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Abstract

The interfacebetween the catalyskayer (CLandthe micro porous laye(MPL)in proton exchange
membrane fuel celllPEMFC4d)as been studied in esitu experiments. The interfacial morphology,
specifically the area, origin and dimensions of interfacial gapgtween compresse@Ls and MPLs
wereinvestigated with higlresolutionX-ray mcro computed tomographylina separatexperiment
the electric contact resistanc@CR)wasevaluatedusing acustomfour-point-probe setupfor CLswith

different compositionsas a function o€Eompression pressure and relative humidigH)

The nterfadal gap area (fraction of thiaterface separated by gaps) whigher forgas diffusion lagrs
(GDL.with MPL) ¢ catalyst coated membran&CN) assemblies with large differences in the surface
roughnesof the CL and MPLThe interfacial gap are#ecreasedvith increasing compression and with
increased similarity in roughness. Relatively large continuousweyesfound in proximityof specific
cracks in thevIPL These ardnypothesizedo form due to the presence of largmres on the stface of
the GDLin which the MPL sags and cradRslatively small gagerm by means othe regularsurface
roughness features throughout thel-MPLinterface.Smaller pores on the GDL surface serving as
substrate for the MPL could reduce the number of MPL chagkced gaps. Moreover, adjusting the CL
and MPL surface roughness parameters to achieve similar orders of roughnessudaimfewer

enclosed gaps, and therefore, enhance the mating characteristics

Theelectric CRollowed a similar trendor all the CL compositiondeaturing a nodinear decrease in
resistance withthe increase in the compression pressukéoreover, the CRwasalsofound to increase
with the ionomer contenin the Cland with the increase iRH Physical characterization of ti@i
sufacesrevealed that this increase in thenomercontent enhances the surface roughness features
andthe surface coverage by the ionomer, both of whidfectingthe electrical CR towards the MPL
With increasing RHhe CR values doubled for all CL compositions as a mdwimidity induced

ionomer swellingvith the uptake of water
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1.  Introduction

This workpreserts the results of exsitu experimentalstudies on the interface between two seminal
layers in the prton exchange membrane fuel cBREMFCnamely the catalyst lay€CL)and the micro
porous layel(MPL) The research focusden theformation of interfecial gapsand the electric contact
resistance and is motivated by the need to understand the interaction of these layelsetter
understanding of thenating characteristics betwee@L and MPtan help tdfind possible ways to
reduce the impacof the interfaceon the performanceof the PEMF@nd, hence enablea more cost

efficient use of materials

1.1 PEMFC functionality and components

{AYAEFN) G2 2AffAlY DNR@SQa 3Jla oFdGdSNEET GKS FANRID
enable the conversion of chemical energy stored in Hydrogen and Oxygen into electric energy and

water. A PEMFC consistan electrolyteenclosed by a pair of electrodeshich arecontinuously

supplied withHydrogen and ®ygenreactants. At the anodic electrode,ydirogen is split into protons

and electrons, which combine at the catho@lectrodewith Oxygen to form waterThe halfcell and

overall reactions are as follows:

Anode: ‘DO o qQ (1.1)
Cathode: 0 ¢O ¢Q ©°0v (1.2)
Cell: ¢O U ©° 00 (1.3)

The electrolyte allows only protons to conduct from anode to cathode, whereas the electrons are

conducted through an externédad and thereby perform works illustrated irFigurel-1.



Membrane (PEM)

Oxygen
. Catalyst layer (CL)

Micro porous layer (MPL)

% Gas diffusion layer (GDL)

Hydrogen Water

Flowfield plate

Figurel-1 lllustration of the PEMFC components and function

The reactions as well as the mass and energy transport occur in an assembly of compenersach
component fulfilsmultiple functions. Theproton exchange membran®EM) acts alectrolyte
conductngthe protons betwen the thin CLs (¢ 20 pmy andsimilarly separasthe reactant gases.

