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SUMMARY

Protorexchanganembrane (PEM) fuel cells have been demonstrated - semi
commercially in automobilesy 2013such as Toyotads Mirai, Ho
Hy u n d a35 armsl Nexa With an increasing number of new government policies and
public desiresn many countrieso reduce carbon emissiori3EM fuel cells provide a
pivotal role in transportation sectdiowever, thecost, durabity, and system specific

power remain major barriers to wide market adoption of this technology.

The improvement of PEM fuel cell performance and durability requires a
comprehensive understanding of the interactions betweendhédual components and
their durability.In particular, the cathode of PEM fuel cells is often the limiting factor in
durability, system cost, and performance. In this wahie durability of commercial
membrane electrode assemblies (MEAS) was firstieiugia the carbon corrosion effect
on the wettability of the cathod&he surface roughness and porositgre fitted to surface
texture models and it was found that catloslestained their wettability after up to 35%
of carbon support loss, at which ttell performance dropped below the U.S. Department

of Ener gy-pafordance tatgeét.] i t y

Secondly, the surface functialization ofcarbon support was studied for its impact on
ionomer distribution in the cathode cattlyayer and on mass transpdkttotal of three
schemes were investigated for either grafting positively charged nitrogen surface groups
or negativéy charged sulfonate groups for three types of carbon suppoftdl-cell tests,
improvements over high current densities were obseirveshmples reacted with para

phenylenediamine or ammonia, whereas the performance decreased after functionalization

XiX



with sulfonate groups. The improvement at high current densities exceeded the mass
activity improvement and was attributed to reduced rhassfer polarizations.
Furthermore, a statistical approach was explored to examine the changes in ionomer
surface coverage using scanning transmission electron microscopy (STEM) images with
fluorine energy dispersive spectroscopy (EDS) maps and it wasl fthat ionomer
coverage was improved after functionalization with nitrogen containing group, though
large variations in ionomer coverage values occurred. In addition, durability study was

performed.

Lastly, an agglomerate modehsed equivalertircuit madel for studying effect of
lonomer on mass transport resistance was developed and the resistance was determined to
inversely scale with ionomer. The trend of the simulated data matched that of the
experimental cell performance. In addition, the comparistween theesults from the
model developed by a former group member and the model in this work showed
applicability of using dimensions of carbon primary particles in agglomerate models, if

local oxygen transport is accounted for.

The major contributionef this dissertation include understanding the role of electrode
wettability in durability studies, providing higerforming carbon supports that might be
incorporated to the statd-the-art electrocatalysts, and exploring a new approach to
calculate nao-scale ionomer coverage on Pt/C and a model to examine the effect of the
jonomer coverage on transport resistance. Recommendations are provided for new
experiments to further understand and improve its performance and durability of low Pt

loaded electroeltowards the technical goals of the PEM fuel cell community.

XX



CHAPTER 1. NTRODUCTION

Protorexchanganembrane (PEM) fuel cells aas electrochemical device for power
generation andn attractive technology for energgnversion and has been mainly used in
transportation sect@buses, cars, trains, marine vessels, eto.a PEM Fuel cell, ydrogen
is supplied to the anode, where protons are generétedpotons transport through a
polymer protorconducting membranand react with oxygen in the cathode to generate

electricity.

When used as a power generatoPEM fuel cellmainly has two advantages over an
internal combustion engine: 1) high efficiendyecause thehermal efficiency of an
internal combustion engnis limited by the cycle, whereas an electrochemical reaction
engine is natFor example, the fuel celtack in a 2017 Toyota Mirai fuel cell electric
vehicle was determined to have a peak efficien®686, whereas stateof-the-art Toyota
diesel engie has a peak thermal efficiency of 44%, which is higher than typically gasoline
engines: 2 The theoretica®) zero emission of pollutants at the point of, usscause the
product is water without NOand carbon emissiongurthermore, if the hydrogen is
generated from renewable energy sources instead of naturahdais transported by
electric hydrogen tanker truckghe use of PEM fuel cell becomes truly zero emission.
Compared to full battery ela@ vehicles, the main advantage of fuel cell electric vehicles
lies in the short refueling timéBecause of these advantagas, increasing number of
countries and international councils are setting gaat$ policiesfor carbon emission
reductionsby incorporations ofiydrogen and fuel cetlectricvehicles.In addition,many
large corporationsvith warehouseare switching to fuel celbowered material handling

equipment such as forklifts to meeting their sustainability goals.
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1.1 History

