be a factpdranef floet v
standaf 83 GDL

nvest
ncl ud
t he

Tortuosity in the GDL can i mpact the mass t
porosity and diffusivity. Hi gh tortuosity | €
gas diffusion to the catal yscan aryeesrul tA ihn gdi
restricting [td2e Opas mdsf hgsitomtuosity is key
and electrical conductivity for efficient fu
mi crostructures are being explored for usage
the tontawcdsietvye t he best designs.

2. 1Hgdrophobicity
As di s cSlescdla.dpnhse GDL must be able toprepgaect ,t|

produced by the electrochemical reactions.
properties. This is important at high curren
needbse troremoved to prevent concentration pol a
Accumul ation of Iliquid water in the fuel <cel
in the cathode due to the slow kinetics of t
at the cathode by el ect reorosfmoaaddci ndgr aigs. nkoorre t
at the cathode. Water flooding can-umausea nt he
fashion at t ueni ¢ @tr anl ydsts.t rA bmédmon can cause
performance aswiwtehiln atshe astiadk ointssel f .
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There are two main strategi83]The nfiitri ggtatep tfil.
on the overal/l system engineering of the fu
However, this can result in parasitic power
design of the MEA. mbohliid ymaignliltyhei mwadlewve al s 0|
of the GDL, this is the preferred method as

The hydrophotbecGDY can be measured by the co
as the angbpelsibunwdeerd atcltee and 42h€osbbactd anglf as

greatly on the base material, surface temper
[ 4,218,88]19] As shiogve3, e hf t he contact angle is |
considered hydrophilic. A contact angl e gr e

hydrogd®®di c

(1 Oc

Hydrophilic (0. < 90°) Hydrophobic (0. > 90°)
Figure2-3 Hydrophilic vshydrophobicsurfacedemonstrated by theaterdropletcontactangle[91].

GDLs due to their porous nature, tend to soa
a reduction of membrane hydration. As a resu
hydrophobi[c9.]p]JrAo s rutdiyesby [ MPbuandatvhaetfat.a T
paper GDL, the contact angle can be increas
treated with PTFE. However, the GDL cannot &
water to keep the membbianiet Wyadf atled. GDhembygt
remove excess water whilst keeping the membr

Bever s[ 9e8tk aarli.ned car bon paper with different
were chabywcgasi pedmeabil ity, wettability, an
showed that higher PTFE content craeudsweade d gvasst e
transport and higher electrical resistance.

Th atment of a GDL with PTFE mdtfGxikl vy i m
pr ies such as porosity, tortuosity and
bl g the pores and tortuosity [&dilche on
ad n of PTFE to a GDL can hel p -owfift hwiwaht e
t h er properties of the GDL.

® ©Q O O ™

t was found [bydMdthzeame eaddiati.on of-plPak& de
hermal conductivity of the GDL, this is bec
her mal conductivity, approxB®é@tehgrOca@andf WFrm
ncreased usage of PTFE can decrease both th
owever, these studies did not consi[d&9] t he
ddressed this byplexmenpaamahgi ehéethsoofghPTFE

® T — o~ —
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found that the addition of PpFBneorcomidhbhict ¢ o

had | i totnlheepé anectconducti vity of the GDL.
Yoosef abla8ddi$ eedt aalmi crostructur al GDL model tc
PTFEre&Déd |1t was found that | iquid water ac
al so shown that the presence of 't qui d wat
reducing ther mal resi stance between tihe GDL
the addition of PTFEofft heettweasn anmpmpwed amy d
reduction in reactant gas diffusivity.

Chen [et©qalr.i ed out a simulation using a 3D mu
used to evaluate the impact of PTFE content
content in the GDL was found to r edeudcet htahte
determining the optimum PTFE content i n GDL
should not rely solely on |iquid water satur
The addition of PTFE to the GDL has been shc
ways, consequently, optimisation of PTFE | o0&
undergone many investigations antde ncto nfvoernta oG

ranges bie2twtéod[n9,5119,6 9]7 ]

Al ternative hydrophobic agents totBhTEFEghaee
some o0égahievtehRelfFEea o tdm vtehe mass t raamtdbpomal pr
and electri Parftoondopbiviethwers (PFPEs) prese

in hydrophobic coatings due to their ther ma
hydrophobi d 989Apertiesal | vy, their i qui d st
application and enhances the gas p88meabil it
A study bAO BAIagGnpdnNnPFPE derivatives as hydror
GDLs in PEM fuel <cells, comparing them to tr
involved applying these <coatings to carbon
perfor manacaet edva®&hilad uat sa ailre d uledb cel |l under

specifically at 60AC and 80AC with relative
Results indicated that PFPE coatingslysiatni fi

the | ower temperature of 60AC. The study al
wt . % relative to the 10 wt. % typically
el ectrochemical performance.

Pol yvinyl i d®VaAF)| alogo deecogni sed as a promi s
its high chemical stability, t her mal resi ste
[ 10cOrleat ed MPLs made from PVDF and sul fonat e
PEMFC applications using the phase inversiol
scanning el ec3EM mMamii arggs swapgyer( contact angl e
and gas permeability evaluations. The best

por oug apen dneMPol se, particularly those made fr
current densi,tthye ofold.aggCk A/fcm -BIPbgl edcé&d & mus |
0. ¥3to 0.60 V when-MPobated with a PVDFS

Novel hydrophobic agents display promising
chall enges posed by PTFE, but they are stildl
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further research before they <can replace P

treatments in GDL fabrication.

Mass transport processes in tpdaGRBL fil ®wa cood
this makes it particularly hard when charact
t he GDL must have multiple puro@teirdn®sr @ quiorre
Sever al of them are related to water manag e
porosity, pore size distribution and thick
management a critical factor to consider.

2. Z2ranshhompterties

2.2Gas Permeability

Permeability is the ability of a porous mat
porous medium with high porosity wil/ better
to a medium witR2]ldwgpbepeembabitiyty i s an i m
as it allows more reactant gases to flow thr
The pleorwmmeabi | ity of a GDL can cause an incre:
power input to keep the flow of reactant ga
decreases the performance of t he ffaietlorcetld
character i steh aavned aonp teifniiisce ent f uel cel l
Permeability can be estimated usinig Darowddsh

a porous substance is equ&lcrteesest hen@dm b&ddudt o
pressur &0)grdaidviiecheed (by t h'e) parnodd u@hti ockfn evkies csausbist
[ 4.2]

. Q¥ 8

v l[‘) C
The permeability can bieg esahowrse ch ne xegxaptrpir mametn:
used by Orjpop@tjei GOIL slampl e with a sealing gs
plates in the middle of the | ower fixture a

cont [ 4al0R2ér
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Mass Flow Controller
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Figure2-4 Permeabilityexperimentalket up to measurehroughplanepermeability[101].

Tair a[ leQ3s]jJad. an innovative experiment al set uf
of th@&TEGBL ELAT carbon cl| oftlhgw arsatwe | de raesa tth et
findings indicate that the effective per meab

and the conditions of humidificatiton.beTymi aah
range 'ddm’annidl OFmA[01 0 3]

Ahmad [et8 panlduct ed @i tdetav dledateixon of a broad

on their physical and electrical attri-butes.
HO60) had a per meatmWwheyeasal ubeof-Hb2@ &M ddoa a
|l ower val ulémlatThe 9r0dslDl ts indicated that the
affects the permeability values. Further more
and porosity of the GDL.,faMP&ANn nMP luedheerde dsye st
the porosity and permeability Also the appli

hydrophobicity and permeability but reduces

't was further studied that t heftahdet ipteiromme aobfi |
| smai [ 1 &®Juanld. t hat i ncreased amounts of PTFE
t hr epuganeer meabi |l ity 102]It heva&Dlal stohrfepuugahd e t h a
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permeability of the MPLS8S iomdéehs obamadgniGDUuAd
uncoat ¢doacDbL

Ani sotropy can al so affect the [o&teirvad dt ipga tme

t hrough ippllagpreer madbi I ity. It was foundi4 hat m
pl ameer me abitlhrtepugaphearnme a[b6i.5]iStuyp st rates with th
aligned fibres showed the highest anisotropy
as a faéHgr of 2

Hossai hl@4uralher i1investigated the anitsotropi
phansoedel | ing. They found that for i mproved P
GDL is required t e |baen ehpdgsheh di.np Hheog h & rhd-oluagw t |
pl ane permeability also gave goopd amBEBEMFGw er |
iplane permeability gave|[ B0 H]Oppesi PEMFC ©Bel
[ 1 =]t er mi ned ¢tpHatnet lpeertmeracdbidh ty was more cri
especioalclefingqunigd water permeability. This 1is
and was further [si1Q0@TedybgoRdmat ed al numer i c
transport i n 3D structures. They compared t
showed good agreement. Theyplfamé hteor pwo it tey
woul d i ncreasye des rtelaes eglo rwhsein under compr essi
Further mor e, the addition of an MPL to the
Nanadegdmnio0f7gundalt hat the permeability and po
the operation of a GDL. l ncreasing MPL por o
through the GDL. Al so, decreasing the per mee
Howver, a reduction in permeability increas
slightly decreasia@7®veeorgdlplingddstd @ixreamicreed t h.
on permeability with the addition of an MPL.
decreased by one order of magnitude after th
oBaBMPL was deduced3tor bher bevtfvemagri tude | ower
[ 101]

The pgeaasmeabi |l ity of GDLs has been studied ex
bet ween the permeability characteristics of

made from. This highlights thesnfeearesettyerff
perfor mance.
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2ERfective Diffusivity

ygen t raannsppoorrttanits factor when comsitdleminisng
rticularly 1 mportant at high current dens
ncentration diminishes, wulti masggTlhe |reeald tnig
netics and the oxygen concentration at t |
duction reaction, a significant performanc
rmeability is | ow, di f fnu ssimo nf olr e cooxnyegse nt hter a
sistance of the porous media to the diffus
ffusivity, an essenti al m&t ¢r i al acpoosobast n
takes intophasounbstael a@),i dd fd utdd rvtlTilhaggssietny
|l id obstacles not only reduce the effectiywv
t hways, which[d2@h be expressed as

(@] OJr ¢®

[ 1@8n]veels.ti gated the effective diffusivi:
cular the GDMass.haThet hmrmaicno mfmomdiyngused B
ficantly overestimates the eff exltamnwe di
t
r

i on. To evaluate how this overestimat
manc e, o fad it meon B E bR a | model for a cathod

for the model simul atededviviletmp he-i Babby

equation for the effective diffusivity
n that the use of the Bruggeman rel ati or
fuel cel I[,10u8THed @apgtawcrteorofoft e ani sotr o]
i mproves the performance of the modell ed

—®o®nw =~ = -SQ = 3
SsOo<—"+0OD>S O
oaomoo ———

o ¢l u&leed simulations to examine the i mpact
operties, focusing on how porosity and th
mul ations, vari eh GDENBHBI@itc kdneensosn sftracad e8ddh t h
ickness | eads to a decrease in average vel
ane directipdnantehadn riectiloe. i Addi tionall vy,

riation with increasi mg oporagsiltew,el mar tAitc wthl
ux reduction is |linked topothesiwtayt eGDIls nsh
eater velocity disparities bet-wereoasi nyeGDh
ere the velalciide ehdarentdhd operqusi ty exceeds

ngal[ leluGs]lad . an experi mental setup cal-led a
ffusive in GDLSs. Particularly focusitng on
ane direction. The study evaluates, tdamrdi mp
%) on the transport properties of Toray O0¢
troducing a mix of nitrogen and oxygen int
d oxygen concentrati on ursdingataend otxlyagte nd isfefnt
creased from 0.248 to 0.086 with increasin
e extensive I|iterature on gas diffusivity
merical studies that have enhanced our wund
uci al mat erial constant, ckbdracterdsihgsth
ow.
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2.2TBermal Conductivity

Temperature gradient is an i mpor tadrfteagamramet
and heat tr ansapforeth,e swdhuircabbiiln ttyurod a f uel ce
management is an i mportant factor for fuel ¢

from the¢liaf@hec&DIL has an i mportant part to
of the heat generated is in the MEA, the GDLI

MEA and out of the fuel cell . ThdgrdarRg|l conduc
. L LQTY
b 0oy @

It shows that the heat transferr @@fr,i & hpromaod
conducd)i vaintdy ifeetcomp$ Bhemamdl conductivity
structur al properties of the GDL and ther mal
GDL increases. Ther mal conductivity is also
t he ori entoavteinonc aorfb otnh ef ivbr es-plcame resmuductiinvia
t ha hr epu gghde2 ]

Ther mal conductivity has been estimated bot
val ues range Ké6wengW 101203 3WVi[Ml 1 Rhmousse et
[ 116X peri mentally investigated the ther mal (
comparing PTFtEhmaonutftactt sirand process. They f

conductivitiy0.b3e& wé/enqmK Oa n2d0 a niiln i3rmu V/ bmKt. we e n

Khandel Walllntfela s aned -phanteht begmal conductivit
GDL manufacturers, with differing PTFE cont e
carbon paper was found t decrease friaom 1. 8
temperature from 26 AC t 73 AC. It was als
t her mal c[olnld7ulct i vi ty

0]
(0]

Kar i m[ 1é&®]paelr.i ment al |-yl amee@ stuherdmalhecomducti vi
't was f owndanteh athetrhneali nconducti vity woul d va
process, and the ttrlpeatpmant Raemrsdildrsi eimth§ytelod rm
W/ mK118]

Thaddiotfi oMPL can al so affect the ther[mMal9]cond

created a model that determined that the ad
conductivity and increase ther mal cloInl %ajc t r
Unswor t[hl 2a0t]s@al i nvestigated the thermal condu
They concluded that a GDL with MPL coating
compressions. However, at | ow ddm@r]Deessspiiotne, tt
| ower bul k thermal conductivity with the add
can still be improved due to the improved su
t hermal contact resistiboneofln2dlejlattan assi st in
The ther mal conductivity of a GDL i1is influe
porosity, tortuosity, and wettability. Effe
perfor mance, as poor heat managem@egWastanhea
production and proper ther mal management ar e
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PEMFCs without active cooling, the GDL cond:u

t hermal conductivity an essenti al property f
2. 2E#lAectrical Conductivity

The GDL is made from electrically conducti ve
travel from the CL and out to the external
dependent on the materi al us earn bmrfoisbrtegs aald
specific directions, this gi vaefsf ¢rhiesee lteact am

conducti vpltant ma dpdi gdhnienect i ons. Therefore, t he
of the GDL thus exrthambddass innotthbealdidfdréhnt
conductivity -plbame nean fdiofmf ern by a factor 0
t hr epu gghnle2 1 ]

A method was developed by Mdmnekerel Rxuw i (C\ADP )

for i sotropic material s. The-i mtt hotde aasadmed
equation is eXxXB®BO9éssed as foll ows
5 X

Thidescribes the él)ectthdtcacamelse stavculated
di ffeXoenkbe (he ajfpplaindd mudrtriedtyi(ng Qb.y a geome

To experimentaipllyvnmeaderce ribeal i cohdpotnwvity
probe met Rod2Fssh oumsse dvsheatwi gt lhet he probes woul d

W
— —H &l

/

b

~

Figure2-5 In-planeelectrical conductivity experimentaket-up [89].

As can bFed g8 ent wan adj acent probes supply a ¢
t wo probes measure electrical potential . The
they are also required to be placed aas t he j
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mu st be mini mi sed. The VDP method is versat.i
sizes and shapé&8®]to be examined

The tipdameh el ectrical conductivity -mfolme GDL
met hod, -bpti $shel sghtl yFdg2& erent as shown in

| | Bolt

Ohmmeder |
Ingulator
Curreni
: v : Electrode
Steel Dhisc
I '
Steel Disc
L &
0} ® B 4 Electrode
Current
Ingulator
@ Load Cell
N
&

Figure2-6 Throughplaneelectrical conductivity experimentaket-up [89].

A GDL sample is placed between ttwowo stappeées
el ectarndddvws pr obes are placed on each side of
increase the pr essutrbea koef nehaes usraenndewni tcsh eodf GeDLe
as a functi88]of pressure

The el ectrical resistance can be directly re
resistivity of th&9GDL can be calcul ated

" 00 (¢]]

Where the”")rresiisttilve t ¢ r(rmaud ttii or i fealcGboran¢h et hteh
measured elecY)ri dhle cesrecanoe factor i s dep
of the GDL to its width and the width of thi
this, the electrical conductivity of[ 88 GDL
P

c®o

Morri $§68%edl VDP t o -pnheaanseu reel etchter iicnal conduct i\
of GDLs. They found pr-phaoue celde @inrnisodlr opgn d un
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samp[l6e¥posef ablaBl] sea¢ ladoked at the effects o
mo d e | to simulate the effective electrical
t hr epugalmleect ri cal conductivity was @dtainmat ec
conductivity was 4 times higher due [tBAD]t he a

Ni ttal le2hkelas ur epll darhdeeha spdigabnieect r i c al conductiv
paper (SGLBA) gasacatfdmwction of different com
the electrical conductivity increases with i
the comprp88RVemodiSc)enti |alr.l y measured the el e
SGL carbon paper but considered the effect o
the t-pranmghcondaded i @fi t ¢ cpd uadme tchcenduwnct i vi ty. T

as PTFE is naturally an i nsulhatepungganleaatt eri icall
conductivity is due to the electrical resi st
[ 8.9]

Aydi n [elt2883ddressed challenges associated wit
conductivity measurements. fTbopgi nsmetrlode eteo v

measur e tphleantehrroeusgihst i vity for different GDL
used the same-pfoumdamemntbel tfeothmi que with a m
probes, thegelkpnéebdst wedes, comtiaect pdidae,s an
It was found that the accuracy of the result

and probesgodkcvead.edbles hel ped reduce the ele
bet ween the probes and t he s a[nip2 3e[lsh é ud o rdti adc tn
were found to be morepbaneéeaboderldZ h eaneraigeus 0 n g
were found to be best wused i mplsainteu afeilsd G awhce
All things considered, the results indicated
el ectrode probes anodudtdhectGDIneasusementasnnd The
measure the GDL electrical conductivity shot
t he -wi c[els2 3]

The addition of an MPL to the GDL has been s
resistance between the GDL and neighbeuring
pl ane conductivity. Thphiavhjease samo vand daoyt i losnmaoifl
t he GDL and the BPP improved the electrical

to the fact that the MPL could estab[liZzHh] goo
carried out studies into MPL additiamPhnd re
to the GDL does not alter the bulk resistiuvi
resistivity. The contact resistance and the
di scussed iinn fctthiean det ai |

The electrical conductivity of a GDL has be
par ameter for PEMFC operation. The GDL <cons
facilitate electron transport f ort ot hter acnusrproer
electrons is determined by its carbphahebre

t hr eou gahn e and contact resistance tests. EIl e
conductivity, thicknea®, sporopittcystandtheteer
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2. Mi croporous Layer

The MPL is composed of carbon black particl
surface of the GDL facing the CL anaMBLds th
should i mprove PEMFC pleX¥2®]r mance in sever al

1 By facilitating oxygen distribution to the cathode CL.

1 Reducing liquid water saturation between the CL and the BPP through increased
capillary pressure due to its hydrophobic nature and small pore sizds@1 € m) t hat
are smaller than those in the gas diffusion layer (GDL, 100 0 e m) but | ar ¢
those in the CCL (0.00il5 ¢ [b2p].