The porous CLs are deposited onto the PEM and thereby form the catalyst coated membrand{CCM)
the CLs, theatalyst nanoparticlegusually Platinumgupported on carbon particlgs-20¢ 50 nm)
providethe electrochemically activsites for the reactions. The carbon supported catalysts are
dispersed in an ionomer mattiwhich provides the pathways féie protonic conductiorto these sites
The pores in the CL enable the diffusion of reactants and ptsda@nd from reaction sitg while the
carbonbackboneconductselectrons In contact to the CL the MPL(50 ¢ 100 um§, which is typically
attached tothe GDL(100¢ 300 umj. The MPlis usually added asliias shown to enhance the PEMFC
performance by reducinthe electric and thermal contact resistances and improving the water
managemat in the electrodé"’. The MPL commonly consists of carbon particles impregnated with PTFE
as a hydrophobic agenhd binder, whereas the GDL is made from carbon fibFagse fibres aralso

often coated with PTFE to improve the water management in the®eth, MPL and GDL, act as
conduits for electric and thermal energy, while their pores enable the diffusioeasftants and

products to and from the CLs. The bipgtates on either side of the PEMFC distribute gases roughly,

provide mechanical stability and serve as electric current collectors



1.2 PEMFCassembly

Several ways to fabricate and assemble the companant the PEMFC are reported in the research
literature®. However, the following section describes the most commonly used method, which is
increasingly applied for larggcale manufacturelhe components C®/ and GDL including the MRire
fabricatedindividuallyandthen assembledrom sheet or roligood materialgo form the so called 5

layer membrane electrode assembly (MEAhe general procedure is shown in Fagt-2:

R

GDL/MPL CCM  GDL/MPL 5-layer MEA
'MPL CL

"

Figurel-2: Fabrication and assembly of the components (CCM and GDLs with MPLSs) telélyerSmembrane electrode
assembly (MEA)
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The GDL basically consistgyadphitized polymeric fibresvherevolatile componentsvere evaporated

and predominantly carbon remains), which are woven or spun to form a thin gigeesheetandis

commonly treated with PTFE as hydrophobic agent. Subsequently, the MPL is depogitdtedsDL in

form of a highly viscous ink containing carbon and PTFE particles mixed in solvents. During the drying
process, the solvents evaporate, the MPL adheres to the GDL fibres and the GDL/MPL material. remains
The PEM on the other hand is a thin polymeric shekfofigh various PEM materials exisiafion®

remains the most commonly used materiahichgenerally consists af thin sheet osulfonatedP TFE

The PEM is conventionally coated with the CLs on either side resulting in the catalyst coated membrane
(CCM). These sheets, the GDL/MPL materials and the &@€&®Utinto the requiredsize positioned
accordingly and finally (hgpressed to improve the adhesion between 1Bk and the MPLThe result

is the 5layer MEA as shown in Figure&1



Figurel-3: Crosssectional image of thés-layer MEA taken by scanning electron microscope (SEM) in {sacitered electron
(BSE) modéthe GDL and MPL are usually referred to as GDL)

During this process, the @IPL interface develops, which has been found to affect the PEMFC

performance by indcing sources of resistance®©n industrial scale, this assembly is done increasingly

Ay WNBfEfQ LINROSaasSas oKSNB (0 kgdodatefinie Robyoll & | NB Y SN
processes enable a reduction in manufacturing costs per unit and enhancements in quality control by

shifting from batchto roll processes'’. The faster Bayer MEA assembly inherently comes therein

with less time to adhere the CL to the MPL, wtdatplifies the need for enhancements in the mating

characteristics between the CL and MPL.

1.3 Effect of the CL-MPL interface on the PEMFC performance

The interface between the CL and MPL affects the performance of PEME@s$as been simulated in
numerous modelling studié%*®. Ohmic, thermal and diffusional resistancassing at the interface
affect the energy and mass transportréhg the PEMFC operatioiThese resistances arise due to
material properties of the componentmndthe morphology”*® and due toliquid water formationin
voidsbetween the CL and MPt?°as illustrated in Figure-4.

PTFE
MPL carbon particle

)— Interfacial region

CL carbon catalyst support

lonomer

Figurel-4: lllustration of the CEMPL interface at increasing magnification

Gapsbetween the CL and MRilong withcracksin the MPLwere identified as water pooling regions,
whichcanaffect the reactant and product mass transpdrt. This accumulatedvater canreduce the

limiting current density up to 20¥% Moreover, theliquid water can alsamplifydelaminationeffectsof