In spite of thehigh research activities of PEM fuel cells today, fuel cells have in fact
been known sincthe 1840s. The first documented fuel cell was developed by Sir William
Grove in England in 1845 and was called fg
two platinum electrodes and sulfuric aeig the electrolyte. The first practidaél cell was
developed by Sir Francis T. Bacon in 1932 and an alkaline (KOH) solution was the new
electrolyte. A 1.5 kW system of tnhissonBaconod
including the moo#anding missiorf. The first cationexchange polymer fuel cell was
developed by William Grubb and cadigues at General Electrictime 1950sand was used
in the Gemini eartkorbiting missionbetween 1962 and 1965 he Nafiorf ionomer was
commercialized by DuPont in the 1960s and is still used as the electrotgnyof the
PEM fuel cells todayin the 1980s, Siemens Cogparted to develop PEM fuel cell modul
for submarine applications amtass 212 submarinegjuipped with such fuel cells were
producedn Germany'Boei ng tested the worldds first m
fuel cell system in 2008Thew o r Ifidt nanufacturedCEV production model, Tucson
ix35, was introducedby Hyundaiin 2013, though it was only for lea8&he car was
equipped with a 100 kW fuel cell stack and it has an estimated driving range of 269 miles.
The first manufactured FCEV model that customers could purchase was Toyota Mirai

launched in 2015.

1.2 Principles of Operation

In a PEM fuel cell,hydrogen oxidation reaction occurs in the anode and oxygen

reduction reaction occurs in the cathode; protwaasportthrough a polymer proten



exchange membrane.oBh anode and cathode typically consist of three components: a
noble metalor platinumgroupmetal (PGM)catalyst for electrochemical reaction sites,
carbon black for electron conduction, and an ionomer for ion condu&ioce both the
hydrogen oxidation reacticand hydrogen transport are facile in the argidevn inFigure

1-1, most of the research activities have been focused on the catalyst apdrtrahshe
cathode. Meanwhilegsearch othe anodecatalysts involves toleration @O poisoning
becausdracesof CO are present iftydrogen,the majority of which is producefiom

steam reforming of natural gés.

Anode: Hy —» 2H™ + 2e™ Hydrogen in ¢ -

Gas Diffusion Layer

H,
GDLs
()| e |(+)

Current
Collecto

Graphite

Flow

Channel Electrode ir
Assembly

Airout  (cathode: 0, + 4H* + 4~ — 2H,0

Cathode
Catalyst Layer

Figure1-1 (Left) a typical hardware for single cell tests and (right) an exploded view of
the hardware and fuel cell components.

1.3 Current Status

1.3.1 Transportation

Although PEM fuel cells have been developed used as a backp power supply and
power source for personal electronics and mobile devices, the main application is in

transportation sector. There has been a ebiekggfirst kind of debate on which to



develop first, FCEVs or hydrogen stationsy feveral decades. Auto companies are
waiting for sufficient number of hydrogen stations, whereas the hydrogen
suppliers/government contractors want to see enough FCEVs on the road before
constructing more hydrogen stations.

Figurel-2 shows that the amount of hydrogen fueling stations and FCEVs both started
to experience rapid growths between 2015 and 2016. The growth was catalyzed by the
introduction of production FCEV models such as Toyota Mirai in 2015. The concurrent
rapid growths indicated the collaborative effort among government agencies, policy
makers, and automakers instead of one player dominating the implementation of the
hydrogen andfuel cell technologies. In particular, the cumulative number of retail
hydrogen fueling stations followed ans8aped curve, implying the maturation of the
technologies related to hydrogen storage and distributioaddition to the more than
8,000 FCEVsthere are also more than 20,(BM fuel celtpoweredforklifts in the U.S.
by 2019% The operation of these forklifts requires mobile or spermanent hydrogen
stations.Therdore, the actuahumber of hydrogen stations supplying for transportation