Reducing electrical resistance at the interface between the CL and GDL.

Improving the mechanical fit between the GDL and CL.

Providing structural support to the fragile catalyst layer.

Maximising catalyst usage by preventing the migration of precious natdystanto

the GDL.

= =4 A -4

The MPL can be optimhbadcent tdef beeent | wavuel't
includes modifying the MPL materials and mic

2.3Cthtnventional MPL Material s

Carbon black is a commonly wused material for
for both the catalyst support and to fabriceé
pyrolysis of hydrocarbons suche amatnartiualad tgya
have very | ow ash cohit2nfTheofpremauvgpder od uaet
includeuthacei bnd acetylene processes, with
prevalent. I n this method, the raw materi al
approximately 14@Q@AQ i wWilt8hH Cmlrypeoant rbilcack i s k
advantageous physical properties, such as hi
area, |l ow cost, [alnd7peé¢ at o vehadbendhbacacteri s
as the primary material in the MPL. The MPL,
and the electrocatalyst | ayer, facilitates o
GDU unclti2dh]Typically, to form the MPL, carbo
polymeric hydrophobic binding agent, usuall
creates high capillary pressure, which hel ps
f 1 ooidn nfgu el cells. This configuration has be
the performance and l@Bageiegl veygy af stimembr gebf
carbon blacks used as the MPL material for P

Tab2l®hysi cal properties[ 1lo2f9]di fferent carbon bl acks

Carbon Black Type Particle Size (nm) Specific Surface Area (nd/g)
Vulcan Black XG72 30 254
Ketjenblack 34 1311
Acetylene Black 43 62

Black Pearls 15 1475
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Vul can black is a popular choice of <carbon
bal anced properties, of fering a high surf ace
condudtli2awi]t y

There have beenthpenopestitgaesi ohsthetocarbon bl e
affect the performance and f[alb2d&da ati iean owft

i nvestigation exploring the i1 mpact of wvario
examined the physical properties of the carl
performance in fuel cell s.colntr wastifroppndo t ¢
performance was an opti mal pore size distri
mesopores and macropores. These characterist
Similarly, PlasEX]pdaogea etaralbus carbod@2bl ack:
Acetyl ene Black and graphite for wuse iIin MPL
behaviour of <cells with these MPLs confir meqt
powder i mpacted performance. Hi gh rmpootreeb |l wol
i mproved the cell perf or mance

Chen [eltdlealmonstrated the i mportance of a cons

PEMFC performance, but waltdhe tfloe matltalolnemde MPdL
study found that regardless of the carbon bl
some cracks and this can affect homogeneity,
the interactiobl bekwaed PhAEEcenbances PTFE o
The study concludes t hat adj mstlienggd tthoe a nk
homogeneous MPL structpreef owmaanltei § ueduciedll s

Jordan 1e3{218Bkcojnducted studies for MPLs with
XC72 Anat yBleancek ) with a 10 wt. % PTFE | oadir
AcetyBlearmd& | ed to higher powe¥7 2d eudiectsys tphoarno u s
structure in the MPL. Fu et trheeart madr ea,t miBhbedm eACh ef |

amnhancement in performance was observed. 11t
PTFE throughout the MPL by sintering made ¢t}
wat er maihigse meinghl i ghted the significant i mp
on overall fuel cel | performance.

Various technigues can be used to apply the
coating, spray coating, the doct or[ 1b3l44gldhee t e c
met hod used to apply the MPL to the carbon s
Thicker, more viscous inks are typically app
or screen printing. Thinbhkee &od bEpsayviceabl
application of the MPMPLIkoatGiddd GDlens whster gto e
treatment and is sintered at approxi mately 3
PTFE asnsibdgttnsei cqar bamnc | belsadkn ptanmet tvaPeLe 8AFhld ont o
carbon substrate.
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2. 3Na@vMdt eri al s

Currently, studies of MPLs are typically |in
has been |ittle consideration for novel mat e
becoming more widespread as they eareofshdwen |
particular, carbon nanotubes and graphene sh
2. 3.Qarlbon Nanotubes

A carbon nanotube (CNT) is a cylindrical tub
of carbon at oms. CNTs have sever al uni que ct
t hermal conductivity, c¢hemingalh,s taanbdi lai thy ,g he xs
[ 135]These charcaaccuedds tti a nbhdeaamsaa ngf researc
choosing candidates for novel fuel cel | mat e

Gao ¢t délv.el oped car bon spappcelry archrdys| eddrr icterriGlNen f
and PTFE. Compared with a s-H@606ardi tasbhowega

el ectronic conductivity than and | asng@&r pore
em. The GDL were tested in a DMFCshaandd bEItS est
el ectrical conductivity and mass transfer at
current density increased by 40% and peak po

Kannan|[ le3u7slel. chemdepbsiti on-wtad | ¢ sl(o MVNIINT s )i

as an MPL on the &DL.u Tghreo WGQBd so twhMWIGAPTN had a
hydrophobicity so no PTFE was addedi.l0Il0t% s how
relative humidity. I't also exhibited mechani
relative humidity conditions. SEM was wused t
surface morphol ogy and homogeneity with no c

Similarly,[ 1T348adpr et amdd uagr own CNT | ayer ani
commer ci al Toray-HO&0bon SEMpabdhdBGERI h auwer( BET]
analysis showed that the CNT | ayers exhibite
can all ow aboal gahantetisation and electrical
carbon bl acks.

Du et 13hlepaChasMRL without any hydrophobic

CNbasMRIL to serve as a support for a thin CL
vapour deposition. This enabled higher <cat al
The MPL made from CNT showed i ntrdmduct ihwidtry
with a continuous interface | ayer resulting

of 902?weNM e mchieved for the &wkEd ndeltl. oper a

Schwei sl 4%d]diaflfli,ed an MPL by the addition of
bl ack, this was then coated onto a GDL surfa
that the electronic resistance of the GDL we
di a neer was observed. Overal/l the fuel cel |
addition of MWCNTs . This was attributed to
conductivity and i mproved mass transport.
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2. 3.@r.&2phene

Similar to CNTs, graphene has excell ent pr
conductivity, high surface arefld4ddhemical st
Leeuwne[rldelleat ified the contact resistance b
poor electrical conductivity. They <carried c
from conventional carbon bl ack, graphene fo
showedeficial I nterfacial properties that ¢
This can be attributed to the grapheneds abi
high electrical conductivity.iclThieaenhcamradd do\
perfor mance.

Similarly, [QZABgwue xtti gaalt.ed wat er management
enhancemgnmtap-baesMRBL . dgirhaep-basMRL was character
examining morphological, structural, physic
compared to a conventional MPL made from Ket
hi ghel ane electrical waotnedrtabbvhgyi aeasdcompaee
Ketjenbl ack. I n highgrlap/hiedMdey sbodetdi cosnp at
performanvent o onlaé MRen j ndeénckow to medium h
graphene showed a peak power density |1 mprovc¢
graphene MPL has significant potenti al t o m
operating condifl&f3dsr.t h@z deenx aenti nad, t hrough
performance, a graphene MPL compared to a co

results showed that the graphene MPL had a
packed gr aphened fplineaknees etl heactt riincparlovceonduct i vi t
MPL al so performed better in fully and part
densof4i3és hi gher than those obtained for Vul
graphene Mhawiersg slteasaxced cul arly under partial/l

h
Based on the aforementioned, it is clear th
materials will play in thebeoédseeemnamt ianfprtoh
surface contact and have intrinsic higher el
the early stages of development and require
use as an MPL mastierdneay . alFert @keamovely new ms
costs are stilHenricgdmmenhdical Inyakuwemnscampetiti ve
k

bl ac particl es.
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2. 3NBvWwWdt er Management Designs

Hydrophobic additives such as PTFE are conv
t weat er drainage rate and decreag&.0tfilee wiat @u i
water that accumul ates can easily be expell
hydr ophtobe atae¢d ysurf aces. However, it must be
ot her properties of the GDL by changing por
This is due to the el ecf[r8i9cladl4]Somel aesrgrohte

carried out studies to examine novel water
cel | performance.

2. 3.Bydirophilic Treat ment

Hydrophilic treatment of the GDL can aid PENM
high current density conditions. However, it
current densities. Therefor e sthhoeul ap thiemibsaal tainc
that the PEMFC can operate effif®i0Ogntly in a
The mass transfer ability of MPL can poten
treat ment . The incorporation of hydrophilic
[[ 14[00]4[504[604[714[81049]I n these stuiléc&qgaMBie conyv
had hydrophilic sites incorporated into it.
water whilst simultaneously | eaving pores av
Schwei s[sl40abrail cated hydrophilic wicking ar e:
i mprove the water permeability of the MPL wh
| ayelrd 0]Sc hwe [ & da7llesto dlurt her examined the eff.
hydrophilic agents. This was done using al um
as a hydrophilic area helped to eblanmscheseewat e
|l iquid water had a stable pathway to escape
for gas transport. At | ow humidity condition

at high current densities.s Thelsp avéh sknberfrratus e
hydrated.

Spernjpk4d4aBijsoaluused hydrophilic agents (al umir
MP L . This helped to improve the performance
overcoming the high <ca[pli4d9]dowe peressiur eshefal
fi bdreetdacdhm t he MPL and migrate to the catalys

Ahn ¢t ac&®Impared PTFE and Nafion used as binde

component in MPL fabrication and can influer
hydrophilic nature due to the sulfonate fur
reéuction in ohmic |l osses in the MPLs treated
PTFE. Furthermore, they found that at high I
water removal from the CL and ahé owedr ophlaictt
Nafion was also able to retain water in | ow
to keep hydrated and i mprove overall PEMFC p

in the MPL proved probl enfaatbirci cdautriionng, twhhei cshi n
350AC. Thi s wa ss thatctaaudseeg rt ahdee Naatf itoenmp er at ur es
a uniform distribution cannot be achieved by
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Similarly,[ IS5iinovreséi gated MPLs which consi st

perfluorosul fonic acid (PFSA). It was found
temperatures. HowevergPFuhe roirnadpelra dihreg eP WRE w
transport resistance. This could be due to t

in the MPL which inhibited the flow of oxyge

Hou ¢tld@&llvvesti gated the influence of an ultr
the MPL and the performance of the PEMFC at
hydrophilic doped-hMiL dwéd s chet ber adat hatweft r el
conventional MP L . The hydrophilic doped MPL
hydrated at | ow humidity conditions and i mpr
Hydrophilic treat ment of t he GDL has been s
PEMFC performance, particularly in | ow relat
However, at high current density,nhtitbe thydreop
transport of reactant gases. Therefore, an
hydrophilic and herchreo fPlEAVIFiICc ttor epeetrmeonrtm wel | i
conditions. There is signinfgi ctahnet irnetseeraarccthi o
hydrophobic and hydrophilic properties of GI
mat eff otahes GDL/ MPL. This topic remains | arge
investigation.

2. 3.@r.&2ded Wettability

As di scussed, severalt henscearpooh aftiimdi mgs as tho/w
amPL can i mprove the performance of the PEMF
condi[lt 1 ®bls5[21 5[37 5[415[51%.6]This hydrophilic MPL
t he removal of water at high humidity and hy
Il n order to optimise the balance of hydrophc

i nvestigatedtijpt atilde]wE]$apil i

It was shown that graded wettability in | aye
at water management at di fferent humi dity ¢
hydrophilic | ayer between the catatgwpal hooi d
This helped to keep the membrane hydrated a
operates at high humidity conditions, the wa

Kitaharfalbéltdb ail cdaotuebda g@&MPeld consi sting of a h
hydropho®Fi gfHaydmoeabbgrL was made PBMFGpPSs ove
performance at cloowihumindgi ficati on
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Substrate

Substrate Substrate
| |'Hydrophobic MPL

Hydrophobic MPL| | Hydrophilic MPL

| Hydrophilic MPL

Figure2-7 The structure of singlayered MPLs and aadiblelayeredMPL with hydrophobic andhydrophilic
treatmen{151].

The GDL used at t he anode was a commerci al
S| GRACETE 24BA) with 5% PTFE | oadi ang, alrheal24
weight 0fpéhrogimty of 84% and snmgdxiSmiym pore di

The hydrophobi c OMPILFE oarsd s8 ®% wodr Ron bl ack.
consisted of 5% PVA and 95% carbon bl ack. P
PTFE as the MPL binder. This enables hydroph
bi nder f or ce abnedt weheel &tGhbes tMRaLt e

For the hydrophidbiubkbagvied ,h ytdireo phhyodbriocphi | i ¢ | a
the hydrophobic MPL. The PVA contenil0O%. the
The PTFE content in the hydrophobdoOpildbtlér med

Contact angle measurements were carried out.
hydrophobic MPLidAO&r eabeschbnomciOangl e i ncr
When the PVA content in theallOwdr da phlei Iciomt MR
reduced frpm55pA to 42A

|t was found that the hydrophobic | ayer av
hydrophilic | ayer tmaeembaiame .t Oeaeh o mii chigt ¥y hat
is that the massicrewasesSdrhi c&niestsancldteheopt i n
hydrophilic | ayer for t hems NMPthovagh dteher mbr
hydr ophiMPilco s@id) Ilteo conserve the humidity at
it is relatively easy fobetbhbegpwhted tao tdheg E
substrate. The hydrophilic | ayer is effectiywv
the dense hydrophobic intermediate | ayer be
prevents the némowvayldrofphwdtier liaryer via dry
in a significant enhahkt®2iment of PEFC perforn
Il n a similar [sthi@Ghw,esClhywhggthadveldt abi |l ity MPL.
examined the PEMFC performance at high and |
RH = 100 %, dry condition RH = 50%). A hyd

hydrophobic | ayer and the Q@lc.edThetiwedmodhtiel i
the hydropho(Bi g2dé LI tl awaesr f ound that there v
both wet and dry conditions when the hydroph
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hydrophobic MPL. It was concluded thaitnthe t
removing excess water during high humidity.

Hydrophobic MPL

Hydrophilic MPL

GDBL | | GDBL | | GDBL

Hydrophilic MPL

Hydrophobic
Hydrophobic MPL

single MPL

Figure2-8 Single and double MPLs with hydrophobic and hydrophilic layEs§].

Hi rakat[[al 5d4t] 3&p mpared GDLs from SGL Group at

conditions wpthOaec6&6bDd badra hydrophilic | ay
MPL. The other GDL had a single conv[jehGd]onal
it was found that a hydrophilic | ayer was ef
at |l ow and high humi-dp twa < oanlds a iiomvse s tAi gatl ad
that there was a significanti liimprloaweme nats wit
remove |l iquid waferarisrloonw tthemdr athurcds .

Weng ¢f5fdlb.ri ¢ atlealyddarl , each with different I
| ayer directly witt tPhTeF EGDO Lo | vinab8 eadth 328 (FSaci n g

the catalyst Il ayer. 1t was concluded that an
the overall water ma,umngleeme nito.w Thhuinsi dwa sy bceocnadl
with | ower PTFE |l oading helped keep the CL ¢
of PTFE content needs to be car eftlel y EMG-tCi. mi

Similarly, [Kli5eB8albar a ngestigated the effect 0
triple |Ilayers MPL on the perfor mafrc g29.fe PEMF

53



Substrate

170 pm

ey Y

MPL(PTFE20%)

70 um

(a) Hydrophobic MPL (PTFE20%)

Substrate

MPL
(PTFE10~40%)

Hydrophilic MPL

70 pm | 170 pm |

I

5

(b) Double MPL (PTFE10~40%)

Substrate

170 pm.

MPL(PTFE10%) | 1=
MPL(PTFE20%) | =

L
1

Hydrophilic MPL| |

(c) Triple MPL (PTFE20+10%)

Figure2-9 Different MPL configurations showing: (a) hydrophobic MPL, dbublelayerMPL and (c)triple-
layerMPL [158].

The MPL thickness of the kmdr dpkbolkihd c MRE s w
hydrophobic intermediadat MPLGDIn wdes. allondl £ e N
case of 't hceoattreidplGDLMPL he thickness of the h
PTFE after the firssm, MBbhbdcoahbingfwabesbydabp
20% PTFE content after the emecDma MPALdr cphitl
thickmseeths awa t he total thicknesklcoatadl GDhe
was €4 358]

The results of previous studies showed that

hydrophobic anenhpthbhephivieiral | aypyer f or mance of
range of RH conditions. The double MPL | ayeri
bet ween the hydrophilic alreefyfeectainde gats idmp f s
drainage abilitydefcrtettalmsel cxagt yad ¢grs tt fl arysefreranrde s
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t he tricplag edPLGDL can expel excess water fro

transport resistance is reduced effectively
At r mddust be considered, as the extra | ayers
of the GDL which can have a negative effect
reactant gases. I[tl1 5wWlhjat fohedopyi WKumahhr akne s

|l ayer was 5 Om.

Overall, it was found that creating a compos
within the GDL. The hamenpmo st @ stoend odnd hep tMiPrhiss
solution to water management wlhiflst consi der

Graded wettability designs of MPLs are incre
particularly to ensure that GDL/ MPLs can ope
conditions, without compromisyngmphemBBEMFGQgp
designs is <cruci al for practical applicatio
However, further studies are needed to dete
mai ntaining high perforamfndee and tloe mexti gat E
GDL.