the CL from the MPL during freetteaw cycle§*, which further disrupt the PEMFC performance
Ideally, the MPL surface pdts to the CL surface excludisigch gaps, however, these layerg rough
andinherently erclosevoidseven aftercompres®on®®. When superimpasig the surface profiles from
the CL andMPLin modelling studiesthe separation between thsurfaceplanes was fountb account
forupto5¢mn > YrdsultngvBid volume can accumulatec6l8% of the total liquid water in a
PEMFE. Areduction of the surface roughnesstb CL and MPL is expected to reduce this separation
and, hence the amount of accumulatintiquid water'®. These iterfacialgapsdecrease the number of
conductive pathways available for the electron transport throughdhebon particles across the
interfaceand thereby enhance the electric contact resistance (ERgtrically norconductive ionomer
inthe A, and PTFE in thdPL obstruct the transport of electric energy dadther amplifythe
resistancedetweentheselayers>'®?% In addition the seminal hydration of the ionomenabling the
protonic conductiorleads to a volumetric expansiar the ionomef®, which affects the connectivity
between the carbon particles in the €T hese properties usualipeasured in irplane directiorare
expected to affect the CR the through-plane directionAn increase in the compression pressure can
reduce the electric and therm&lRsas well as the volume of the gaps at theMIRL interfac€, but it
opposes the reduction in the porosity and thereby increases the mass transport resistances through the
porous CL, MPL and GDHence, an optimum compression is requiredrimimizeelectric and thermal
resistancescross the interface, while preserving a sufficieoghen pore structuref the porous
components This complex interplay of material properties and operational parameters can result in
significant resistances arising at thel@BL interfaceTherefore, he investigationof the interfacial
propertiesand matng characteristics can help to discover ways to reducentmactof the interface

andimprove the PEMFC performance.

Theresearchof this thesisaims on two sources for performance losseéshe PEMFCorrelated to the
CL:MPL interfaceFirsty, the interfacial morphology between the CL and N¥ibhvestigatedvith a

focus on the formation of interfacial gapsdercompression pressure amdth varyingsurface

structures of theCLprior to the compressioninformaion about the morphology andggpsat the
interfacecan be useful for improvements in the mating characteristics between the GDL/MRheand
CCM. Alecreaseof the amount of interfacial gaps without extensive compression during the assembly
of the 5layer MEA can enhance the performarafahe PEMFC. Secdgdthe electric CR as a function

of compression pressure, relative humiditydathe ionomer content and therefore varying surface

structures of the CLdnformation about the CR and its dependencies on the PEMFC operating



conditions ca be used to refine the accuracy of simulation studies on PEMFC electrodes psindly

neglect or underestimatéhe CEMPL CR.

1.4 Literature review

1.4.1 Interface morphology between the CL and MPL of a compressed GDL-CCM assembly
Imperfections at the GMPLinterface such as interfacial gapsdelaminationdeteriorate the PEMFC
performance, as shown in the aforementioned modelling studi&'s>* Al of thesestudiesmodelled

the interfacialmorphologyfrom suface profile datawhich was obtaineddy optical profilometryfrom

fresh and uncompressed CL and MPL surfacEsom these models, the effect of the interfacetbe
PEMFC performaeowvas simulated. However, when the components (GDL/MPL and CCM) are stacked
and compressed, the surfaces of the CL and MPL deform as carbon, PTFE and ionomer particles and
agglomerates penetrate into voids and interfacial gapsFew models included elastic deformation of
the CL and MPL surfa¢e®® however adirectand nordestructiveexperimental evaluation of the
interfacial morphology and the deformation of gagen give a more accurate picture of the interface
under compressin. Scanning electromicroscopySEMJmaging technology has been used to visualize
existence of interfacial delamination from cressctional images of the PEMFC electrdd&sTo
investigate the morphology between the CL and MPL and quantify the formation of gaps, the internal
structure of the interfacénas to be evaluated<ray microcompued tomography (uCT) is a non
destructive technique thag¢nables the characterization te internal3D microstructure of material$n
PEMFC technology, this technique has been widely used to assess the porosity distributions across
different axes in GDL$%?®, the effect of MPL cracks on the poroéii?and bulk porosity measurement
of the GDL¥ and CL¥* In terms of a GDCCM assembly including the-IPL interface, XICT has

been used to compare the morphology of spated and doctobladed CL¥ and to assess the
relationship between compression and electrochemical activity within a fuéf.cglthough XuCT

enables the direct visualization of the interfacial morphology, the techniquanbiget been employed

to investigate specifically interfacial gaps between the CL and Miekefore, hisresearchis the first to
report the application of X1CT techniquen compressed GBCCM assemblids investigate the

formation ofinterfacialgaps

1.4.2 Electric contact resistance at the CL -MPL interface
The electric contact esistancg CRarising atthe interfacebetween the CL anthe diffusion media (GDL

with or without MPL)directly affects the PEMFC performarfiteHowever pnly fewexperimental



attempts toevaluate the CRave been reportegwhich can be explained by the complexity involved in
separating thecontact from the bWk resistance of these not fregtanding layersAn overview of the

relevant studies in comparison to the research in the present thesis is given in Thble 1