2. 3.TBhi3ckness of MPL
The thickness and | oading of the MPL onto t

overall fuel cel | performance. It can i mpact
Deevarhx ay . [57] found that | iquid water ac
critical effect on the PEM fuel <cell perforr
which gives better overall fuel ced IGDle/rGlor m

interface without an MPL was shown to have a
The MPL reduced the water accumul ati on at t h
cell with MPL better thasnofhat of the cell w

Lee [et&@lrried out a studwyutiimbigsnggtesyeghptor
thicknesses of the MPL influence water mana¢
cel | with a 0.48 c¢m] active area was <creat e

resolution to track waweewvea rbiechndhv(i ®,am50aMPA 0B (h i
em MPL without a subangmaryiumgeossdeinki ¢i est
2.0 A/ cm]). ResulMBwabowddedbhbtewhedhaess, it
reddacegui d water buil diGPL at ntteref acat. al Tyhsitc kle:
particularly good at minimising water accumu
and the GDL substrate. Under high cudsramd de

mi grated towards the substrate. I nterestingl
an MPL significantly | owered the overall wat
Nam eft7&Hudi ed water formation in a GDL tr
model |l i ng. It was al so demonstrated that t |

interfaces betweenanalesoMPletawrent thdheMESE and
reduce the chances of severe water fl oodi nq
perfor mance.
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Research carried ¢aou7rtbiyl iNsdendendtahgraepersa it egt enady

i sothermal simul aphanes ffloownvesPEMRC®.-t Woe s
fluid model to analyse the ther mal and wat €
performance of the cell. 1t wasuéebuadlthptom
a more even temperature distribution and enh
This occurs as the increased ther mal conduct
MEAr,esul ting in a more uniform temperature a
to enhanced humidification of | iquid water a
Thicker MPLs tend to be more sucthledegdg ot hd o
membr ane hydrated. I n contrast, thinner MPLSs
help with water removal. I n general, | ower M

sizes are preferred i n huri dnead rudr tA, ME .| olLaac
better under dry conditions td 1li6€elllp keep t he

GDL thickness is relativeisgpdyvaucbesdth@endef
fuel <cell design and operating conditions. E
that there is an optitrhkeéestMPLuéhi c&hes®Dlepoatl

[ 16[316.4]
The findings [of@Ahnhctbaagchget hal MPL t hickness

PEMFC per,fuosrineagnpceer i ment al techni qgue s-r aoyf EIl S
radi ography. The results foundem hHam5i0oweeasi
the I iquid water volume by 8% in the GDL on
A/ émthis gave rise to a 50% decrease in the
repor taend MPMlattdiri ecktneersmt fman 25di dA / ncart give any
reduchi ame il iquid water volume in GDL. How
i ncreaseldhe yo pveRP%Unh mclwaes $§ ounedm taos btehi5s0 gave
treodd between water removal and membrane hyc¢
Weber [elt6ésdddowed similar results. However, t h
t hicknesm fwars &fof i ci ent PEMFC performance. T
be thin enough for i mproved oxygen transpo

management .

Par k [eltéebdper i ment al ly exami ned Acheet yBifchiredct of
f druel cel l performance. 't was d%amo St rAdt ead
ambient pressure | ¢éadshsarhde aiersta s uteHe coexdil d gre
to polarisation curve measurements.

A numeri cal simul ati olnlécoojmlduct edowegd Wagge eine
findings. It was reportegnidbBEatwtaoe MPmutmhi ek e
in which the cathode | iquid water saturat.i
performance would not be compromised.

Given these factors, determining the opti mal
to perform its functions effectively, but no
resi stance, or hi nders watar amaeagemsntel ¥hi
topic in the MPL design and the implications



2.3Médcrostructure Modi fication
2. 3. MPLl1 Perforations and Cracks
Research halsl 24851 6[810b6491 70t hat perforations
MPL can benefit water management by serving
mo v e ment away from the CL. However, t hese ¢
compromi se the mecM&mhical durability of the

Gertei Jerecirdd atagperifaoseart ed GDL and tested it i
precisely spaced 1 Om holes with a distance
Vol tammetry experiments conducted at wvari ous
that the perforated GDL effectively reduces

GDL, the modi fied version showed enhanced
accumul ation, evidenced bymB&a22 %wienicnc aaisnei de no
current density. This suggests a potential f

water accumul ation and enhance oxygen diffus

Similarly, [ M&@hdine ktl eader treatment of the
f or ms hyhderad pf hezcdtmeedp r tohmadtceal i sed water redi stri
compar ipreg froomt ed GDLesn doameéewi peri1o00ations

humi di ty and -pceurrfroernattse d tshaempnloen i ncreases wat
to anode. At higher current densities, it ac
to the anode.

Lu eftle@d]so utilised | aser perforation speci
untouched. They employed neutron imaging to
observed i mproved performance under both dr
hydrogen and 30% RH for air) and wet condit]
both gases), particularly under wet <conditio

of water di stribution across t hete@lt ed mé&mDhhr a
sampl es.

Owej an[ &28]all ored the i mpact of MPL cracks o
comparing crdcled MPhd wmaek both dry (80AC
of 66%) and wet conditions (60AC fuel cel l t
perf orwaasncsd mi |l ar i n bot hamiymiemalofc diPtLrsi, b lsBtuige
cracks since most of the wat erapwas nse erhetyo ab
noted that the MPL helps prevent l i uodth wat
reaching the CL and obstructing reactant del

On the other hagddflojuvad kit°hhatercreackad .in t he MP
transport i n the GDL wasr avy sruadii sgerda puhsyi.n gT hse
revealed that these cracks significantly i mp
into the Qrmacksainmetllse MPL were i dentified a:
water transport through the gas diffusion | a
as size, density, and distributi on fcoorumadn chee,
paralleling strategies |i ke GDL perforation.
fuel cel | materi al s.
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2. 3.PMor2e Forming Agents

Sever al researchers hawofexmpigegeds t wet wise tol
[[ 1611711721 73] Upedf ef mignegnt s can artificially
and pore size distribtifebeasoVethkel MPlLel t bebkl

Si mon|[dtffelnfhanced oxygen transport in PEMFCs
with the materials assessed through MI P, n i
indicated that while all MPLs performed si mi
pos eshowed better performance under high wal
removal via the | arger pores, facilitating o

Chun [elt7pZa]lbduced-ga ampleerdo sMiPtLy usi ng a doubl e co:
e water removal capability of the GDL. The
er mal expandabl e graphite, which creeoates p
e catalyst, was | ess porous than the out el
eating a gradient in porosity. This struct
rticularly at high currehbosseansftomswhtyer
erall , -grheed epdorMBL tpyr oved advhinghhgewmurserftord
gi ons.

an lethll mbserved i mproved perfor-manwee MRL P
varying pore sizes. Their findings i n
ormance at <current densities -labyaer MPII4
c tdiuwceeldy Iriegui d water <content in the CL &
eby i mproving proton and oxidant transpo

= O ™ S Q

[eX 7cx]leapedogriatgd and tested the perfor
ed MPLs were created BGI pgroarmene mgc o myemtsr
l ting in decreasing porosity from the me
structure and porosity of the graded MPL

cC OoQ

MPLs was benchmar kend fagan nvPtL sc e IRess uwittsh sithov
graded MPLs outperform those with comventi
densit wafsoufdtéhiso be due to enhanced water an
porosity | ayers.

Mi crostructur al modi fications-f osmicihg aageretrd
significantly i mpact the performance of the
and pore size distribution, whiildhe rant e oarsud in
properties influence the GDL's capacity for
the hydrophilic and hydrophobic properties
performance. Ther e ifsurctomesri dree saebd rec hp olt ye na ri tail
MPL's microstructure to enhance the perform
t hickness. Mi crostructur al modi fications of

desdruwvd her exploration.
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GDL and MPL carmproe ¢shumbejseccatu steo dveagrriaoduast i o
cal degradation and mechaniacabmgdg&®Ladat
g assembly and operati dln.7[4WA[8Y7[6t7wdi e s
o analyse the effect of chemical and me
rmance.

e[tl 7adhlvestigated the i mpact of electric po
|l s, focusing on how this degradation i nf
bon corrosion tests, the study re®%é&al s s
ction in thickness and a 5.8% decrease i
|l e of the GDL sample. Techniques such as
Sss tests were used to ansal yisne ntehceh adnei gcraa d
p to 38%. This structural weakening of t
d i mpaired water removal capabilities. Co
creased.

I

r
du
dd
re
u

| t[ @ %ex¥pll.ored the effects of artificial age
i ngr ensiogghut i on synchrotron radiography. A S
mpl es. They were aged in a hydrogemmuper oxi
fore beifnuelt e®tiddresearch combined radiog
gl e measurements to investigate ageing <co
rmed at the interfaces betwéeandhehé&DBP&nd
e to MPL cracks and | arge pores within the
sulting in a reduced supply of reactant ga

u €tli7®Nmil arly investigated the effects
aracterised the s armapyl ersa duisoignrga pshyn cahnrdo t E loS.
bjected to an acceleratedwadgeongt p@wtcefs sHDb
AC for 12 houerrsay Thnreagsiynngc hrreovteradne dX t hat age
gui d water saturation at | ower current de
gher susceptibility for wavied e radc ciarnntue rhfta coe
t ween the GDL/BPP and MPL/ MPS, where aged
ter content even at |l ow current densities.
ansport resistances in ageh tGDd sqQb uer vt ed 1t
gui d water accumulation. These findings su
eing significantly impacts the | iquid wat e
el cell s.

etf] 1dd/]pl ored the I mpact of GDL mechanica
evated temperature and flow rate. Degr adas
asurement s, MI P, humi dity sensitivity, an i
crealteed degradation testingpl anesiganduactainvti
served in degraded GDL sampl es, particul ar
gradation process, characteri sed thy tlles sc

noemonducti ve PTFE. Thi s resul ts in not abl e

p o
de

|l ari sation curve measurements. The paper
gradatagei sigtrrhegl oss of nonconductive PTFE
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Radhakri sHrasB8a&mi neeld how cyclic compression
properties of a GDL. The study found that cy

in the GDL surface morphology, pore si ze, p
anglaeg,erw upt-gplka@a&ne amaer memabi |l ity. Notably, the
t he GDL hydrophobicity was found to be more
The study on the durability of GDLs focuses
degradati on. Much research has been conduct e

specific causes of degradation undquitreefact
i nvestigation.

The addition of an MPL is <cruci al for man a ¢
electrical contact resistance and minimising
studies confirm that MPLs enhancegPEMRQGCI peof
(by maintaining membrane hydr at i gwia tidenr dirry we
conditions) the i mpact on water management i
are inconsistent, indicoant iinngt oa hnoewe dd iffofre rfeunrtt
affetuedlnle perf ormance across varying operat

The incdmwmPLonsoessential for the GDL archite
t hat MPLs boost PEMFC performance. Mo s t of
adopted to enhance or modify the MPL-ofTlBere
when fnyoidnig t he MPEI| g&als® oauntd itnheed sipneci fi c ef fe
transport and electrical conductivity are n
further exploration into how #Huéeélereper MPLmMa
under various operating conditions.

Figure2-10 Schematic of the engineering challenges associated with the MBL
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2. £ontact Resistance
Contact resistance between componentrseed fue

to be overcoimesbeé&dorkefsetceesfully commerci
sever al | ossB8ectladndBlReasskdsses can be cl as
reversible. l rreversible | osses are due to
reduced. For exampl e, entropy | os ssetsanadnadr dl o

temperatur eSTgfangirteisecms e On t he other hand, 1
These are due to factors such as material s u
[ 180]

The ohmic | oss is a reversible | oss, it i s t
fuel cel | components and their cont act res
i mperfectly matched componentsib¢eeatiaeesf wdi
in the morphol ogical, structural, physical,
components that encounter one annootnhceornt iBneut ome
contact is for med tgainwieng Whiesne tthoe sceo mtoar cpth orl eosg
di fferent components are in contact, a trans
transport to be noncontinuous. This <causes

el ectricalnareeqd $sé&HlHmgddd Bsihsowis how the nonconti
bet ween the MPL and CL can cause difficultie

Mean plane of MPL

Mean plane of CL

Catalyst layer

Figure2-11 Schematic otontactinterfacebetween MPL and C[181].

Swamy [elt8&laléeat ed an anal ytical simul ation t heaea
as a function of compression. They observed
MPL and CL resulted in a 40% drop i[n18h]e con

As a result, it was found that the contact

roughness and the contact pressure between t
their correspondi ngomrstpadtace aoegmhmapedebadt o
studied.
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The i mportance of contact rlelsiSpmdcdhctehevaso st

of component resistances to the total 0 h mi
approxi mately 55% of the ohmic | osses came f
component s: GDL/ BPP, GDL/ ClLstamd e mme mldr atnhee CiL

components accounted fofl&mpd afhitsh dFsio ¢gdunisep | rae
2-1 2

In Situ Measurement

w
o

Theoretical Cell Repeat Unit

A

H
o

w
o

Contact
~55%

Area Specific Resistance (mQ-cm?)
N
o

b
o

Figure2-12 Contributions obulk andcontactresistanceo theoverall ohmiclosseg4182].

The contact resi stance between ctomea rGhluk BBP ¢

ohmic |l osses. Such | osses must be minimised
energy to electricity rather than to waste h
the BPP, so it is Iimpestamandhesaddegsonshel:
properly, the contact resistance can cause s
potentially contrinjut8e3]t o materi al degradat. i
Additionall vy, it must be noted that gaps anc
catalyst |l ayer. The cracks at the interface
this in turn can prevent r e aacyteannidtt gcaosud sd farl ¢
potentially affect the contact [rlé&dh]astt atnltee ga
at the interface of the MPL and catalyst | a°

storage capacilt8gll]s Swamyg wentt etxrfaatc i al contact
MPL and catalyst | ay@dB8%cotltdhbotdt bkt watar 6 &
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2.4Chntact Resweetanteée GDL/BPP and GDL/ CL
BPPs are important components ofdetthaei If uien Seec
1. 3. 4Tveo main types of BPPs are used in fuel
resistance can form between these materials
form a passive |l ayer on the surfBoethduoet bot
metals have a high surface roughness, bot h
contact resi st &baaktsBePdRkh e ®Gr aphnge composites ar
choice for PEMFC bipolar plates due to thei
corrosion resistance. These properties ma K ¢
appli ¢daB8i5¢Oesspi te this, 59% of tot al power |
resistance betwgda®86tfhe GDL and BPP

Taeduce the contact resistance, the contact
be increased. More contact points across the
t t ravwehi iahc rtousrsn, wi | | | ower the contact res
from metal are typically coated wiltdh7hhgbtey
surface coatings | ower the roughness of the
thus reducing the contact resistance.

o

r

u

h

here have been many tdheeseagatti meanscomt acthom
he GDL and BPP, investigation[pl8ay#Hoihedn c a
nd exper[i mMANt2821) O[@1)h9[2] 9.3 ]Thef imadiimogn t hese st u
hat the contact resistance decreases as th
he compression creating more points of cCo
ontact resistance Wagd oaldsomgafmedthed GIDY ,t It é
and the presence of an MPL.

Zhang|[ @ 68frlr.i ed out an investigation to calc
GDL and BPP, as a function of pressure. A hyc
The GDL was then sandwiched betweentewo #r aj
mi calommet er was installed to hegBu&Bdotwbear e:
schematic diagram of the setup.
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P-
w Flexiglas insulation
Gaold plate

Graphite plate
£ Diffusion layer
(Graphita plata

Gold plate
Plexuglas insulation m

Figure2-13 Contactresistancexperimentaimeasuremergetup[188].

The bulk resistances of the components were
(Y ) and tyhe TGRLLEIt@sSBBNCce of the Yse)t ups iist ad &
be directly melalsxpsessss tHEou aotvieoml2. resi stance
resi stamneasacdanfie&8]st ances

Y Y Y Y CY ¢pm
Rearranging for the contact resistance betwe
Y cY Y CY

C
The contact resistance between the Gold plat

Yo

¢ p

a separate setup consisting only of one grap
pl at es This gives the comrt ast foésiosstance of
, Y Y
Y < P C

c
-}

knowns afrer namwd a2gaatndends@abdati t dt ed i n
to determine the contact[n88i]stance of the C

'Y Y Y Y Y
j c ¢po
The study concluded that contact resistance
pressure and variation of pressufrle88ad a s ma
On the other [ b &Bth,erNintetnat aeltl yali.nvestigated tF
the GDL aAdHJ tpiieeCL.cell was wused with AC i mg
functio of GDL compression. The AC i mpedanc
cel |l el ectrical resistance. Membr ane par am
compression. Thrceceoheaweemreshe GDL and t he
subtracting the membrane resistance, i ndi vi
resi stance @ragthiet &Dduramaelnt col |l ectfoXx93]rom t
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Y j Y Y Y j T

|t was found that contact resi stlamceearadty twh e
i ncreased [clOn3pTlees s¢ @mmt act resi stance between
bet weem 14 mes | arger than the contact resi st

Similarly, Ma RuAisherd aEleS tad .esti mate <contact |
GDL/ CL and[ G477 BPGDL was made from Toray catl
It was found that the contwakB8 . dkmansd anetew ebeernt
the GDMa/8CLl4gtnmh[ 194]Neverthel ess, measur ement

bet ween the GDL/CL hasbedrll iemgit @éad satnudditdédereo

Il n general, It i's difficult to accurately
PEMFC components. This is an ongoing topic
groups have investigated 1it, asconsideran Th
i nvestigations have required specially desig
As a whole, the two main techniques used to

addition of an MPL to face the BPP, these tw

2. 4CAdmpression

As di sicnu s$Sedtdioomn act resi stance can be reduc:¢
bet ween component s. One such way to achieve
cell . The compressamnimeadweer temdamazrelson hfei br e
ighbouring component s. These enhanced cont
ansport through the interface thus reduci |
95The effects of compressi omabe@ena GDar andh

sealf t9el9[619[719[879.9]

ng [€t9%943vesti gated the contact resistance
ults showed that the cont acatusrealsioutsanvod trk
es across the fuel cell. It was al so sho
stance and high compression reduced 't he
eased diffusion patlhhway d$rfoor gasgslBt®dgared fs

—i|—|r—|-3

® D®O ODd®=S DdFL = O

= —Wwn

gh compressi on fionrccree biene sar i fcuad | ccoenltla crtost
mor phol ogi cal and structur al properties
ntially be reducedfbyelgaladiast dlnsBse thicacm r s
4t. e GDL is naturally a porous aniafteecsti al ,
al |l performance, such as t hecramalb ec oanfdf uecct
to cpmRession

o =
(¢

= 3

c < -
T ®0Do wW—"T0O3> Ontunvuounvow

r Il ow compressions of approxi mately 8%,
an MPL is very high for high current de
he porous substrate wil i ttsaksei npillaacre .b eAhna
compression at around 22 %. Based on thi
ce the water condensation by providing u
r. The MPL al soumlll awse wWwiotrhit het watear bon .
er than at thAtl swefrace apf ¢tgwé da bieodrtamr o d e .|
ng the electnbicheEttel cady greenacmasosn transpo

Q- —-S "~ sSs C QO0ONT > Q= —ITO
- > o

cC 9 9 ® O S5 T 5
= Tt < o =
- OO C
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interfacean HwPWe vaeirds i n the dissipation of
uncoat ¢ 20GDL

X-ray i maging carried out showed that gaps at
can serve as small water reservoirs. Not onl
hi gher contact resistance, bnu twictahn tahles ot rhai pnp
[ 200]

Therefore, uti i sing cofmprleetsween wihHd ocelsarasbhd:
and ultimately balancing ohnpcal groill sagtd st | omi
indicates that there is an opti mum [clo9n®p]r es s

Bat es[ 2@®I]Jpaler i ment al |y
f outnhdb t MP a
associ datheedmwi ¢ isi on

wa s

anal ysed the compressi
opti mumFaygy&l4bde ws o dhfaefcs r p d
of the fuel cel |

an

Increasing compression

'

Loss of pore wolume Betler contact betwean Batter contact batweaen

Physical garbon fibers in GDL GOL and ather companants

changas = Decreasing permeability

in GOL = Changes in pore size * Improved bulk eonductivily, * Lower contact resistance,

disfribution? beth alactrical and tharmal bath electrical and thermal
) ¥ ¥
Changes in « Lewer gas parmeabllity + Lower resistance = Lawer Interfacial resistance
ex gitu resulls
L | ¥ ¥
Effecis in * Higher mass : Lewar shmic awverpatential : Lenwer abimic mrpnien_‘lljal
ateical | vansirovepotenl | | *Srmaleiamporaive | |- Smalr lomporaeediferences
Figure2-14 Compressiortradeoffs [122].

The GDL inherently has a delicate architect.
optimum <compression force t he GDL can pot
degradation/ failure. Degradation ofoft fe bGDeLs
and deterioration of the PTFE coating. Compr
also the GDL porosity and wultimately fuel c
forces can be reversi bbe, itwadatien can cGD Lc a mep rug snd
Despite this, in ge@GBisalructhhe edehhosmadat bgn f otk
i's not [re0/ZxKEHarbdudff 6@&%t abl.i shed that the cont .
with each compression cyclié rceglact¥owgydt abili
resulted in an irreversible deformation effe
excessive compression can also create hot sp
current. This can ulti[mazx8&dyoVveadltofaerl MEAI
't was reporft Bad2hjay Nihtet &Ddt adlso undergoes in
The GDL suffers very I|little compressiton sund
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compressed to gasket thickness. GDL compress
conductivity and contact resistance. Il nhomo
GDL el ectrical and mass transporddptddPperti es

| smai I[ 8Bthveaelsti gated the contact resistance
additional MNMRIg2dr8itghhd i@hlt.s how the different
SGL 10BC and SGL 10BE) decreased in contact
the SGL 10BA when coated with an MPL, to bec
a reduction b5 %apmpd ok0¥atreeéypectively. This
due to the presence and higher concentration

easier transfer of electrons. AdditiomkaI I vy,
conf[e8nPtl1 1.9]Thi s is due to PTFE being a natur a
content of PTFE the | ower the overall conduc
35+
o~ ¢ 10BA, 5% PTFE
é ., +10BC, 20-25% PTFE (MPL)
TR US| | 1y 2] S
E. \ @ 10BE, 50% PTFE (MPL)
e 20- -
S
(2}
‘» 15
o
o
y TR [ 1 TSu—
3
S s
o 1
04 ; i
0 10 20 30 40

Pressure, bar

Figure2-15 The effect of MPL coating on the contact resistance of carbon substrate SGL89BA
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2. 4D8ukSlieded MPL Coated GDL

Agli scusse@ .i3n hSe catdidont i on of an MPL to a GDL

especially concerning the enhancement of ma
resi stance. Typically, an MPL is placed betw
faci nQL thhaes been proven to decrease the cont
points between components and therefore al/|l
t hr owmhgihcrh t urn enhances the overall capabil it

The application of the MPL facing the BBP si
is also possible for it to affect the water
[ 12i8nfvestigated twlaed eBPPesmodal ©Dmey emsfhroeved t h
st andRIhgbhet ween the GDL and BPP can reduce t
becomes trapped. However, they only applied
both sides of thef rGebda nM®RIbsgr,0o utl de hiavye dfefd c.
t he MPL iamdww@bdéehr coul d accumul at e.

Some researchers havesisdgd eMdRle dby reeppgliyigng M
of the GDL. One side of the MPL will <contact
[ 763ed a carbon -03®,y eTpragpye) sl GtPHe GDL and s
sides. The MPL was made from a composite of
and Black Pearls 2000Twetbpt8d@mapvé mgttou P FWta $ o
with an air inlet temperature of 85AC and hy
MP a . The membrane aciti e avaesa rw®psrisdeddd aNhPalb
i mproved the fuel celsli nggd dWEPdirantainncge tnhoe eCls.o Tit
to the i mproved contact interfaces between t
|l oading was kept constant i n>. thhiss ewpelr d me a
|l imitations on the optimisation of the MPL ¢
mg/WPL | oading f adPrfgactihneg GLheanBlPMo The seco
mg/dmcing the CiAf axndcg0.themd®@B/PPm The f2omal sc:
both sides. rTihoe gsaewvceo ntdh es cheenfa?.6 per f or mance r e

FigdIr@hows a comparison of t hesiddwPdceoraetnetd | o
GDL. It can be seen tfhadi rsga mpHe CIE 2acrid gi7.t3men
BPP) performs the best.
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Figure2-16 Polarisation curves showing the performance of different MPL struditéés

Despite these measur e nteonu-ksi, d d dt oVeREIRIr wet er nset

explored. MPL thickness can potentially h a
performance by | owering gas permeation. As a
are critical to a sound interpretation of th

Chang[dTanlied out a similar study and appl.i
this scenario, they did not keep the total c
GDL was wused and three different <carben bl a
best: Acetylene Bl ack, Bl ack Pearls 2000 and

was kept constant at 5cm x 5cm. Both inlet g
of 70AC and the temperature.ofP TEEecbuonekentelw
constant in all/l MPLs at 20 wt. %. It was fou
out of the different carbon bl acks. Chang t|

Bl ack for the [t4Wwd ghNR LB hcoowast ithhgast t he opt i mal
1.25 Zp/lcdmg the CBfanidng.t2lbhe mgpPR.m
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Figure2-17 Polarisation angiower density ofdoublesided MPLcoating foroptimal loading[47].

Figgtr®ml so shows that the 1.25/0.25 | oading
around 980ompMrcced to a conventional single

facing the catalyst?[di7TdEhib$ anowsotla diiarDg nmoW ctr
surface facing the BPP is generally |l ess tha
resistance. However, there is an optimum r at
becoming too thick andosséserPWRBEfcomt emat swa
and it was found that | oadiFng2ot&h2dWwswta. vér wa
PTFE contentidb0rwowm. 5%wtl t %can be seen that an
and there is a drop off in effectiveness at
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Figure2-18 Polarisation curves comparing the varying content of P[ABE

Huang an[d4 &lhratnlge r i nvestsidatdtedPLheoadbiubdg eun
humi dity conditions. Carbon paper (SGL 10BA)
bot h si deAx e wy Bléancek n MPL wi t h di fferent carb
Temperatures of gas inl etwernaenmt oowenmatl d ntf uatl
humi di fication temperature iwakAaCadpweshedi Ve
humi dity to r ainlg0eO[%.89 ween 13. 6%

Di fferent amounts of MPL carbon | oadings on
showed that opti mum c &fradminnd otaldéd n@f ammisd 40 .2 en
BPP48]In all the different relative humidity
This shows that a small MPL facing the BPP i
not only at | ow air rebdatigBewvhbumyBhogrHufti ed
di splays a comparison between the different
relative humidity.
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Peak Power Density (W/cm?)
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Figure2-19 Peak power densities with varying humidity levels(a) peak power density and (b) limiting current

density[48].
For instance, at a very | ow air-srdbatdRite dhum
GDL with a carbon | oading of 1.5 mg/cm] faci

power density of only about 0. 2a8hoW/nd mjo.f HIPWe
opposite side of the GDL facing the fl ow ch
nearly doubling the peak power density to ap
coating of 1.2/0.3 mg/cm].

PTFE content was also examined. 't was f ounc
ommoth sides of [th&]PMRL agtowedr wtens®hty at ver.)
conditions d&amorbee tihnacnr eBabs%e dc o mp ar esd mMyd ccteldat ¢
MPL ¢ dGDtlje4l8] Furt her mor e, EIl Ssisthedve MPIt hat opt
composition always exhip48] the | owest ohmic

These investigations show the promise of r
increasing the contact point between the com
the deformation of the GDe&,st doewetvhe rc, h aurnal citkeer i
were <carried oesuitdefdorMPiLhec odd ulmige of t he GDL
conditions and di ff ermentoifMPhbe arsau reer mmean tss. wWehree
curves and i mfhe da ndcoee ss pneoctt agaiaxce eai Bati ehi as
doubi evPd. c &dDLegper f orms and needs to be furt
di fferent designs and operating conditions.
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2. Summary of the Literature

This chapter has reviewed a wide range of th
GDL and MPL for PEMFCs. This research inclu
studies and has significantly deeiprenfeweloucelu
Theseprwevdn tools are essential for accurate

|l Wepth evaluations of the MPL have also be:
conventional and novel mat erials, adjustment
the implications of these changaesdonedégdadta
MPL modi fications aimed at i mproving electri
It is acknowledged, however, that while modi
al so i nvodlfvse trade

One of the primary challenges in fuel cel |

among the various | ayers that comprise the <c
especially in reducing conltyaicntg reecsmEsritansiev.e S
usi ng -sdioduebdt eMPL coated GDL have been explored
as it is | ebhseshgbimkekyuralcadasnmage to the GDL.

Despite the pr onsiisdee ds hMPWwn cboya tdeodu b@DelL s , resea

i mited, highlighting a significant opport.t

techniques can be usededoMRhatgaected hn&€Didva bt
0

engi neeviftf prad e ddieo be made in order t creat
2. Knowl edge Gap, Novelty and | mportance

The GDL is a critical component of the PEMF
' imited ohmic | osses | argely depends on the

contact resistance | osses acédeuhhef &GDLai b asbi
bet ween the BPP and CL, it is an important m
Therefore, it i's criticatomprovei mheeovheal
performance. Compreswaynt of i mc faade celldctirsic
decrease contact resistance. However, there
which irreversible damage can be done to the

of compressioae dahi datmeaget rtthct ure of t he M
degradation rates.

Previous studies have highlighted that the

GDL/ BPP shows promise in reducing the contac
treodd s when increasing compressoon. t&xpestn
capabilities of-siad&dDLMRL .t-shiT dae dd dMikbld leeoat ed GD
i mproved performance in fuel cel |l operation
shown that there is an opt itmadddr altea towenehne ni napg
el ectrical conductivity and a thicker GDL, w

needs to be found.

The previous ss$sudeesMPbrcaatdeodshiGtel tfeostuisreg <
pol arisation curves and EIS as the main mode
has been undertaken to syiecteld idddialtleyd cGDalr,a cutse
exitu-sandu itmet hods. Subsequetthley,e ftfheert-e oifs tlh
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sided MPL coated GDL and of its main prope

permeability, porosity, hydrophobicity, stru
Further mor e, c ur rseindte ds tMiPdLi ecso aftoerd dGoDaLbsb euns e ¢
basMRILsSs. Novel materials, such as graphene,
of their excellent inherent properties of hi

surface areas and[[A&8PBq4dalcChhayrdarcotpehroibsiactiitoyn a
metrics-saofdedlouwPlLe coated GDLshmamee fhbreem mxpel
Howeuwetese of novel mat eri al s-ofcfoubdt Wwedmp o@lpe
conductivity and mass transport processes.

The deouthée MPL coated GDL applies a microstr

structure. Further microstructur al modi fi cat
i ntr oduyotfieornma gnégnt s . MPL microstr poff @rani nmod i
agents have been shown to i mpr ove -stihdee dnaMPsL t
coated GDL i mproves the electrical contact
GDL could also help improve the trhtessoddr ans
bet ween i mproved electrical contact and t h
(governed mainly by thickness, porosity and

The novesli deadubMPeL coated GDL, which alters t
smal | | oading of MPL coating facing the BPP
extensive studies to optimise theaogeti §uoamt
the wsindglde MPH&outhd ded MPL | ocated GDL, t hi
significantly enhance the overall fuel cel |

2. Research Objectives

After i dentifying the gaps inthihe Khteevl € dage
i mprove the performance of t he PEMFC by r €
applicati osni doefd aMRILo ucbholaet ed GDL . Reducing ohm
been the focus of many resiear 8&c gtrhda prse d tHootwi ec

of ohmic | osses via the redusided ®&MPLcooataet
is still not fully understood. The MPLs wil/l
exitu experiments wicharaascstiesrti sian-g iaddMEPdby s itrhge
coaGbUds. The samples wsiftart hfemelbec elmp | pegrefdo 1

Consequentl vy, one of the major obsgiekcad ve@BL sof
and evaluate thei e@édeGbDLodntdeedalubl feuel cel

This study aims to provide greater insight
GDLtso mprove interfacial characteristics. Any
i mproved overall fuel cel |l performance.
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Chapt:e€Cha3 acterisation of Novel
Doubslieded Mi croporous Laye
Di ffusi on L #yoeérysner f okl ect
Me mbr ane Fuel Cel l s

3. Abstract

This study aims to experi merstialeldy ma wa loypatre u
coating on gas diffusion | ayers in terms of
comparison to sodedntpbpahaeld ghbglefVukcan bhy
Ketjenbl ack were used as the carbon bl ack ma
the results with respect to the typelafnecartk
el ectrical condudtvievittoy mis ralpmao otusi dagregi t( M
bl ack type. Furthermore, t h ec oealteecdti rGIDilasglht ¢ g n
| ower than that of the wuncoated GDL. The Ke
demonstrate higher gas permeability than Vu
resulted in a favourable shiftcroppoeg sebger
both singl-«ei dendd MPLW bd®at ed GDLSs. Cont act an
sl ight ni ntchree alsyedriophobicity with the additic
significant di fferences between-sezthomabl &E&
i mages showed that there was a higher | evel
t he GDLs coated with Vulcan bl ackias toebpac
testing demonstrated t he -ssiudbesd i \owl cpaenr fhbolrarcakn c
GDL wunder high humidisydedn&uticang bt alGDILMP &
exhibited better performance at l ow humi dit
thoroughly discussed and justified.
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3.2ntroduction

To reduce or eliminate the reliance on foss
recently emphasised the production and wutil
produced from water el ectrol ysin®e,rgysismagreleesc
as wind or solar power. Given the intermitte
typically stored and dep/l200y3eld as needed thro

Pol ymer el ectrolyte membrane futhutddlilsat( RPmBI
| oovar bpdrogen. This is due to their high eff

of as$e@e@BIPEMFCs are well pl aced to enable t
applied in a wide variety of st[az.3]Jonary, aut
The gas diffusion |l ayer (GDL) is a vital com
roles within the fuel cel | . Firstly, It uni
oxygen) to the catalyst ladaye¢émno WGEL)eraamainag esmie
should ideally expel excess water whil st S i
Water flooding, when it occurs, has the pote
catal yst | ayers ple¢cet ol obkagar of alt heompor es

particularly the gas diffusion | ayers. Thi s
especially when operating under high curreni
' i quid watédre wDLII in the fuel cell I's of par
opti mal [®2Bdr ati on

Finally, the GDL provides structural[ Sd4pport
Due to the multifaceted nature of the GDL, i
as this best fulfils the multiple functions

cloth or carbon paper.

Typically, a microporous | ayer (MPL) 1s add:e
slurry combined with polytetrafl uoroethyl en.
conventionally applied to the surnfhaame eo fwatt hee
management within the memf{[rlagiz] j38llecdsodel asts
contact between t he [[GCDLR @4ld htulrse i amgptr alvy sntg loary
per f orfmMagi2dd.B|] grsehows a schematic representat
of a PEMFC, including the GDL/ MPL.
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Anode current collector

Anode GDL

Anode MPL
Anode catalyst layer-

Membrane

Cathode catalyst layer

Cathode MPL
Cathode GDL

Cathode current collector

Fi g8&Sechematic representation of a PEMFC, [RIOBHI i ghti

Fuel cells experience irreversible and reve
entropy and deviations from operating condit
on the other hand, such as ohmpobtapokatiosatias
by contact resistances between fuel cel l cCo
materi al s. Mor phol ogi cal and structur al di f
el ectrical clon@@l]tdher &PLstbateoveen the CL and
particularly affected. Contact resistance in
and contact pressure beftWw&EdDundommane Bt58%. olNe D
stem from interfacial contact resistances (G
come from bulk resistances. GDL/ BPP and GDL
i mpact on ohmic | ossersesiPsgtogpreadsy iaddarescii anlg
| osses during[fl88[Theelel hawper dteiecan many 1 nves:|

decrease the contact resi stance between the

out using|[ 2 Oabmudl aetxipoenr§i & J7,9 38t9i]1GH]L 0[13 063 Q 7 ]
[ 20.8]Thef imadiimmogn t hese studies is that the con
the application of asi €d, MPh paated uGRl. a d

Ni tta leeX]péri mentally investigated the cont a

CL. They found that contact resid$gtiaeael gt wit |
increased compression. They also showed that
bet weethO 1t4i mes | arger than the contact resis
hand, Mak[hlau4ésladeel attrochemical i mpedance sp

cont act resistances$ 16DIT/h@L GDrLd w@BL /mEBaRIRR f r on
paper treated with PTFE. They estimated the
mq ¢ m) and the contact resi sqgcamjcled 4GIDhe Cre & 00 1
behind the discrepancy of 1 %dnje fMarkdigm@ids] ket vad
that the former did not wuse an MPL whereas t
t he GDL, this helped reduce the contact resi
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| smai | 8Bdumd .t hat the contact rfcexaitdtngn ovea sd eax
to thle8%BDLhis is due to MPL conformability, \
Additionally, the contact resistance|[ &@l f ou
[ 207This is due to PTFE being a natural el ec
content, the | ower the overall conductivity
A thrnemensional numerical model of [a OBHMFC wa
aim was to computational |l ysiidrewe sMPiLg actoea tti neg e
fuel cel l performance and the distribution
cathode GDLs. The ressil desdrdPeiag eriaf it darit It yh ei
fuel cel | performance by wup to 30%. However,
MPL and the catalyst | ayer could result i n

Additionally, t he st udoyr niaonucned atnhda to xtyhgee nf udeils
more sensitive to the porosity of the MPL f
catalyst | ayer. |l ncorpbiabliag phaéertirat PMIPEL aa
to greatly ernfoamoe cfeuel cel | per

The application of the MPL to the surface of
reduce the relevant contact resistance and |
al so possible for it to affecOwehanrkEm®Maabl

i nvestigat e#d &nfbfer-eaedadnidB inoghet ween t he GDL and

and it was shown that the performance of the
bet ween | ayers. However, they only applied t
of f aeeanMPhgcoul d have | eft cavities between
could accumul ate. An i mproved solution woul c
av these cavities.[ 7060 etdh ea octahrebro nh-&f 6 @b,r eWapne
To as a macroporous substrate (MPS) and

fr composite of two different carbon bl a
t. % PTFE Itdadi ndse ddtaduwPd schooawni ng 1 mp
erformance; theiderdr eMPlL demdii tAgn dwiatsh 1c
h tisé deidngloati ng’ava® . P3¥0 MmMAi smis evident
tact bBLwaed bbeh Gt hfe7.6cBPP amd tahes oCli ghl i
t tise deeaduMPde coating all owed for a gradua
the bipolar plate, thus maintainifnfgg]sat i :
intaining a constant? tooheal MMPLI ¢ @%iiaiceg gogo f 0
CL an@éf ac.i3ngngt/hcem BPP gave the [b7e6s]t over al

O 5+ T WO T o cC

D

ang [dtdjadl a similar study and applied an M
enario, they did not keep the total <carbon
ed and three different carbon bl acks wer
vtene Bl ack, Bl ack Pearls 2000 and Vul can

al | MPLs at 20 wt. %. | t baeapse rffoow rmd mtgna t

bl ack. They then optimised the | oadsiidg]of A
They reported that anff MPiLndg obldée ngGLfodmidn @ 512 ey
BPP gave the best fuel cel |l perfor mance. PTI
that | oading of 20 wt. %swadedt MPLmooetatehige avi
mg/lmading could reach a maxi moompawed tden
conventisnadlkeds MPg|l eoat?dlmagd(wigt)h whimd/ dimd a n

O nw oS TSTToO©9 00 To

- >c 0 Q0

=}

78



density of?[] 23DThew/aut hors showed that there
before fuel <cell performance starts to decldi
suffering from mass transport | osses.