Nitta et al®’ studiedthe electric CR between the CL and GRithout the MPL andtheir research
pointed out the significance of thelectric resistancarising at the interfaceTheauthorsevaluated the
CR along with other resistance contributicasa functiorof compression pressuiie-situin a
symmetrical /N, cell. They concluded the dominance of the @DL CR among all ohmésistance
contributions ina PEMFC (5060% at Ic m @ T B)iand Moreover reported the nelinear decrease
of the CR from 44 to@#y Y KittOn¢reasng compression from 0.664.71b i Y2YThey suggested
the evaluation of the CR arising between the MPL in contact to the CL in a further dtadyddition of
the MPLto the GDLis expected to decrease the GRit has been showby Ye et af®. In thisstudy, the
in-plane bulk and contact resistances of different GDL materials (both with and without MPL) were
studiedin a linear resistivity setup, where the GDL/MPL is in contact to copper bars representing the
electrodes The authors reported otthe effect of the addition of aMPLto GDLput the electric
resistancecontributions (bulk and contactyere measured towardsoppersurfaces not the CL
surfacesln contrast, he CR between th€Landthe MPL wasnvestigatecby Kleemann et al' who
employed amixed inplanégth roughplanefour-point-probe (4PPYesistivitysetupto examine the
relation between the mechanical properties GDL materialéboth with and without MPLandthe
electricbulk and contactesistance contributionsThe authorsalsoreported the inverse relationship
between compression pressure and 8&8MPLCR, ranging from 90 ®Y K1 &aYcompression
pressures between ~0.05 arnd b T2 H¥Wweverthe experimental setup requirethe choice of an
offsetto evaluatethe CRi.e. theauthors assumed the CRben Y Kiatdigrest compression
pressure of d i Y?YThereforethe values underestimate thmagnitude of theCRarisingat the CL
MPL interfacewhich is demonstrateth the present researctMakharia et af® presented an estimate
fortheohmicClat [ / w 2 F?obtamed invakoris¥osed experimental setup, which was used
to validate result®btained by electrochemical impedance spectroscopy (EH&main emphasis of
their studywasplaced on theevaluationof polarization lossesasingEIS where themeasuredohmic
resistance included all ohmic contributionstbé PEMFC components atitir interfaces.An extended

evaluation and discussion of¢lCR was out of scope of their research and therefiotepresented.

Aside from theeexperimental studiesSwamy et df developed an analytical fanodel forthe CEMPL

CRas a function of compression pressufide authors usethaterial properties and the surface



roughnesgrofiles (obtaired by optical profilometry) of the mating surfacas input dataTheir results
showthe non-linear decreasefthe CRF NB Y H ®p {wth tiféincréadeiindnvpression
pressurefromm (1 2  &. MbréoweNthe roughness of the surfaces and the elastic modulus of the
GDLlwere found to have aignificant impact on the CRhadr study suggestthat a drop of 50% in the
roughness of both surfacestire, 2 dzy 3 Qa Y 2 R difadsioa érdin theKCR oD16%nd 45%,

respectively.

From this discussiqiit is clear that the experimental evaluation and discussion of the ohmic resistance

arising at the GMPL interface is stillecessary



Tablel-1: Experimental and modelling studies on the electric-IPL CR

1% 13 Kleemann et al'*

Makharia et a Nitta et a

Ye et al®®

Swamy et af-®

Present study

Correlationof
mechanical
properties with

Breakup of Evaluation of the

Purpose of the study  polarization losses CR between the ClL

Determination of
bulk and contact

resistances of GDL

Simulation of the
effects of surface
roughness and

Evaluation of the

CR between the Cl

in PEMFC and GDL resistances of GDL 2dzy3Qa and MPL
: and CL :
materials on the CR