Huang an[d4 &}hratnlger i nvesstidatedPLheoabiubdg eun

humi dity conditions. SGL 10BA carbon paper

Bl ack MPL with different carbon and PTFE | c
adings exsn ofotGDLsiwkere tested. The results
|l ative humidities, the #®fpaciimugm tMPeL G20 aadnidn g
cing[#4BéTBIPY again showed that a small amo
neficial for improved fuel cell performanc
e relative humidity of air is high. thEFE

ti mal PTFE | oadings are the[d8phEh®enpdak hpa
nsity at very |l ow air relative?fhausiiaglteg co
dMPd coating, wherPreas f h-ewdedbMBR &Vdami ng v
% ingd8hBEBrt her mor e, EI S -ss ldeewvde dMPtLh aadt t dpet
mposition al ways exhi QQi4t8d t he | owest ohmic

OO wmwW oo o —+h-—= —
O uUrl~— d®T DO Q d O

Further research is needed toi ded!| MPundeate¢ a
in reducing contact resistances and mini misi

The existing investpghariosatiponmaur Vegsrahde6B
i nsights. This study ai ms t-9i ceodnpvViRbeosatved
throught lexaindu i @anal yses, i ncluding measuren
per meability, md reqgsimor, phodmwtgaygt edrectrical

pol arisation curves and EI S.

3. Materials and Met hods

3.3Fabrication Procedure

The GDL used for all of the samples was Tor a
Earth, USA). Two different types of carbon b
and Vulcan Black XC 72 R (Sigma AdtdrwecrheE, u sUe
for the charact daib3lati ons are shown in
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Tab3l&DL samples prepared

the investigation.

Sample Type

Abbreviation

GDL Substrate MPL Material

MPL Loading MPL Loading
Side 1(mg/cn¥) Side 2 (mg/cm)

Uncoated GDL
Single Sided MPL coated GDL
Single Sided MPL coated GDL
Double Sided MPL Coated GDL

Double Sided MPL Coated GDL

GDL

SVB

SKB

DvB

DKB

Toray Carbon Paper 06!
PTFE 10 wt. %
Toray Carbon Paper 06! Vulcan Black PTFE

PTFE 10 wt. % 20 wt. %
Toray CarborPaper 060 Ketjenblack PTFE
PTFE 10 wt. % 20 wt. %
Toray Carbon Paper 06! Vulcan Black PTFE
PTFE 10 wt. % 20 wt. %
Toray Carbon Paper 06! Ketjenblack PTFE
PTFE 10 wt. % 20 wt. %

1.25

1.25

1.25

1.25

0.25

0.25
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For the coated GDLs, 2ame 0oZxWemghkcmfedt 8 I
the previous stfu4,y]4]8y PCRENgoOortemt . i n all of
constant at 20 wt. %. Carbon black (800 mg)
Al dri chmet HKI) c(eSil urhao sl dri chE, UK) and Trito
Al drichE, UK) were mixed with deionised wate
rpm for half an hour with smal.l additions of
achievadoumnhi 8f MPL ink would then ®engheugh
sidEd coated GDL.

The Toray carbon paper was secured to a hot
applied to one side of the GDL and the doct

across the surface. This was r eepveeadt.e dT huen tsialmg
were sintered in a furnace at 350AC for hal
category THDe8devadbedompri sed of 5 samples with
cm. I n the casdedf sampl ds?bbBény. Nasmahbopii e
sample was allowed to dry thoroudddatwibred or e
applied to the opposite side. This was to en

it would not be dam4cgoeadt iwihge nw atsh ea pOp.|2i5e dmg /Acl nh
contained PTHiIEg¥tsehd2Wswphowosiadfedt MPLdacwhalt é ng

out in the | aboratory. uTlsheed efxoarmptlhee sMPRLwsc oKaet
shows a Plaagadmggcaend i m#peadi mg0.R6BE wmanh c me
i nspection, that side B has | ess coverage th
over the GDL substrate. This wil!/l be invest.

(SEM) i maging.

T ®n

Fi g82Pe ct urtewosod e sdbetbsd @ MBlcoat ed GDL. Featuring ?Ketjenbl
B: 0.2% mg/ cm
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3.31 Hl ane Electrical Conductivity

Theplane conductivity of the Gl oba&mpledsh owa
describef2069T8mexperi mentally measure the el
the method uses four probesFisgBd@ced at equal

« V >

I J\I

/

«/_ al2 -

a

L
>

Fi g83lepl| aenec tconhdactdexipwirt yweeungt &9 ]

The correction factor al so needs to be evalu

bet ween the | ength of the sample and its wioc

width of the sample and th20%pacthgsbet wdgn

were found to be 3 and 1.25 respectively. Th

") can be calculated|[299nhg the foll owing for
" 00Y oP

Whebes the coradiescttilvem ff mictclome s8i soft hteh ee | seacnip
resi stance. Foll owing ¢t hisqgf tthtee eGRIlctcamabe
reci mfoddle resistivity:

=]

” n 0-&

Sample thickness was measured using a microm
one GDL type to another and even from one sa

there was a slight variation in f{Tiher ehorc&ne
thickness of each GDL sample was measured at
value was taken. Foll owing this, the GDL sa
Copper electrodes (10 mm [ rltoo mmhd GDLmns)a nwel
di stance between the probes was kept const ¢
rectangul ar pl astic body. The s parcdsgl ult @ tome
ohmmet e (RS Pro 804, RS Compog@hsmusEHl)t owr

u
r
the el ec
e
I

trical resistance of the sample. An
copper |l ectrodes and the vkl g&3)e wahsest measut b
This allows for the resistance to be calcul a
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3.3P8rmeability

Permeability can be estimated usinlg Damowdsh
a porous esqbaslt atncet hes prodlcrt et hd)mpéndeab
pressuY®® diopded by t he) panodd utdhti cokin evi g 2goasnpt!y

. Q&0
] (019)
3]
The permeability can bieg tdeseshdwrse ch ne xegxeptrpir meametn:
used by OrpygbemheetGDAaAl sample is clamped betw
of the | ower fixture and nitrogen [40then pa

Mass Flow Controller

X

o3

Nitrogen Cylinder

Upstream Fixture

Pin

B e N
= d
GoL {3 ,//
SampleRg
J Downstream Fixture
U

Local Pressure

Fi g84Eex per i sme ospeadne a sthr epd mpeeme abpl 01} vy

The experi ment &l g%4ctounps idsetpsi cotfe d won fi xtures,
and the other downstream. This arrangement a
sample, with the resulting pressure drop bei
a circulbBrapdnaemewet of 25.4 mm. However, wh
fixtures, only a 20 mm diameter area 1Is e
measurements, the pressure drop is recorded
to misnd mnertial | osses which enables the us
nitrogen &2, fdmwHEONntroll er is @Otill iSsLePdV [
(standard Ilitre per mi nut e) . The préygsure
employing a PX653 differential pressure sens
Pa. By applying DapPBcy'tdelLagws ( peuanteiadmn | Bty
calcul ated. The permeability i s dantehrenmi ntehde f
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average value iIis calculated. The entire proc
as outTab8eed i n

3.3P46re Size Distribution

Pore size distribution is an important char
regarding the mass transport modes of gas an
Further, it i's a majotrhmpdebédmengr awdempt i mics

transport procleszseMenauthwei hueMsPehil poaowi de
met hod to determine pore size distribution

tension of mercury. I n the process of MIP, a
Due to the high sutrfdecestrotsi omaadifl ynmeermctuery,t
mercury imragshsennr ee ncreased in increments. Thi
pores of the GDL, the | arger pores are init
smal | e[rl 2®]frees pore size distribution is foun
the mercury which is inversely proportional
using this method is that the pore sohsaepde i s
pores. However, this is acce¢pDafhe whemscorhs
typically fall into three main categories: p
with radid.@ ranging between 50 and 7000 nm ar
than 7000 nm are dex3d]gmat &ddLasnamacyopdBé&s st s
but the addition of an MPL can influence t he
of micropores and mesopores. |In general, mac
mi cropores allow for[2W0h&] removal of |l iquid w

3.3Cbntact Angl e

The camgheti sofamveme abréeity of the material i
is less than 90A the substance is considerec
the substance i §490Dé&Eemgds apPeétepmomiac i on of tF
for the samples was <carried out using the s
pl aced on the surMfiagle sofputolit @ gG Calp hssa nmpelree. t her
the first three seconds oft atcte@wudt opfloet tdhet
behaviour ¢ROB8Ceontvater angle values were th
under went five measurements and then an aver

Fi g85Ac t ypi cal wtalseur farceplodt aorGDL sampl e.
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3.3M6rphol ogy

SEM i maging is a good way to analyse the st
GDL/ MPL. The SEM micrographs often assist i
materi al s and/ or t hjfg 2 FRR1 0 Rclell]IT h @ e rmfoa rprhan e
characteristics of #ashearGDILn gvee lee atnradM sreeidc us s

JSE@O0O10LA). GDL samples were cut into 1 c¢cm
attached to SEM stubs and secured in the spe
each sample was examined at various magnific

Tobtai n -stehcet icaomasls i mages of the GDL sampl es,
itrogen and then cut wit hressesctaifl qprehe GDL sf
|l ear 1 maging.

.31 i tuCéeliedsting

he membrane el ectrode assembly (MEA) was pr
i de GDLscawiatlhy sthé ecbhaaatneed ( CCM) . GDL <coated

vestigated in this study were placed on th
ated GDL was placed on the anode side. A C
1 Nafion memhease oWwi 25 ®mt hiCak al yst | ayer :
2 nmgécen applied to both sides offort hteheNaff u a
Il was 2.25 ¢cm x 2.25 ¢cm. The MEA was then
re fitted siimgdfeibx tPlarxe . TeThki s consi sted of
nt
rr

SOO0ONO TV W O S
O3> —

aining a single serpentine flow field c
ent <coll ector -ppllaatteeds cweprpee rma dwehidfe dgdled e
alumi ni umwewhif of d@lhleo use of electric heatin
anode and cathode te mperpati uree smonTolpeo |l @at hpddat
Negative Temperature Coefficient (NTC) senso
potential was measured between the nrhoongoipcol ar
FCH0S test hatdatai oma xti matm I|Ao & o dW 2ps5aOveenrt, ow h i5c0h
compwebeaetr ol | eldabuEs isnogf tFvGar e . The reactant ter
regul ated by sensors and el ectrical heater s,
the anodéehadd humidifiers and reactant l i ne
specific backpressure of 1.5 bar on the anoc
ates were set based on stoichiometirsi cl.r3agt i
esulting in an estimated flow rate of 120 m
o a flow rate of approximately 300 mL/ min.

—~ = =

The fuel cell was then set to a temperature
air) were also set at 80A@,artyhitshewarse | au b s e
conditions. Foll owing thwerceot hectpod af osaf iom
relative humidity (RH) conditions: 25, 50, 7
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3. Results and Di
The

this section.

Tab32dbbreviati onagsed

SCcCuUSSsSi on

abbreviati osfowiia b3ike tstaenpeé ewi lalr eb e

thethamplaegsestigation.

Sample Type Abbrevi i
Uncoated GDL GDL
Single sdaaetde MPEGDL s

Singl e¢/u$icchedPoll accokat e d
Singl e/u$ icch e Pollv ia tc Ik
Singl KeSijeeatPLackat ed GDL

Singl &Ke3ij kavtP lwa ¢ kh

Doubl e

Doubl eVuSli deenMPold aCGokat ed GDL
Doubl eVuSli deenMPolviatc k a
Doubl eVuSli deenMPolviatc k a
Doubl eKéti jdemdPlLaC€Chat ed
Doubl eKéeti jdemdP lwa ¢ kh

Doubl eKeti jdemdP lwa ¢ kh

GDL SVB
a 12l padmg/SVB 1. 2
SKB
a 12l padmgkSKB 1.2
sichead edPIGDL s
DVB
1’ admgDVB 1. 2
0’ padmgDVB 0. 2
GDL DKB
a 1°l padmgDKB 1. 2

a 0°l admgDKB 0. 2
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3.41 |l ane Electrical Conductivity

Theplane conductivity was measured for all/l f
sample was measured five times and the value
t heplianne conduct iavdeit yplpEyegdB-@ierdgorcyan be seen
results that there is a difference of around
value for the average conductivity. I n gener
| oadi ng or tshergfl éeddo utbhiaete dite icsonducti vities
coated GDL samples are similar to each other
ipl ane conductiwoadtye d fsGBslsd tthraen NMMRPlat of t he
could be attributed to the fact t hat t he M}
insulating PTFE (20 wt. %) compared to the <c
t hceonductivity of the uncoated sGOlWrhenrt QOONOOr &
for the same tYyYy®BS8] of §boald GBLs o Dbpl amcet ed
conductivity of the MPLs applied to-ptllaemeGDL
conductidueytothihe usifor ndrtryorofb arhse dofP LN5 t %
added to the data reflecting the potential

that there is some overlap for the coated sa
the uncoated sanmtlley odut&GDLdei sofditshtei nerr or b
statistically the value is distinctly higher

Conductivity (S/m)

GDL SKB 1.25 DKB 0.25 DKB 1.25 SVB 1.25 DVB 0.25 DVB 1.25

Sample Type

Figure3-6 In-plane electrical conductivity of the tested GDL samples. Note that the numbers correspond to the
MPL loading on either the GDL side facing the catalyst layer or the side facing the bipolar plate.
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3. 4GadBer meabil ity

Fi g8&%ftsehows the permeability values for the di
that there is almost one order of magnitude
GDL and the permeability of the iMPL ocfo attheed I
porous MPL to the carbon substrate. I nterest
the coatieglorseampdresi tive to the type of- carbo

si ded esri ddeodu bMPeL coated. Namely, the per meabi
i's significantly higher than that of kteheg Vul
due to the presence of a higher volume fract
be demonstext eslectihi ¢ tme Rurthermore, it appea
does not make a significant difference to tFh
This is most |ikely due to the relatively 1|o

8.0x107"2 -

7.0x107"2 -

6.0x107"2 -

c\/l"\ -
£ 5.0x10712

2> .

D 4.0x1072
(4]

') 4

% 3.0x107"2 +

o J

2.0x107"2

1.0x107"2 -

0.0 4

GDL SKB DKB SVB DVB
Sample Type

Figure3-7 Gas permeability of the tested GDL samples.
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3.4P8re Size Distribution

The results of the FMIigB8 tensttilsolaswe ddei sdpil satyreidb ui
pore sizes. Tthhiestesatoaoréiase withas been fou.
mi crostructure of a GDL i s an[i Zbirg8@aekcs wi t h
shows that the gas diffuisponel ayee Hdastai dbut
MPL coating is applied. To i demitgd8pheats hbseenst

divided into three pore categories: mi cropor
based on the categories discussed above. It
expectedly arise upon app!l ybisnegr vtantei card diist itohna t
and si ze odfecmaecatstep MPées addi ti on. It could be
sampl es, -sbiodtehd sesrn ddeodu bcloeat i ng, have only micr

Vul can bl ack samples were shown to have bot|
expectedl, umeheof the micr ovyaddroausndarnd/ oirncmesacE
addition of théMBle;ching@&8)ebds nrid/ecmari ation a
the efficiency of removing | iquid water fr
demonstrated in the final sectionMoseaebsgseqgyue|
Tab33ai splays the porosity and the aviehreage p
porosity is the memrswwiiddhdfe tearrpitayl ,s ptaycpeiscal |y
percentage of the[ 2ZnhBHeer iiant' rso dtuocttailo nv ool fu meen N
results in an overal/l reduction in porosity.
the MPL is applied,hpeotesvi bt nheucatbygnfslubsit
there is a minimal difference bet weheewpe hef po
carbon black used. There is -aildeod lasd deduwdb If ¢
configurations. However, it can be seen tha
reduction in porosity. Ketjenblack experienc
MPL is applied and Vulcan black shows a 2. 1%

Tab33@he porosity of the GDL sampl es.

Sampl Por os
Type (%)

GDL 76 . 4
SKB 75.1
SVB 74.9
DKB 71. 3
DVB 72. 8
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Figure3-8 (a) Pore size distribution of the tested GDL samples and (b) micropores and mesopores ran
samples.
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3.

4 Cdnt act Angl e

From the contactFiag3®¥) e measanemenseefl that t

g
c

b

enerally increases the contact angl e. The
oated samples measure between 139A and 142/
f PTFE | oading. i f)tbhbempMBRLe@@l 200wt he carbon s
or theidedbMPL coated 6GDLde wae flo@ma mgd c dn
lightly higher cont &ctThingl iesbteima@sutsatsh ievidll. [y 5t
hown in the following micidogmapghsg ultlye cMRIes
f the carbon substrate, thus allowing for
ower contact angle) to | owetr sthhoeu lctoend |asclta taen
here is overlap between thehl@mchwthmiiteremae s
etween theeval attisstmiagyal rather than observa

140 -

120 -

2 100 |

[(}]

?

<80_

8

£ 60

o}

®

40 ~

20 -

GDL SVB1.25 DVB0.25 DVB1.25 SKB1.25 DKB0.25 DKB 1.25

Sample Type

Figure3-9 Contact angle of the tested GDL samples.
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3.4MBbrphol ogy

The SEM images used to examine theéeigm&X@Ehol og
andi g81®¥igBt@aBhows the uncoated Toray GDL an
coating of MPL of Vulcan black and 2Kédtgjuerebl a
31lshows both si-diededfcadtei dgpudfi eMPL for bot!
bl ack samples. The | oadiagcdfngt hehsee csaamd lyess
mg/dmcing the BPP. Firstly, it can be?seen t
has ful l uni form coverage of thé¢ sabmstbratse.e
there are protrusions of the carbon fibre st
| oading would resul scussadtihmnnkee MmWM&tLhods!| dg

mg/ovas applied first. It was then?abhsowkdnt o
applied. This had the potential ?sbddamhga th
doctor blade applicator was being used. Ho we

there is no noticeal®MBLdamBg Eerti hgeurenmBle ju2 B mg
31show that Vulcan black has much finer par
appears slightly coarser ompsetchtei osnuarlf a cnea.g eU ppor
Figd3Irle it is evident that the penetration of
is more pronounced compared to the Ketjenbl a
bl ack GDL demmresomaves compared to Ketjenbl
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Figure3-11 SEM images for (a) doublsided coated GDL with 1.25 mg/éidetjenblack, (b) doublsided coatec

GDL with 0.25 mg/criKetjenblack, (c) crossectional of doublsided coated GDL with Ketjenblack (d) doubl

sided coated GDL with 1.25 mg/énulcan black and (e) doubkided coated GDL with 0.25 mg/énulcan blacl
(f) crosssectional of doubksided coated GDL with Vulcan black.
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3.4F6€¢IPEr for mance

The fuel cel | was tested for its performanc
100%Wi;gB8LBds hows the polarisation curves for
investigated GDL samples at these hab8dai ty c
shows the peak power density and the maxi:
corresponding pol arisation <curves) for eact
observations that one could deduce fsrdarmathe
the fuel cel l with the cathode wuncoated GD
conditions (25% RH) ; however, the perfor man
i ncreases. The | ack of the MPL renadaé¢rs flse
effectively as compared to an MPL[8404dTekids GD
resul t i s by drer oBbl oS amefadsgi@-tepnetnt st (show t hat t
operating with the cathode uncoated GDL demo
at high humidity conditions (75 and 100% RH:
with dodekedeVul canDLblsacgknicfoactaendd |G out perf or m:
as it shows the | oweBitg&lhpar gTeh itsr acnosufledr bree sats
fact that this GDL | owers the contact resist
fractions of micFop3@)estand mesopdr esit( to be
to draining exartisculi guliyd fwarnr erhe side facin
indicated that MPLs with a suitable combin
i mproved water remgbai dcEpabi[i8lninss i n

On the other hand,sttedfkel ) eebl aowk tdhoatoadl| €
asvehb t hesidbeaud|¥ul can bl ack c aatee dsh@ivnur & h e
38 show that the Ketjenblack GDL sampl es ha\
Vul can bl ack samples. Such small micropores
for liquid water, which is ani sssiue aor holgbhe
the fact ®shatedt Ketsiemdplack coated GDL -perfor
sided Ketjenblack coated GDL at high humidit
the second MPL facinlge thembdv plol afr Ipil @uied hwatd

It is important to acknowledge that conduct.
25 %) i's not i deal for opti mal[[ 2pledr2flobrimManese
subopti mal ondition can i mpact the overall
membr ane shrinkage, l ow i onic conductivity
el ecf[r2d4@ 1.5]Despite this I imitation, it can
demonstrate satisfactory performance under t

c
r
]
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Figure3-12 The polarisation curves of the fuel cell operating with the investigated GDL samples at var
humidity conditions (RH 25%, RH 50%, RH 75% and RH 100%). Note that the cell temperature was kept
at 80°C.
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Table3-4 The peak power density and maximum current density for the cases investigated.

Relative Sample Peak Power Maximum Current
Humidity Type Density (W/cnv) Density (A/cnr)
GDL 0.71 1.33
SVB 0.88 1.62
25%
SKB 0.79 1.52
DVB 0.82 1.67
DKB 0.51 1.13
GDL 0.61 1.51
SVB 0.79 1.36
50% SKB 0.67 1.11
DVB 0.96 1.85
DKB 0.68 1.22
GDL 0.32 0.91
SVB 0.61 0.96
75% SKB 0.66 1.10
DvB 0.89 1.76
DKB 0.55 0.89
GDL 0.27 1.08
SVB 0.62 1.01
100% SKB 0.62 1.02
DvB 0.83 1.74
DKB 0.56 0.97
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Figure3-13 EIS measurements for the fuel cell operating with the investigated GDL samples at 0.6
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3. %8onclusi on

The i mpactsiadfeddMPhl eoen key properties and f
investigated and compardedwMPh coavengsondWwo
bl ack (Vulcan black and Ketjenbl actkh)e weerseu letn
to the type of carbon black. The MPL | oadi ng
catalyst | ayer and the bipolar plate were 1.

The results ipttoaoet edechait cahecbobndtueti GDLE
slightly | ower than that of the uncoated GDL
content in the carbon subst rtahtaet.-ptiFrmen ¢i hreelr enotr re
conductivity exhibits minimal sensitivity t
permeability measurements indicated that the
GDL is singlededr MPbuBlommbed. sénhsitive to the
used. The MIP data sahndmledr ¢ hraltt ¢ hien aaldfi a v our
size distribution, with prominenttomitedo MPLsS
The deudbée MPL coating slightly increased mi
to theidiengIMPLCondatcitnga.ngl e measurements sh
hydrophobicity with the addition of MPL, but
the chabkntppes or | oading | evels. SEM i magi
oes not fully cover,thlkkeel evelfaoé¢ MPLt pbené@DL a
ubstrate is higher in the cassiot Ywletacebl
evealted®VBhatase performed exceptionally wel
ut performing SKB, DKB, and ShvuBmiadti TtHyD %, c @ & %,
ri buted to the fact thaDVBasasaeddeambaedt &
0

e

e

d

o

ayv
ec
as
on

urabl e balance of mesopores and micropor
s stahegf fe@et i ve management of exctelsS®Bwater.
exhibited btelD&vB8r cpeeformdncatthgnits su
itions. This is attributed to the shorte

O 0 S5 T O T »m
—
—

Further investigations c¢cxindedk pMPRL ec d ehtee b etilaly
materials | i ke graphene, providing insights
cell applications. Such effoébftsikokcg poadeper
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ChapteGhar acter Dopatdiedne dofGr aphene
Mi croporous VLayer Coated G

for t he | mproved Per f or mi

El ectrolyte Membrane Fuel C
4. Abstract
This study aims to experimestaédymevadbpat @u
coated gas diffusion | ayers, comparing the
traditional Vul can bl ack. Variouse Kaywyl prcep
performance. The f-phdnegsl eaodiicadalkdcohdbctinv
the inclusion of graphene. The graphene mic
permeability than those usingus/ul aper 91 axki
favourable shift in pore size distribution,
both the sisgdedamdcdopblteds ghayd@an ffusion |
pure graphene coatmagyg hidropodér @ ner amesapo
measurements remained consistent across all
characteristic is more dependent on polytet
carbon employedtr &Gcamincngseope i mages reveal
a smooth surface, whereas grap-eenhe éxbkl bcekd
revealed t-eatetthemi doapbeous | ayer, with Vulc
ad graphene facing the bipolar pl at e, showe
conditions as it facilitates the expulsion
|l ayer. Furthesimede Vut bans bh gccoka treiddrgdag arrso ws |l
performed better under | ow humidity condit.i

mi cropores required to retain water for memb
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2 ntroducti on

er electrolyte membrane fuel cells (PE
sing hydrogen and playing a significa
s can efficiently transform tthley cihnetno c
ricity via electrochemical -peadutZzd]les, Yy
s are a particularly attractive technol
at | ow temperatur gs203admEMFe@Gss ea rod wvaeslsle mbd aypt e
integration of hydrogen into a range of appl
usfe2.3]

usion | ayer (GDL) I's an essenti
ctions within the PEMFC. Firstly
e active sites of sthe iavatlalstr
er ; i deal | it shoul d remove
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S i
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rat edf oammn o t
d polytetraf
of an MPL GDL i mproves
Sy 6] d MEnAhances l ectrical cont
ldaayequently, | eading to I mprove

I
of carbon b I

eration of fuel cell s, vari ous
ult from the bulk resistances f
the interfacesanktet weenrtshdedzee aa
structure and morphology of t

ormi ng at the boundary of these ¢
Mdene area particularly affected by t
it is positioned between the CL and
d strategi
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es to reduce contact resi
ons have uthbdsed da pportf dlagshleBga 1 Gadnjidyp. n
exper.i ehtil2a[l] neltofld ®a2njd1e9.3g]. The pr i ma
us emerglng from these research effor
dc mM®PtLed GDL, proves effective in decr
h is required toi maiof at teompetedridisalv
lcoated GDLs in reducing contact resistanc
compression in fuel cells. The current studi
and electrochemicascopgmpe@dBhEEL, spketering onl:
matter. Furthermore, these studies have only
constituent of the MPL. This study aims to e
i n t het cofnttehied addo uUMRle coated GDL and seeks t
resistance between the CL and the PP.
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[ 22.3] Graphene cothismensi omfal a mbwol ayer of gr
Graphene has excell ent properties such as T
surface area, chemical [p1l4[b]193t12¥]and mechani

Leeuwne[rlde2llemat i fied the contact resistance b

poor el ectrical conductivity. They conduct e
(conventional carbon bl ack, graphene f oam,

exhi bivtaend agdous i nterfacial properties t ha
conductivity. This can be attributed to gr a
coupled with its high electrical conducti vi

resul ted i n enhanc[eldd4d 2 ckdiatl il o-rpaetr i go,r aneatnrcean d  d ¢

graphene had a higher peak 2poovenyv artnison gl (gar
334 m¥W.cmowever, at hi gher current densi ti e
graphene. This was because graphene was | es
[ 22a2l]so investigated el ectrochemically exfol
graphene oxide and natur al graphite as an M|
the Tor @0y OT&@Partbon paper with a PTFE Isoading
showed a reduced cont-pcaneesistbncealkbndesi $«
conventional MPL . However, at high humidity
mass transport ; this was due tMPLt hmeaidre |forwem

mi xture of carbon black and graphene was sho

Similarly, [OZZAiCinv est | pdt.ed water management
performance -h@sed MRLaphBaeedr MPhemweas char ac

examining morphol ogical, structural, physic
compared to a caodrev efnrtoino nkaelt jMMLb Ina c k . It was
hi ghet ane el ectrical conedvat hyngy aadndi biee ¢ €
Ketjenbl ack. I n high hu+tiadietdy Mdd n dsihtoiwoends , c ot
perfor mancet itondalheKetojnevreml ack MPL. Under | ow
graphene showed a peak power dersli4f3yjr ti mem o v
examined a graphene MPL compared to a Vulca
graphene MPL had a unique morphology compos
that I mplamedelactrical conducti wiot pelby 02 mei
better in fully and partially humidified con
those obtained for Vulcan Dbl ack MPL. Thi s
resistance, particularly [udd3eglrhipsarcaulld yb eh uar
the structure of the graphene fl akes used
mi crostructure as compared to the platelet t

Naj af abpdlcerfeadled an MPL from el ectrochemica
observed that the MPL with graphene saw a

graphene did not perform as well as the <con
Naj af abla2dla%]s oamade a composite MPL composed
a 1:1 ratio. This composite MPL performed be
duri ngsitthue pionl ari sation curve tests. Further
prioded opti mal water management as it was akbt
al so kept the membrane hydrated. At l ow r el
shown to perform better than pure caraton bl ¢
20% RH waWw/ dwiBi8ch changed very | imWIléden Them R
optimum | oading of the MPL with md/ecmddition
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Mar i ani[ 2@Qitlrfvads.t i gated three dififserzentgrtappes
nanopl at el-vitse goreadphueme nanopl atelets and e
particlemsich®andm586spectively. These were e
m alixed in a 1:1 ratio with carbon bl acl
otubes (e®NMP)L. chba4dng was then applied 1
phene performed the worst out of all the
| experienced a sharp voltage drop due to
owed for the maintenance of opti mal membr
mesdizueenda graphene nanopl at al ét s hee rdfi drfreac
ditions. However, there were | ssubeassem t h
s, as the MPL did not have sufficient mic
es. The additi onanpfl esarhbaadn alnl aocvke rtad |t hed o
formance. The use of the combined MPL of
a more favourable pore size distribution.
f
e
p

o T— o =
=~ 0o

orm morred neasorpopersesa, WwWhich help i n wat e
ficial at |l ow relative humidities. The ¢
s to reduce the accumul ation of excess W
&
|
f

D

2 2%]peri mentally deter mi néd stelde MPh.asr a mt

optimise hybrid MPLs containing vaelyli ng

ts were conducted at different roew atthese

p-based MPL composition affects fuel cel l
MPL altered the pore size distribution,
ween 70 nm and 5000 nm). Theoufnitn doifn ggsr asphh
wt. %) i mproved fuel <cell performance at
high humidity (|l arger than RH 50%), hi gl
formance by creating suftterci@&tinthimels opwrrree
her graphene content in the MPL also i mpr
n a smal.l addition of graphepkaféO&) ecou
ductivity of the sampl e.
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growing interest in enhancing the GDL al
tial of novel materials, notably graphe
rical conductivity. Howewteirl, | grmpheseéa
s Il'imted in scope. More research is ne
PL par-hbumudiaryycomdhi gbns where effici
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r s a | ack ooff nsotvuedi ensa toenr itahles ,i nepsapcetc i al |
ed-c MPtLed GDL .-siTdheed dwPULb |l &r chi t ecture has

FC perfldr2ftd2R29119219B8228M0d graphene coul
ance this. MdrdedeaPiledh&Ddoekhebits bette
ious humidity conditions compared to con\
ed -sdioduebd eMPL per f orlmest iumed elru ndii fifteireesnti s ea |
research. Mixing graphene with carbon bl
dies have shown. Addi ti onal-diyd e d-chdd®Ptlerdi q u
could compaged ohe aadwvwart structure wi
roving PEMFC performance.
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4. Materi Mes handad!| ogy

This investigation will-sisgaed eviRl i cadtlegyd a@G@U Yy
side, to assess the overall performance resu
be identified, i applicablphencen ewhiiicoh tsi d
significant perfor mancFe gidiiper ®omnwvee meind es iddse ddlee¢ a

—h

MPL coated GDL wil/l be maintained constant w
change composition (Vulcan bl ack, graphene
designed t o -dextiH i eocanh end fraantt ihien consequences
introduction of graphene into the MPL.

MPL Substrate

=

BPP MPL Substrate MPL CL

Figure4-1 The two configurations used for douldeled MPL coated GDL.
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4. 3Fabri Padce®dcur e

The GDL used for all of the cathode sampl es
(Fuel Cel | Earth, Wobur n, MA , USA). The MPL

(Sigma AldrichE, Gill'i ngham, UK) and grapher
UK). The categories of samples thad8tabdler e us
The anode side GDL was kept constant: Toray
Earth, Woburn, MA , USA) was used. The |l oadin
at a 1.226G. In® Iroag/ ican as det ai | ¢ @ 2i5(T hteh eP TgFrEe wiom!
in all MPLs wi || be kept constant at 20 wt.

A mixture was prepared, consisting of 800 mg
of a 60 wt. % PTFE dispersion (Sigma Al drich
Al drichE, UK), and 21.6 Og of TritenbXKeho@d(
with deionised water and stirred at 800 rpm
achieved. This MPL ink was then adededt MPLO
coated GDL. To create t he greapwaesn ef oblal soewde dMP L
the substitution of Vul can bl ack for graph
bl ack/ graphene mixture, these were mixed in
Toray carbon paper afterati t9 0wAaCs. sTehceu rle. d2 5t omg
was applied first using the doct esri dlelda dwP La p

coated GDL, it was then flipped and the 0.25
The samples wereoghaar hsiemtve med memta ani tlir bar
hour. Each c atTedd#Iseya sd ecsocnmpirbiesded nof 5 sampl es
cnm2.com.
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Tab#l&&DL samples prepared or the investigation.
Abbreviation MPL Material Total MPL Loading Total MPL Loading  Graphene Side the
Side 1 (CL) (mg/cn?) Side 2 (BPP) (mg/crd) % in the Graphene is
MPL Applied to
Single sided MPL coated GDLs
SVB Vulcan black 1.25 - - -
SVBG Vulcan black /Graphene 1.25 - 50% -
SG Graphene 1.25 - 100% -
Double sided MPL coated GDLs
DVB Vulcan black 1.25 0.25 - -
D _VBG50 VB100 Vulcan black /Graphene 1.25 0.25 50% Side 1
D_VB100_VBG50 Vulcan black /Graphene 1.25 0.25 50% Side 2
D_VBG50_VBG50 Vulcan black /Graphene 1.25 0.25 50% Side 1 and 2
D_G100_VB100 Vulcan black /Graphene 1.25 0.25 100% Side 1
D VB100 G100 Vulcan black /Graphene 1.25 0.25 100% Side 2
DG Graphene 1.25 0.25 100% Side 1 and 2
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4. 3PRepar at Memb o ElIneedhteAsassctkcenb | y

The catalyst ink was prepar ed -858 1c,0 mb6 .n8 nwgt .P
Tanaka, Japan), with 5 wt. % Nafion solutio
dehydrated ethanol (99.5 vol %, Wa&kloy, s tJaipmkl )w:
subjected to 30 minutes of soni &a&t0i dmr ouns iSOl
Corporation. For the assembly of the MEA, N a
on a mowtabpgdleate and masked, 3 edhiengadanml gspos
catalyst | oadPargd od MNaf3i ang dPantcemt of 28 wt .
ont o t hnee mbarfainoen. Thi s spraying process was Cé
of an automated spraying device (Nordson K. K
in a hot press at 132 AC and 0.3 kNthor Paeds
CYPDTO. This step ensured the proper bonding

4. 31 | aEHl @ c t Qoincdaulct i vi ty

The GDL s-pmphestonductivity was experiment al
of t-phreobde technique, [29 9 prntilsi nneedt hioyd Smiptl 0y S
positioned equi dkisg42neé | y, as depicted in

%

« —> Al

/

«/_ a2 - 5

a

.
>

Figure4-2 In-plane electrical conductivity experimental-sgt[89].