In-situ beginning of

life (B.O Ljand non In-situ BOL Exsitu Exsitu . Exsitu
Approach disclosed Analytical model

measurements measurements measurements measurements
measurements for
validation
CL/MPL YIY Y/N YIY N/Y YIY YIY
. . Mixed in

Electrical resistance .EIS and non EIS plane/trough plane In-plane 4PP Throughplane 4PP
measurements disclosed setup 4PP

PTFE treated Toray Toray TGR4-060, TOJvae{_TS)F;j dzo,
GDL/MPL material paper (proprietary SGLSigrace®10BA  non-specified roll P SGlSigrace®25BC

treatment) oods carbon cloth, MPL
9 with 20% PTFE
Custom CLs . _

CL/MEA (ionomer/carbon Gsoerﬁezrggi% Non-specified MEA arl;glree CS?GESZSCL %u; t%n; 2:;3 g/g)_

I/C = 0.4 and 0.8) P P = O '
Compression pressure N Y Y N Y Y
Relative humidity N N N N N Y
CRYXi §Y 3.4 8-44 0->100 - 0.5¢3.5 2.5¢62




1.5 Contribution of this work on  the CL-MPL interface advancement
This research investigates twad the sources for performance lossesrrelated to theCl=MPLinterface

¢ the interfacialmorphologyand the electric CR between the CL and the MPL

1. X-uCTis employed to obtain 3D datasets of compressed CCMs and GDLs to study the interfacial
morphology between the CL and MPL. Specifically, the formation of interfacial gaps between the
layers as a function of compression and surface roughness of the Clstwaiexl The arigin
and dimensiorof gapsandthe interfacial gap areéfraction of the interface separated by gaps)
were studiedand quantified. Scanning electron microscopy (SEM), energy dispensiye X
technique (EDX) and optical profilometry were alsed to characterize these materials and to
link the compressed structure to the underlying material characterisfibs.resultgprovide
additional insights into thénterfacial morphology between the CL and MPL paiht towards
pathways tomprove themating characteristicbetweenthese two componentin the 5-layer
MEAassembly.

2. In a separate experiment, the CR is investigated at different operational conditions (relative
humidity and compression pressure) for CLs with differenobmer contents in cotact to the
MPL of a&commercial GDIThe CR is evaluated in a custdRPex-situ experimental setup,
which allows the deconvolution of the resistance contributions by applying a measurement
protocol formulated in this studyin contrast toprevious studie on the CAIMPL CR, this study
reports as a novelty théully separatedCR valuesf CLs with different compositiorss a

function of compression pressure anglative humidity(RH.

Figure 12 presents an overview of the content in this the3ike two experimental modules are

part of publications submitted to journals.



Figurel-5: Thesisstructure overview



2. Experimental methods

This sectiordetails the sample preparatiorthe choice of carriesubstrates for the Clandthe used
physical characterization tool$he imag processing and analysis stepshaf crosssectional images
obtainedby X-uCTtechniqueare preseted and the experimental setup uséak the electric resistance

measurements igdescribed.

2.1 Materials and sample preparation

A CCMs commonlyfabricated by depositing layers of colloidaliGh orto a PEMusing techniques such
as(electro) spraycoating®*®, decal transfer methott*?or screen printing*®. The coating process is
followed by heat treatment and eventually hptessing, during which the solvent is evaporated and the

adhesion of the Clo the membrane is improvéd

For this research, three different CLs with increasing ionomer/carbon (I/C) ratios of 0.3, 0.6 and 0.9 were
prepared, aghese ratios are in the commonly used ranges of ionomer content in the CLs. As both
studies (interfacial morphology and electric CR evaluations) were done in different experimental setups,
different base substrates for the CL deposition were requiFeglire 21 shows the substrates, the

spraycoating process and the finished CL samples on the different substrates.

Gold-coated disk

/ Gold-coated disk|

o

Figure2-1: CL fabrication onto a) different substrates via b) spray coating of the CL inkb® substrates, c) finished CLs on
Nafion PEM and GCC disk

For the CR measurements, the CLs were deposited on condgotikeoated copper (GCC) disks

Ideally, the CR should be measured with the current lines being perpendicular to the interface in the
through-plane direction, which is difficult to achieve for a CL supported on a membrane. The solid GCC
disks as substrates for the CLs prevented any structural damages due to handling of the layers, while

simultaneously providing the necessary throyglane conductivity for the measurements. For the



interfacialmorphology evaluations, the CLs were deposited on a Nafidii PEM(purchased from Fuel
Cell Store). The lower density of theembraneas compared to metallic substregallowed a better
differentiation of the materials on the crossectional images generated by theay uCT technique.
Both experiments, the CR and the interfacial morphology evaluations, deerein contact to the MPL
of aSigracet® 25BGDL(purchased fromon Power).

Twoof the depositionmethodswere tested in the course of this thesibe thin-film application via a
doctor-bladeandthe spraycoating of the CLdirectlyon the carrier substratesOne of the major
differences between the application methodasthe control ove the thickness of thelepositedCL.

The doctor-bladeenableda precise adjustment of the CL thickness, whereaslitcouldbe measured
indirectly duringor subsegentto the spraycoating processia techniques such as SEM or optical
profilometry. Howe'er, the trials to apply thin CLs using a doctdade on the carrier substrates or on a
PTFE sheet farsubsequendecal transfer did notesult inCLs with satisfactory consistency and quality.
TheappliedCL inks formethrge droplets and an irregulaigpersion of the CL ingrediendgpending on
the ink viscosityFurthermoreJarge cracks and flakes developedhe CLsluring the solvent

evaporation which can be explained by the poor adhesibihe inkto the gold coatingn the carrier
substratesused for the CR measurements contrast, the relatively sloand graduabpplication via
spraycoating resulted in CLs with relativelyrhogeneous consistenayithout flakeor crackformation,

but with differences in the CL thickne&&riations in the Cthickness are commonly used to control the
amount of catalyst in the CL and hence the electrochemical active surface ldmeever, the interface
between the CL and MPL is predominantly affected bystitéace structureas compared to the layer
thickness Therefore,the application via spragoating was chosen to fabricate tid.sanplesfor this
thesis Thethree CLs witldifferent ionomer/carbon(l/C)ratios and surface structuresere fabricated

by spray-coating the CL inks simultaneouslyto two different substrateswithout a subsequent het
pressing stepDuring the hotpressing procedure, the adhesion of the CL to the PEM is improved by
applying compression pressure at elevated temperatures onto@EM using PTFE bldiks Again,

since the surface structures of the CLs are predominantly affecting the interfacial morphology,the hot
pressing was not required. For the CL inks, commerciallyabiaabot Vulcan® XC72R carbon powder
(purchased fronf-uel Cell Store), LIQUion® solutiorlllQ5 containing 5% NAFION® (1100 EW) by
weight from lon Power)wvere mixedwith isopropanol from Fisher Scientifig@ndde-ionized water as
solvents The amount®f the ingredients were determined by weight, mixed and subsequently

ultrasonicated for 3 hours to assure proper dispersion of the particles in th®urkag the spray
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coating process, the base substrates wixed on a heating platat a temperature 080°G while the

ink was deposited in multiple layers to facilitate the solvent evaporation.

2.2 Surface profilometry, SEM imaging and EDX analysis

2.2.1 Scanning electron microscopy z energy dispersive X -ray analysis

The macroscopic structurend chemical composition of théPL of theGDL andhe Clswere studied
usingscanning electron microscogf$EM, Hitachi SU 3500) and energy dispersnay XnalysiJEDX,
Helios NanoLab 650 Focussed lon Beam)3HDKX analysis enables elemental mapping sémple
surface by stimulatinthe emission of characteristicrdys of a specimen. Thereftire sample surface is
targeted with a high energy beam of charged particles (electrons or protons). These particles excite
electronsin the shells on atom. WHen an electron of amner shellis excited, the resulting hole is
occupied from an electron of the higher energy outer shell, and the difference in energy is emitted in
form of characteristic Xays. EDX allows elemental mapping of distinct locationfierséample surface,
and in the present study it was used to compare the distribution of ionomer on the CL surfaces. Since
Fluorine is a characteristic component of the ionomer, its content is used as a representative for the

ionomer content in the surfacesperities of the CLs.