When using the Smits method, the correction
t wo geometric ratios. The sample's I ength a
sample's width and the spacing thiecevelkm theés
investigation, these ratios were determined

gave a correction factor ©of cloan 9t7h3e n Thhee o cemsp
t he subsequ2etmx] for mul a

" 00 1€5)
Whebes the cordiesctt lmen f lmicde lome s6i soft hteh ee | seacnp
resi stance. Foll owi ng t hoifs,t hteh eGDelLl eccamnr i ke | f
reciprocal of the resistivity:

. ? T
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A micrometre was used to obtain the thickne:
GDL varied among the different samples. Addi
variations were observed at didbielrietnyt, ptolsii a
measurements of each GDL sample were taken

average was taken. Subsequentl vy, the GDL sar
copper electrodes measuri ngonledd nomm tlo 1tOh emnG DL
Usi ng -mr ehciigsh on ohmmet er (RS Pro 804, RS C
resolutigrelefctd.iclalmresi stance measur ements
4. 3Pdr meabil ity
The permeability of the samples can be estin

. Q¥

) 1§

0

The f 1 0w hrraotueg h a porous material € u acir o stsh e
sectiomal amrdear ¥os s al é diopded by the produc
‘“‘and its Othle@XJTesshelp calculate the per me

experi mental Beg4adwadsi uslieédlyyed i n

Mass Flow Controller

X

Jo o)

Nitrogen Cylinder

Upstream Fixture

] Po j

=
. N
GoL 3 y
SampleRg
Downstream Fixture
)

Local Pressure

Figure4-3 Experimental setup used to measure threpigine permeability101].

The configuration of the experimental setup
upstream and the other downstream. This enal
measurement of the resulting psesiguaecdraepl! a
with a 25.4 mm di ameter, but when placed bet

is exposed to 2B &l oiwl oontAo|I HEC 1 s empl oye
nitrogen gas, p 0o vii dsidmagh dah rreasn gpee ro fmiOn.uGt e ( SLI
the pressure difference across the sampl e i
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sensor, capable of measuring within 43),ange

the gas permeability of the sample can be ca
sample at different flow rates, and an aver:
for all five sampl es wiTtalbddle each category, a
4. 3Pb6brSezDe stri bution

Mercury intrusion porosimetry (MIP) I's a wi
di stribution in materials. I n the MIP proces
I nitially, due to mercury'seheghastart hee GDef
The pressure on the mercury is then incremer
the GDL's pores, starting with the U2a6r]Dleeg on
resulting pore size distribution is deter mi
mercury, which is inversely related to pore
the pores to be cylindrioaksantiodwegernofoaca
as carbon papers, this [&S0s7ymption i s deemed

di stribution plays a cruci al rol e
i quid water within the porous GDL
and optimising nmalxz6tmageper al prtol
be classified into three main cat e

©» 3JQ T
oo
%)

)

-

o

e
I
g
n
50 nm), m
a
t
y

esopores (50 to 7000 nnm3]Mamrcd omac e c
predominantl!l y [cD%]sbtuitt uthee titmet r@Ddlucti on of an
di stribution of a sample by increasing the p
pri mari | facilitate gas diffusion, while mi

[[ 20[831.0]

4. 3Cé6ntAagtl e
The contact angle serves as a measure of a m
r

than 90A, the materi al i's classified as hyd
the material i s [cDW]sTiod ared dckrhmyi chreopghhebicont ac
sessile -4d0,p Kyodwsa | nterface Science Co., t
this method, i ndividual water droplets r

w
sampHieg 44)e +Hiegl!l uti on photographs were t
seconds after the droplets settled on th
of t hd 2W8fSESwrbsequentl vy, contact angl e va
undergoing ten measurements, and then an ave
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Figure4-4 A typical water droplet othe surface of a GDL sample.

4. 3M@r phol ogy

Scanning el ectron mi croscopy ( SEM) was ut
characteristics of the GDL samples. This ena
fibre structure of the sampl es. SEM ®@BDder ogr
mor phol ogy and asses@Bi2B31i[0Fll1]cal t hpsr faommamyr
samples were fsigrusatr ecsu.t Tihnetsoe 1sqgcunar es were th
stubs using carbon tape and plachlddeh- 188 s
6010LA), operating at 10 kV, facilitated t
magni ficati onssur elchitsh enectohnosderemat i on of t he G|
exami ne -stehcet icorno.s s

4. 31 i FueelTésti ng

A l2accmti ve area single cell was used for the
Il nstitute (JARI). The fuel <cell was fitted w
fields. The fuel cel | oper at esdd anrtd evro | auanert tr @
rates of 0.139 L/m|n for hydrogen at the ano
To ensure proper control of the experiktmental
Cvzo1l, Toyo Corporation, Japan) was empl oy e
regul ation of humidification, cend prempesatu
el ectrochemical i nterf acel?2i8nmpe dwaansc eu saenda | tyas en
polarisation <curves.siBaf omeaswaogredneanttisng tthlee
conditioning process at a uonbktage of 0.6 V f
The fuel cel |l was set to an operating temper
were also set at 80AC. The fuel cell was the
done, the pol arwemsewiberqgardt Ey Scdhktacted for
humi dity (RH) conditions: 25 %, 50 %, 75% and
all owed for a comprehensive assessment of

humi dity | evel s.
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4. Resul tDssaundsi on
The abbrevi at iuwsnesd oifn tthheiass ai mpJieesdi#tPeg atthieosne wi |
be referred to throughout this section.

Tabd2dbbreviations of the samples used in this investi
Sample Type Abbreviation
Single sided MPL coated GDLs
Singlesided Vulcan black SVB
Single sided Graphene SG
Single sided Vulcan black and graphene composite SVBG

Double sided MPL coated GDLs
Double sided Vulcan black DVB

Double sided coating with 50% composition of Vulcan black i D_VBG50_VB100
graphendacing the CL and 100% Vulcan black facing the BP

Double sided coating with 100% Vulcan black facing the CL i D_VB100_VBG50
50% composition of Vulcan black and graphene facing the B

Double sided coating with 50€emposition of Vulcan black ant D_VBG50_ VBG50
graphene facing the CL and 50% composition of Vulcan blac
and graphene facing the BPP

Double sided coating with 100% graphene facing the CL and D_G100_VB100
100% Vulcan black facing the BPP

Doublesided coating with 100% Vulcan black facing the CL ¢ D_VB100_G100
100% graphene facing the BPP

Double sided coating with graphene DG
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4. 41 fpl| aHl @ c t Qoincdaulct i vi ty

|l ane el ectrical coshiduplt &awgdryriemNfotteh & hsad mpa Ihe
bars in this figure (and other figures) repr
val ue of the 5 sanmphlease tihsats owreer eo vhneerd sawpr e dn. t |
be considered, as this could suggest that sc
to stati dtti awaln fbec tseresn. t hat when graphene i
an enhancement in its electrical conductivit
a difference of approximately 800 SVYun ovéhren ¢
bl ack (SVB, DVB) sampl es, emphasi soiuntgc ognrea p h
aligns with expectations, given the excelle
widely documented|[RPhlBFbereertbfe¢c I ttesatupect
graphene in the MPL compospltame eloeact sitealt | ¢
across all MPL sampl ea&patrhtaitc ucloanrtlayi ni ngtrear pehsetni e
when graphene i s incorporated i nto a 50%
DvB100_ _GVB50, D VvB100_VBG50, D VBG50_VBG50
conductivity shows a compar ablhee ipmprreovemamh
sampl es (SG, DG, D G100 _VIBhl 00 ,s uly gwB1 060 _tGiladto
addition of graphene can elevate the conduct
pure graphene. Furthermore, It's worth notin
so much influeheemabgr-svhdetthecdadeimhglbart r at he
type of carbon used in the MPL. This observe:
source i nt deelteecrtnriincianlg conducti vity ol ame MPL
el ectal conductivity of the MPLpliaswehicomidycex
due to the wuniformity of the MPL particle st
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Figure4-5 In-plane electrical conductivity of the MPL samples.
4. 4GaBer meability
The permeability of the gas diffusion | ayer

mor phol ogy, particularly in re|] 8%9]Finr sttol yp,oric
be sé&emgutthat tise deeadulwloemf i gurati on exhibits |
t hesidgdiedglcenfi guration. This outcome aligr
| ayer of MPL facing the BPP ndét |l ol yni
rface pores of t he-sGDhleds Whd tcraamt .l afKe ¢
e hiche®m’alfec® e@sing per meabisliidteWd, Vad mmar eb
Sdiomibiagdeddy graphene (DG) exipBfnmiences

ed-sidedi gglaphene (SG) . Addi tionall vy,

bl ack and graphene (DVB100_GVB50, D_
t a similar decrlid&sh®€c o mp prheainesEstnidieiet y
mpl es (SVB, SVBG, SG) .

B

WoTYLO—TODOWnL
Q=5 = -

second significant observation is that t
meability. For exampilecgedtdhrapreme asSEG) tiys
ssingjé¢ @ Vul can bl ackIl1(0USB) Si mtc | anbksiijdetdbg ¢
aphene sample (DG) habklUdm’greampar e+ meabht
ded Vulcan black (DVB). This phenomenon ca
i ch
[

) o =

features more surface cracks and gener
be el aborat ed olnogwhean de xpd roer isnigz e hdei sntorri
can also be observed that the GDlsnwwi it h
have mor e | ickoeu nttheer ppaurrtes xcaantpd odri? L GOd.rsf iwg u tha 't

O~~~ =D WYX OW—TXO

oc—-sswQoT 4 Z2o<<o—~a~o-~
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t hat contains more graphene than Vulcan bl ¢
l' ity more similar to the pure graph:
his would also suggest thabofpeambahi
her thaglwdd ucd whlee or

per meabi
(bvB) . T
used rat
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Figure4-6 Permeability of GDL samples

4P8rSezDe stri bution

g&fsechows the pore size distribution of the
at there i s a broad spectrum of pore sSi
crostructure of t he GDL whi c[h2 1i]lvresormrd ere
l i neate between FEhegd4kheagn ibfeiema rste gpergeat xidz d g
tegories of pores: mi cr 07000k snm)s &0 dn Mg c
000 nm), aligning with the classification
bet ween Vulcan bl awheandtgramesneé osamel eor e
some significant results.

Vul can bl ack as an MPL material, tends to cr
comparison to graphene based samplded. gSmepdief
(SG) ansidedbyeaphene (DG), it e cloanees te vq Weer
of micropores among the sampl es. Contrastini
(SvB and DVB) display the highest proporti on
seen, where the introducei MiPLof | made VYol aan
mi cropores, as demonstrated by DVB and D_VI
mi cropore counts and have the hi ghneusnitbdcront en
mi cropores has an i mpact on the transport of
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thus | eading to consequential effects on the
further detail i n the next sections.

The type of MPL -sbdédgardtdiean c{omitn gilge al so

di fferences. Examining the pure Vulcan bl ac
guantity of micropores compared tno tthhee S5/ Ba ns
DG sampl es As the second coating of MPL is
as more of the | arger pores of the GDL are f

The porosity vlalbd®s ddi snpolta ydeids pilnay much of a
types of carbon black particles used for the
bet ween -gdihete & i @srg Idéeodu bcloen f i gur ati on.

Table4-3 Porosity of the GDL samples.

Sample TyPorosi
SVB 72.8
SG 73.8
SVBG 73.9
DVB 71. 3
D VB100 (C73.6
D GVB50_\V72. 38
D GVB50 _(73.1
D G100_VE72.9
DG 73.2
D vB100 (72.5
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Figure4-7 (a) Pore size distribution of the samples andzfl@medin image highlightingnicropores and mesopores ranges of
samples.
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4. 4Canthlagtl e

The wettability of a GDL plays a pivotal rc
concelringwigd water management. The wettabilit
of the material's physical properties and t
interactions occurring between the MPE& surf

measurements g4& eowrveian ed a consistent trend
sample was hydrophobic, exhibiting a contact

observed in the measured contact angles of N
composi e omi Y¥ulbrcan blsaucgkg desattd tghe preinmmar y f ac
Wettabillty is the PTFE conterturwhiechmowas m
considering the error bar s, there is signitf
variability in theTbostaonsasgkekacygbsar PIFEOK
plays a dominant role in dictating the wetta
type of carbon particles used in the fabrica
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Figure4-8 Contact angle measurements of the GDL samples.
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4. 4 MBrphol ogy

Scanning Electron Microscopy (SEM) was empl
mor phol ogy of Dboth the differ exndc tMHAd®4s8.uer f ac e
shows a series of SEM micrographs that C 0 Mf
gr aplewel, can bl ack/ grapherteobhdinboahdt*thbel0?2
|l oading. These i mages reveal striking dispar
the MPLs containing Vulcan black and those t
contingent on the physical atsri Vuteanobl aabl
smooth surface whil e gr aachee nwei tgh veelsu sat emmusc ho f
form on the surface. Al so notabl ecr acks hoen gtri
surface. MPL surface cracks emerge naturally
result of sol mgntt hev aperranall2 2 6wt imesntr phas ec
is a common trait of MPLs based on carbon bl
[ 17P226]With regards to the graphene MPLSs,
compared to Vulcan bl ack MPLs. This could b
particles which means it does not fully sprc¢
i tfsettlo be more susceptible to surface cracks
On the side facing tHReo®B8®PPpngwithetbar ®omR5f ir
Ssubstrate can be easily seen, for al/l sampl e
MPL, the | ower the thickness of the coating

smooth surfaddemuc Pbloimdd oimn t he smooth surf
effective filling of the substrate surface j
graphene on the otherf dwmerrd,ofast hdse |l uwsrfeacse

Ssubstrate to remain more visible, with visib
composite features a smooth surface, similar
clustersrof ngammon hfeo sur face, similar to the
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Figure4-9 SEM imagedor (a) Vulcan black 1.25 mg/chipading, (b) Grapheng.25 mg/cm loading, (c) Vulcan
black/Graphené&.25 mg/cmloading, (d) Vulcan black 0.25 mg/énwading, (e) Graphen&25 mg/cm loading, (f)
Vulcan black/Graphen@.25 mg/cm loading.
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4. AF6€eéIPérfor mance

Fi ga#4r@i spl ays the polarisation curves for th
Fig&Xx®Bhows the correspondi Riggfloespldaynsitlye
dat a. Firstly, it can -dedeseéeconthiagurn at ig@emee x
cell performance-siadmmplarce®d ntte rtplae tssi,nqlte r el at
and 100%; this isiqgdgnotnmderm@anander dsliedt aredd

of MPLs facing the bipolar plates and conseq
Conversel s, dtelde coindfglgair at i oni dad pearmmplrens 4d th e
this I $owee dof&usion path (i.e. | ower mass

si ngildked sampl es.

Consi der i g dtelde ssimpdlees ( SVB, SVBG, SG) at 2!
is a trend where the SVB and SVBG perform tfF
be attributed to the fact that thobé &SVBrapor$
(Fi g#smethat i s necessary to retain water requ
l ow humi di tfy228¢Tnhdiist iiosnscorroborated by the I
Fig#4x® that show that the SVB and SVBG sampl
resistance (represented by tha&exileftsigniefryiem

membr ane humidification and consequently | es
Among the sampl es, D s\ Bhle0 Ob &Gslt0O O o Weermeoinis t p at fe
foll owed e DVB sample. This could be a

t dedsMPtheodbubbgel owers the co
Further mo , Btee G6Gammpl easd (DVB) have a gooc
and mesopores, Ww

particularly for the sidesfsasbowg theat cat abm
mi cropores and mesopores improves th
condif[t2i2zo3nflche EI S measuremerFtigéae ahe

humi dO50%)s Show that they, compared

by th
humi dity cond-s
re \%
r hich is important for draini
wat er

e
habbvees
to ot her

resistance and | ess charge transfer-cirreslies).an
This signifies both adequate membranthédumid
catalyst | ayer. Additionally, the D_VB100_G1
BPP, perfor med tshDaVv@h tslaynp btehtenlmkei t mdnposi ti ve
the enhanced tchpendsencekvoyd4Bmaok s he graphene
the BPP; these cracks help expel excess | iqu
Notably, samples containing pure graphene (S
various humidity conditions. Despite grapher
mass transport properties off odt mikkiropadean
mesopores in purki gkTpepheonepaaepl e (he Vul c
results in |less retention of |iquid water pr

ionic conductivity of the membrane el ectrol
graphene cont®®®6, (D_GYBHOVB8VB50) al so behave
graphene sdrmged @rse alueed tppr esence of micropores
the catalyst | ayer, resulting in deteriorati
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Figure4-10 The polarisation curves of the fuel cell operating with the investigated samples at various hu
conditions (RH 25%, RH 50%, RH75% and RH 100%)
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Figure4-11 The power density curves of the fuel cell operating with the investigated samples at v
humidity conditions (RH 25%, RH 50%, RH75% and RH 100%)
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Figure4-12 TheEIS curves of the fuel cell operating with the investigated samples at various humidity cor
(RH 25%, RH 50%, RH75% and RH 100%).
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4. Zonclusion

The i mpacsidéddMBbl eoated GDLSs, cemgade MPL oo
coated GDLs, was investigated in terms of ke
types of carbon for the MPL coati.ngTshiwse rwa sem
evaluate the effects of insrdddcMRfg eoadbvael
where i mprovements could be made. The MPL |
facing the catalyst | ayed @n#a5timg/ dbmpol aes pe
foll owing key findi-sgsuvandu meaedse sf:r om t he ex

1 Graphene samples displayed a higher gas permeability compared to Vulcan black
samples, this is due thepresence of a higher amount of cracks in the former samples.
Expectedly, graphene samples displayed a highplaime electrical conductivity than
the Vulcan black samples. Notably, the introduction of graphene at a 50% mixture with
the Vulcan black resudtin a conductivity increase equivalent to that of a sample
composed entirely of pure graphene. When analysing the contact angle, there is no
notable variation. This suggests that contact angle is a factor more dependent on the
PTFE content rather than thge of carbon used in the MPL.

1 MIP analysis showed that for all samples, the addition of Vulcan black MPLs created
micropores and mesopores that are essential for efficient water removal at high current
densities.The doublesided Vulcan black MPL coating increased the amount of
micropores and mesopores. On the other hand, the pure graphene samples produced the
lowest content of micropores and mesopores. SEM micrographs of the samples showed
that the graphene sampledghibited a higher number of surface cracks, while Vulcan
carbon blaclsamples displayed a smoother surface.

1 Under low humidity conditions (25% RH), it is advisable to use siagled MPL
coated GDLs as the fuel cell, under these circumstances, is gas diffusion limited. These
samples, compared to doudeled coated GDLs, offer lower diffusion paths and
consequetly lower mass transport resistance. Notathg singlesidedVulcan Black
(SVB) andthesingle-sidedcompositeof Vulcan Black and Graphene (SVBG) samples
performed significantly better thahesingle graphene (SG) sampléis is due tdhe
presence fomicropores necessary to retain water for membrane humidification under
low humidity conditions.