2.2.2 Optical profilometry

Moreover, he surface roughness of the MPL and the three fabricated CLs were evahyaiptical
profilometry (WYKO NT1100 optical profilometénterferometry optical profilers measure height
variationsof sufacesusing the wavelength of light as a ruler. Generally, these height variations are
measured as optical path differences between the sample surface and a reference surface. Inside a
profilometer, light is split by a beam splitter. Half of the lighp#&ssing through the focal plane of a
microscope, while the other half is reflected by a reference mirror. Interference of the beams occurs is
distinct wavelengths, which can be detected by a digital camera as light or dark fringes. Fromahis dat
surfaceprofiles can be reconstructed, which are usecvaluate amplitude andtatistical surface
parameters. In the present study, the arithmetic roughnBswas evaluated as a means to compare the
surface roughness between the CLs and the R a surfacerofile such as illustrated in Figure22

R, is calculated as the average deviation of the profile heygiiom the meanline.
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Figure2-2: Schematic of a surface profile, the arithmetic roughness is #iverage height variation of yper sample interval |

2.2.3 X-ray micro -computed tomography

The internal microstructure of the compressed GDLM assembly was studied usingaX micro
computed tomography (XCT, Zeiss MicroX@u0 system)ln XpCT technologycrosssectional images
of the sample are generated by measuring the attenuation-cdy$ penetrating through the sample.
Different material densities attenuate-pdys to a different degree, i.e. denser material attenuates to a

higher degree and appearslimighter greytones am the image as shown in Figure32

Linear detector array

Cross-sectional image
of sample

X-Ray point source

Figure2-3: Schematic of X1CT technology, the detector measures the attenuation efa¥/s penetrating through the sample
to generate crosssectioral images

During the scanning process, the sample is rotated and moved in axial direction, such that a stack of
crosssectional images is generated. From these image stacks, a 3D dataset can be reconstructed using

various types of image processing softwéeach as ImageJ).

2.3 X-uCT investigation of interfacial morphology

2.3.1 GDL-CCM assembly preparation
The studyfocussing orthe formation of interfacial gaps was conducted by analyzing six compressed

GDLCCM assembliesvhichenclogdthe CEMPL interface. Each assembly consisted of drourse
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fabricated pseudeCL (without catalyst particles) dine membrane compressed againgte MPL of
GDL in @ustomclamping setup made from Ultem PBb(yetherimide purchased fromMcMasterCary.
TheGDLCCM assemblies uséar the X-uCTscansconsisted of small sections, 2 x 4 nwhthe GDL and

the CCM, which wereompressed im clamping setughownin Figure2-4.

Clamping piece

Kapton spacer

GDL-CCM sample

Nylon screw and nut

Figure2-4: lllustration of the clamping setup compressing the GBICMassembly

Each GDICCM assembly was enclosed in a pair of clamping pieces and compressed by tightening two
Nylon screws to achieve compressions of 30 or 50% by vokithehe calculated thickness of the
uncompressd GDECCM assembly as referen&dther 4 or 5 layers of 763n (3 mil) thickKaptor®

were used as spacers to achieve separation widths of 305 or 381 um, representing approxintadtely 50
and 30% volumetric compression of the GDCMassembliesThesecompressios were chosen as they
correlate to a compressive strain of approximately 1.7 MPa and > 2.8 Mespectively. The former

value is comranly applied as compression pressure in PEMFC systems, while the latter is used during
the assembly of the GDLs and the CCM to compress and adhere thedagegsthe5-layerMEA

preparatiort.

232 Xt #4 OAATTEIT C DPOI AAAOOA

X>/ ¢ AYIF3IAYy3I gla SYLE28SR (G2 FOljdZANBE | o5 AYIl3S
GDLCCM assemids within the clamping setughown in Figur@-2. These clamping setups were glued

to an aluminium stud, wiesh was then clamped in the>X/ Miceto ensure the stabilityluring the scans.

For each scan, 2BQadiographs, scanning 360 degreere acquired each with an exposure time of 8 s

and a voxel size of 2 um. The radiographs were used to reconsatBiztvdume of the GDLCCM

assembly The final 3D datasets were 1050 x 1050 x 950 voxelsprbmisdureprovided a stack of 950

crosssectional imagesf a GDECCM assemblshowing the GIMPL interface.
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For a voxel size of 2 um, the spatial resolution is 3.7 me&ning that featuresf at least 3.7 pm in
equivalent spherical radius can be identified assugithat 27 (3) voxels are required to resolve a
feature within a 3D datasefs illustrated in Figur2-5, the spatial resolutioris larger than the average
pore sizewithin the CL and MPlwlk. Thus, thesolid material and the void space within thdagers

appeared asinglephase within the3D dataset

Spatial resolution 3.7 pm

[l 1 [l é >

] 1 z 3 4
Pore size distribution {umj)

-

Figure2-5: Pore size distributions of the CL, MPL, GDL and the interfacialg&p¥

Moreover, a portion of the GDL pores and thteifiacial gaps between #hCL and MPL asgnaller than
the spatial resolutiorand cannot be viewed in the 3D datasdbwever, as the highest potential of
water accumulation is accompanied with relatively large continuous Yitdshe resolutionachieved

with the XuCT is sufficient to capture such gaps.
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2.3.3 Image processing and analysis

Post processing of therosssectionalimages and the 3D dataset was performed with the open source
software Imagéed. In these images, each grey tone is allocated to a material density, i.e. a lighter grey

tone refers to a higher material densifjhe elatively dense Nafig®membraneg the CLs, as well as the

carbon fibres and PTFE phases are shown in light grey tones. The highly porous but packed MPL is shown
in intermediate grey tones and void space in dark grey to black tones. To extract the information about
CL:MPL interfacial gaps, #crosssectionalimage stacks were processed following the sequence of

steps shown in Figur24 and described in the subsequent section.

Clamping setup
GDL with MPL
Nafion membrane

Interfacial gap

Figure2-6: Processing steps of the crosgctional images showing the GELCM assembly in the clamping setup with a) the
original image, b) cropped to the @UPL-interfacial region showing the CL, a part of the MPL and membrane after enhancing
the contrast, ¢) afterapplication of the 3Bmedian filter and the threshold function, d) reconstructed 3D dataset

First, all the acquired crosectional imagese(g. Figur€-6a)) in the stack were aligned along thg-x
axes of the global coordinate system and cregpo anarea of 0.08 mm x 2 mnkachcroppedimage
showed the CL enclosed by a section & thembrane and the MPL (Figut&b)). Second, noise was
removed using a 3imedian filter, which averages the grey tone spherically around a particular voxel.
The medianifter has been successfully applied in prior stutifés’>!of GDL an€CMmaterials

although itslightlyreduces the edge sharpne&ghird, the image was binarized (Fig@réc)) using the
MaxEntropy threshold function to segment the solid material from the voids. This function sises a
threshold value the greyscale tone with the maximum irtkrss entropy (uncertainty of a greyscale

tone) of the image stack histogratm general, he choice of the threshold value significantly affects the
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segmentation of solid material and void sp&and commonly has been solved by either applying

h & dzQ a ?°37d8 dirkaguRlly chosen global threshold véltie® h G &4 dzQa YSG K2R adl (A a
correlates the threshold grayscale tone to the minimum weighted variance in the image histogram. In
comparison, the manually set threshold values are fitted, such that investigated material garame

(the porosity or GDL fibre diameter) obtainedviaX ¢ Y I G OK (2 @I tdzSa 20l AySR
analytical method® (mercury intrusion porosimetry or SEM imaging). In this work, a statistical

threshold function was found to provide better segmentation as compared to the manual method, and

further the MaxEntropy function was found to be sujoe compdNBE R (2 h (i A8EMew el K2 R
segmented voids and cracks in the inteiéh region is shown in Figuregal). The black edges on the

side of thefigurerepresent the edges of the clamping setwghichwere cropped prior to the

subsequenimageanalsis.

The segmente@D datasets were then analysed to determine the interfacial gap &gga(fraction of
CL:MPL interface area separated by gaps) and the areal crack déggityMPL crack area per

interfacial area). The procedure is shown in Figiiefor a section of the segmented 3D dataset.

Figure2-7: Image analysis starting from a) section of a segmented 3D dataset, b) its projection in thrplagte direction, c)
binarized projection (forA,q) and d) crossection of the MPL showing only cracks (/..

To determine the interfacial void area, all of the gaps between MPL and Giraankd in the MPlisible
in the 3D dataset were projected onto a plane. First, the gaps/voids sagohénthe 3D datasets
(Figure2-7a)) were projected onto a plane from a distance of approximately 20 um from the mean
CLMPL interface plane (Figug7b)). Thigrojectionwasthen binarized (Figurg-7c)) and used to
evaluate the interfacial void are®,;q by dviding the number of black pixels by the total number of

pixels (equatiorl):

_ Black pixels
" Total pixels
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