T Under rel atively high humi dsidedyMPlcooatedi t i on
GDLs generally performed better than singided MPL coated GDLs as they offer
better electrical contact with the bipolar plates. Notably, the GDL with Vulcan Black
MPL facing te CL and graphene MPL facing the BPP (D_VB100_G100)
demonstrated the best overall performance. This configuration allowed for the correct
water retention required for membrane humidification at the CL, yet it also facilitated
the expulsion of excess watérough the cracks available in the graphene MPL facing
the BPP
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Chaphbh€haracterisatfSidedofMi Doopbeou
Coated Gas Di ffusi on Layer
Forming Agents for the | mpi
Pol ymer Electrolyte Membr an

5. Abstract

This study experiment al Isyi deevda lmi atreog otr loau se fl fae
di ffusion | aye¥¢fsor minncgo rapgoernattsi ntgo pnoorded fy t he r
bi polar plate. The investigatofboparMiaeabhi sagdnt &
On an@m,30at varying concentrations to assess
properties of the GDLs. Scanning elfeacrtmiomg mi
agent s degraded unndcaeri ngt amdarid i MRE, ssncces
artificial pores. These artificial pores of
creating a distinct difference in pore struc
forming paprtopgeéretsi. esKkeghar gdtaerei seelde ctirn aclad d ec
contact angle, permeability, porosity, and p
iplane el ectrical conductivity and cpoorteact a
forming agents. This stability 1is advantage
conductivity and hydrophobic properties of t
modi ficati ons Hriaodemi ngi nagy etnh &u p Pooe ea rea lzyes idsi s
we-bhl anced mix of microporesided msmesmppeses H
the 1introddcotrimtnmgofagpoate caused a slight ¢
mi cropores while increasmaegbtithietpumbasupé men
an increaderwhean @pgrets were added, with the

influenced by the -tommiemgrageon o0&t hdre phamr
suggests that tthheeDwwaer dlel epdreacsi tvel gf t uned &

of Pporeni ng agent used. The study also obse
concentration andfpamingl|l&@&gentze ahdthlkeeppoeo
concentdataongeraparticle sizes resulted in i

observed in samplesbntopaathnchgsthe hagber ¢8
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5.2ntroducti on

The drive to mitigate climate change has neq
use. I n recent years, there has been an incit
carbon hydrogen. This shift nspaolaymdry aluect
me mbr ane fuel cell s ( PEMFCs) , which -ar e re
temperatur e opaearsasteilm@rD,® [Tahned veearsseatoifl i ty of PE
e I n stationary, automoti ve, and portahb
vantageous for promoting hydrd8den adoption
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e gas diffusion | ayer (GDL) plays a cruci
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e catalyst | ayer's activewat ersmamhage meona
emove excess water while maintaining me
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e from the esistance encountered at the
ternal resismaescse i of stheséu
e interfaces create transit.i
icant area of contact resi st
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essure exerted betweengcompoeregheast
resistance within 1f&aRdd gestld st. hat s5 %
in fuel cells can be traced back to
GDL/ BPP, GDL/ CL, and membrane/ CL interfas
k resistances wiithhiem atcheé ooomed werths .t hEBh &
CL significantly contributes to ohmic |0
reducing major | osses[dB8B]enhancing fuel
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>

dies have been conducted
d the BRRB[8]&8MHPIRMYW2 Wy bat h
Logfule9si fl1 93] The primary c

studies is that -sudiemg ar
nificantly | owers the con

gli dtehdec MPtpalc tGDdfs dadaomu brleed uc
r research IS n e esdietdu Cu
lons such as polarisatipg curyv
tion, these studies have gener
esting the exploration of MP L
nvestigates tshied euds eMPoLf ctohaet eddneD Le oaf n d hteh eMPtLr
he BPP with pore forming agents to modify
ovmil st uchuraen attempt to reduce <contact r
management of the PEMFC.
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Sever al r
using a r
[227TR28P2
mi csrta uatt u
af f e cotvse rta

esearchers have explored the use o
ange of experimental mMmM&INUNGMAE73]o i1 m
PRP3IO] Use of por e forming agent s
rlee MPL, i n particular, the porosi:
Hd fuel cell performance.

According to research studiepl aydiegmpiofriocanty
mass transport plr ®Q JeAs sheisg hfear pROEMFEGSst y i n t he
removal of water and i mprove the transport
fuel[ 6cOe]lISlome researchers have also found t ha

vol ume are necessary to phemieditt ¥ dgBradliet if d m®

Adding pore forming agents to the MPL can m
sal

perfor mancgdg 2f7 TRYEpMFkGsl | y, decomposabl e ts
forming agents, which generate gas whleimh t hey
should be noted that an i mportant property ¢

from the MPL without compromising the over al

Kong [e228]vesti gated t CQaesf fae ptogy eo ff ou smi mg laig
the effects of the pore size dist[rao&ihen of
removed -ftohremi maggr eagent from the MPL via acid

managed to increase the volume of macropores
1®m. This, in turn, resulted in improved per
undelreoiy i r. They found that with the modi fi
i mitation. This suggests that pore size di

processes.

Si mon[ eTcboinlducted a study where they used a p
t

transport resistance in MPLs. They character
as mercury i ntrusi on porosi metry ( MI P) , ni
miescope (SEM). Their results showed that

conditions. However, at high humidity condit
increased performance. This was athtrroiubguht etdh et
| arger pores, while oxygen transport could s

Chun [e&d panlduct ed a study on the impact of pot

on the pore size distribution of MPLs and tF
found that the contents of pore f oramitrhgorager
varied the sintering temperature to adjust
samples using a field emisSsSiEiM) soman mmlPrg dlhec
showed t hat i ncreasing t he S iarctr erpiomr g tceomp
(approxi m200&®I0y nIn0 Q0 whi ch had a positive i mpa
amounts of mi cropores were beneficial I n r e
performance of single cell s wi t h di fferent
humi di findati@ms¢oand they observed that t he
performed better under | ower humi di ficati on
temperature performed bendieri amd.er Tte gdu thhuonn
moder ate amount of micropores in the MPL i s
humi dity, while macropores are effective in
Liu [e22%]amined the influence on MPL pore str
agent £2:00R BGOH, sNNGE and NaCl. Their findings
samples, there was an increase in both the p
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modi ficati ongCOsmnv slpyiaygd( NHe most favourabl
reduction reaction. This result could be at
| arger secondary pore diameter.

Li e[t230hjvesti gated the i mpact of hierarchi c;

constructed two | ayers of MPLs, with the | ay
a pore forming agent. They <carefulidagticomtaofol
sonication to create MPLs with varying | eve
modi fied MPL exhibited reduced transmission
They proposed that t hei2p@r eanddl @Bs pwiatyreidn ctrhue
roles in facilitating gas and water transpor

within these s pie2ctinf iacn dsliefm) riasngadvi(Fable to
performance of PEMFCs.

Tang [ex7ullli | i sed ammomCum adl arpdee( Ndr mi ng
por ogriadyed MPL consisting of three | ayers wi
CL had 10 wt. %, the middle MPL contained 3¢

wt . %4Cdf) NH he performance o-§radedf MBEL was$!| f @
be better than homogenous MPLGI casitai pong bDi

agent, especially at higherd cuThestdegidnsiat ed
the porosity gradient in the MPL, with thic
pores closer to the GDL, created a higher ca
with straight pores, anagemenhgatnthmpravbadde
The high capillary pressure gemerndteald ploy esh
MPL | eads to the preferential transport of |
and cracks. These | arger openilngesr ciamt edret iior
constrwucatyedi.maX¥yyi ng studies have detailed ho:
perforations and fissures. Fuel cel |l experior
| arger pores within the MRUWe@DIls Haveoveeamdd:
efficiency, i ncreased | imiting current densi
can be attributed to the capillary pressure
the | arger pbvrép and cracks

Porosity and pore size distribution are i mp
directly influencing the GDL's permeability
transport properties. Vari ati omd amarsess st rdinf:
capabilities, highlighting that changing the
performance. Withsrdgdr MPLt coahed dGDb] et hi s
consider as there areoff wooreatommisngfadM®@ht s T
t he dsoiudbelde MPL coated GDL and thus i mprove w
keeping the benefits of good electrical <cont
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5. Materials and Met hodol ogy

As mentioned, the use of pore -dioded ngPlagemnd:t
GDL has not been explored. I n this chapter,
the effects of the MPL treatedhwi tllobamlo mag sf off
side of the MPL are KepQ. z%magiacmasatdet ali.l2ed

study of[ 225 BTFBEesostent in al/l MPLs wi |l | be
This investigation systemat-scdbedyMBhatypatesdb
order to assess the overall performance resu
The side facing the BPP will hibé smmodihfei ed dwi ff

CL remainf&i gbhsetshmtws t he conf isg udreadt iMPIL ocfo att
GDL and where the pore forming agents are enmn

BPP Substrate MPL CL

BPP MPL Substrat MPL CL

0]

Figure5-1 Doublesided MPL coated GDL configuration with the application of pore forming agents

5.3Fabrication Procedure

The GDL used for all of the samples was Tor a
Eart h, USA). The MPL coatings consisted of \
and PTFE di s-AledsiiomE)Y Si Bonrae f of MiX nQe raiges t (, S «Ck
Japan), was used to treat the MPL facing the
from their MX series i@n t(wio0 HIN)f f&mdé MO H)ar t i c
The categories of sampl es t hatr ewesrfemastdedn f or
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Tabotl&DL sapmpeémpared for the investigation.
Abbrevi Sample Type Tot al MP L Tot al MP L Pore Content
Side 1 (CGL Side 2 (B#®I For mi ng

Single sided MPL coated GDLSs

SVB Single Sided Ml 1.25 - - -
Doulslieded MPL coated GDLSs

DVB Doubl e Sided MF 1.25 0. 25 - -

S10_10 Doubl e Sided MF 1.25 0. 25 S (10 10%

S10_20 Doubl e Sided MF 1.25 0. 25 S (10 20 %

S10_30 Doubl e Sided MF 1.25 0. 25 S (10 30%

L30_10 Doulbsli@ded MPL Cc 1.25 0. 25 L (30 10%

L30_20 Doubl e Sided MF 1.25 0. 25 L (30 20 %

L30 30 Doubl e Sided MF 1.25 0.25 L (30 30%
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MPL | oadings of 1.25 mg/ cm] a nsda np Alattsf migh & m|
MPLsont ai nedpod yctoentsrtasfntuor oet hyl e[n22 FWRTHIEg n a C

including 800 mg of Vu%cRMFDbI dickper29i0omg( mrf o\
Al drichE, UK), methylcellulose (Sigma-Aldric
Al dri chE, UK) were prepared. This mixture w
800 rpm for 30 minstessunbnkibsBtenegchedi aabl
sampl es odi déddac dddtinegdl eGD L .

The prepared MPL ink was then evenly spread
a temperature set to around 90AC. Utilising
mg/ cm|] | oading was f-$ird¢ dcadgeBtlei de dGD LF osra mphl ee sd, o
paper was then turned over for the subsequel
Foll owing application, the sampl es wreireh si nt

at mosphere at 1 badepocreiE&skdens Eaacmprciag ed)oafy !
with di memmixcngs., of 7

For the samples with the pore forming agents
addition of the pore f oTarbhSBeg sahgoewnst tthoe tchoem phol
the MPL inks with pore forming agent wused tc
and 30% pore forming agent. Tomisnda8O0Ortepeasat
i mportant to note that the samples treated -
same temperature of 350AC. Thper ¢ e fhppaermincg ree
degradation. The sintering process didndét n
keeping the fabrication methodol ogy consiste

Tabsl2€ore forming agent MPL compositions

V B PTFE Pore Fo V B Pore Fo PTFE Tot a

(mg (mg) (mg) (%) (%) (%) (mg)
80 200 0 80 0 20 1000
70 200 100 70 10 20 1000
60 200 200 60 20 20 1000
50 200 300 50 30 20 1000
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5.31 1l ane ECenductialVity

Theplane conductivity of the GDlLoBlampe @lsniwgls

describefd2D9T&mist approach involves position]

sample, a configurathiogmzod which is illustra
- |

/

b

Figure5-2 In-Plane Electrical Conductivity Experimental $gxt[89].

When applying the Smits method, obtaining th

t wo geometric ratios: the ratio of the samp
sample's width to the $RA&8OIFrog Ueti e est utdlye
calculated to be 3 and 1. 25, respectivel vy,
resistivityi sretphreens ecnatlecdu Ilbayt ed [ RDiI91g t he f or

" 00Y uP
Wher e thedirsestihse i ova rtoyec ttihen tfha cctkonre,8¥6 s of hé he
el ectrical resistance. Fol,loofwitnhge tGhOLs ,c atnh eb ee
the reciprocal of the resistivity:

, 2 08
To measure the thickness of the samples, a m
thickness among the GDL samples and even sl
di fferent |l ocations. To addresdsiwvei evenhicln
points on each GDL sampl e, and an average Vv
measur ement s, t he GDL samples were fixed to
measuring 10 mm I 10 mm [ 5 snimn gvep reéd dpiddai coend
ohmmeter (RS Pro 804, RS Compomenh e, elUK]g t rwii
resistance of the samples was recorded. Resi
with Ohm's | aw.
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5. 3P8rmeability
The permeability of the GDL samples can be
This is because the gas flow rates used in t

. Q¥

] k)

3]

The f | odwt hrradiegh a porous materi al is calcul
permeab®i,| i¢gycss$s oMal, amela pr¥ssuraemmddrddp/i di ng
product of ‘thhfe whecodsuig aamrmd tthe | sRAMDKh ees s
permeability was determined eRipedienaantatili s

by Orogbleimd1l]let al

Mass Flow Controller

X

Jodl

Nitrogen Cylinder

Upstream Fixture

f] Pin

o 1N
GDL 3 //
SampleK$
i Downstream Fixture
Y

N

Local Pressure

Figure5-3 Experimentabketup used toneasureghroughplanepermeability[101].

The setup Fisgg8rowhudaes one fixture upstreanmn

all owing for a controlled flow of air throu
across it. The samples are prepared with a 2
t hen pl anc etdh eb eftiwketeur es, whi ch exposes a 20 mn

ga flow rate i s-2r0&g ull aotwe & ownd irrod Henl, HsEGajnudsatr ¢
|l itres per minute (SLPM). A PX653 dnfjeeonént i

N12.5 Pa, records the pressure difference

(Equ&dB)eonthe gas permeability of each sampl
averaging the results. This ipmr oecaedhurceatiesg arey
i ma b51le

132



5.3Pdre Size Distribution

Mer cury i ntr u(sMIoPM) piosr oas itneecthrnyi que frequently
di stribution of materials. I n MI P, mercury I
mercury resists penetration into the GDL por
incrementally increased, the mercury begins
pores and subseqldrR®6Thet me asmalelmemtomds mer cu
which inversely correlates with pore size,
di stribution. This method presumes pores at
simplificati onnahbcloen sfiodre rceadr fréfiasgjoa per mat er i al
Understanding the pore size distribution 1is
of gases and |l iquid water within the GDL"'"s p
and enhancement of mass tfd2éport processes
GDL pores are generally categorised into mic
and 7000 nm), and macropores (over 7000 nm),
t he GDL [s&3]Hotwerves r , i ncorporating a micropo
di stribution, enhancing the [pP7.9]pWhritlieo nmaocfr onpi
assist in gas diffusion, micropores[[&me8]esse
[ 21.0]

5.3Cbntact Angl e

The wettability of a materi al i's quantified
hydrophilicity and angl ¢9.0bVeera 90DeAs ss htohwe hoyadmn
the GDL sampl es, the sessile drop method wa
water droplets onrtebel GDL'on s umafgece weldiegh ak e
seconds of droplree tpHheaceéyneami d¢d oc ofrex@e8T h iash g |
procedure was repeated for ten measurements
refl ecting the material ' s Fwegtbtdaetiolwist ya cthyaprias
contact angle image taken from the measur eme

Figure5-4 A typical water droplet on the surface of a GDL sample.
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i nvest.i

5. Results and Discussion
The abbreviations of the sadamompiadi3esetdesr Wwhi
be referred to throughout this section.
TabSt3&bbreviations of the samples used in this
Sample Type Abbrevi
Single sided MPL coated C
Single sided Vulcan bl ack SVB
Double sided MPL coated G
Doubl e sided Vulcan bl ack DVB
Double sided coating pant@ihieS10_10
at 10% content
Doubl e sided coating pant@ihieS10_20
at 20% content
: . . . S10_30
Doubl e sided coating eant@ihi -
at 30% content
Doubl e sided coating pant@xthelL30_ 10
at 10% content
Double sided coating pant@XxthelL30_20
at 20% content
Doubl e sided oating pant@xthelL30_ 30
at 30% content
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5.41 fpl ane Electrical Conductivity Measur emer
Whemonsi derplnagnet hceo Aidng&% gviitty i(s I mportant to

bars in this figure, represent the 95% conf
from the five sampllhees erhraotr woearres meuassturlkeel .t ak
examining the dat a, as they suggest t hat S
occurrences

Al'l the

mpl es exhibit a high degree of sim
ck (Vulcan black) for the MPL acrc
2% omglli @g®anllsy a minor di fference,
he hivahdéaets ngghtd J/omvesThis observati

S
carbon bl
mg/ Tamd 1.
bet ween t

expectation, given that all the samples are
MPLs treated with porsei ginoirfmicnagn ta gdeinftf,e-rtehnecree
pl ane electrical conductivity. Thus, the con
sample compositions underscores the uniform
t he pore nftortmiermg eaddgeMPL retains its electriceze
18000 - T -
516000-
2
2
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S
2 4000 A
C
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O
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Figure5-5 In-plane electrical conductivity of the MPL samples.
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5.4P2rmeability Measurements
The permeablllty of the gas diffusion | ayer
mor phol ogy, especially in ter in8.9pAs pde pisdtteyc
Fi gt et hessddeHdl eonfi guration demonstrates |
si ngileked configuration. This result i1 s consi
additional |l ayer of MPL facing t&GBPLBP®t nal sc
fills in the surface pores of the GDL subst
. 9MIndf or the SWVB?ftoor 5t.he 1MV B.
pon the addition of the pore former, a noti
here 1 s mini mal di fference between the por
ignificant di fference 1s seensewhenAst meoreo ny
rming agent i s added, the sampl es prnogr es:
e samples with the | argest amount of pore

rmeabil i't®pw?amfd 6..301 1300 haofa 7Pk méTathiid ity e

_"CSU)D.O'CJE_"O""_"‘UJ""C ~
Oo0OcCc TOO IS M® SO —

crease in permeabllity compared to the DVE
en examining the error bars of,cbheadatag n
re formisngdiagteinncst |l y di fferent tsa dtelde MPdst
ated GDLs all have slight er @maoseo e rs toavteird tai
fferences in theexX@adrai nehnatta | aOvwee amsdidsactadae & t &
ggestsr médabi ltihtey pean be influenced by the
re former added, the more permeabl e the sa
|l e of pore formers in modifying the per mea

Figure5-6 Permeability of the GDL samples
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