and industry uses should significantly exceedgghe end of 2018hown inFigure1-2.
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The U.S. pioneered the both the technologies and markets of FCEVs, but East Asian
Countries (Japan, South Korea, and China) have emerged as the major playerstbe
new leaders. The annual sale number of FCEVs appeared to have reached its plateau about
2,100 per year since 2017 in the U.S., whereas the annual sales of FCEVs more than tripled
in 2019 in Asia and Europe compared to the numbers in 2080w in Figure1-3. The
more rapid growth in Europe and Asia not only reflects the energy policies of these regions,
but also shows the increasing demand from the public for alternative fuel vehicles such as
FCEVs.The rapid development of hydrogen infrastructure is anotiaén reason for rapid
growths in the two regions. As of the end of 2019, Japan led the world in the total number
of hydrogen fueling stations at 111 and Germany ranked the second Witiv8¥anwhile,

the rest of thavorld is left behind in fuel cell and hydrogen deployment. As of May of



2020, there was only one hydrogen station in Oceania (in Australia), and none was in Latin

America or Africa.
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Figure1-3 Annual sa¢s of FCEVs by region or country. The FCEVs in this chart include
Toyota Mirail?2%-24 Hyundai ix35,'> 1* Hyundai Nexd’ 14 1 Honda FCX Clarity> 20 2>

28 andpassenger cars and buses manufactured by Chinese auto cotipaifesuch as
FEICHi Bus.

1.3.2 Academic and Industry Resear8htivity

In terms of research activitias acaderits and industriesthe researclreasof the
PEM fuel cells haveemained the same: membranes, cathode catalysts and supports, cell
hardware, performance, and durability, as shown in DOE fuel cell annual progress reports
between 2006 and 20£%3?In contrast, herepors from 2006 to 2008 highliglmnovative
fuel cell concepts as one of the main research areas, hotsiemo longer noted in the
2019 report. Furthermore, tHargest portion of the funding i2006 was spent on

membrane (19%), whereas in the fiscal year of 2018, the largest spending was on



performance and durability (35%nd membrane was only (9%). The shift indicated the
maturation of membrane electrolyte technologies and the-temng and relworld
performance and durability was the new fodiesearchers dhe national laboratories
found that Toyota Mirai surpasses 3,800eatworld driving (time before the cell voltage
drops by 10% between 1.0 to 1.5 ARnbut the PEM fuel cell in Toya Mirai failed

when the DOE accelerated stress test protocols was perférmed.

For fuel cell componergpecificresearchthe majority of theesearch activitiehave
been on electrodes or membrane electrode asser(iiss). Other components such as
gas diffusion layers, membranes, and bipolar plates (or gas flow channels) have received
less research interests recently due to the relative maturation of these three components,

and their smaller percentages in the taial cel stack cost than thosd the electrodes.

Membrane

For membrane electrolytes, the desired characteristics include 1) high ionic
conductivity, 2) low permeationof hydrogen and oxygen gase8) low electrical
conductivity, 4) high resistance to HO and HOO radicals, 5) high thermal stability during
fuel cell operéing temperature rangeand 6) mechanical robustnes3.he high ionic
conductivity is the uttermost important feature and it is typically achievedihg a thin
membrane such as GeselectM 18 (18 um thick)compared to early day Nafi&rl17
(183 um thick) orthe secondyeneratiorNafion® 212 (51 um thick The thin membrane
has been achieved from the recent ades in mechanically reinforcgablymers, For
example, Gore used polytetrafluoroethylene (PTFE) to enhance the mechanical and
dimensional stability of the mebrane.Accordingtothe DOBs annu aréporfonogr e s
fuel cell and hydrogen, the 2017 status has met or surpasse2D20etargets for
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conductivity(resistance < 0.018 Ohon? at 30°C) crossover (<1.9 mA/cnt for Hz and
< 0.6 mA/cn? for Oy), mechanica{>20,000 cycles with 10 sccm crossovandchemical
(>500 h for 20% loss in OCV with 5 mA/drcrossover)stabilities, and perating

temperature range20 to 120C).33

Bipolar Plates

For bipolar plateggas flow channelsr flow fields), desirectechnicalproperties ard)
high electricalconductivity, 2) resistance toorrosion, 3) high flexural strength, 4) low
weight, 5) low H permeationand 6) good thermabnductivity® The conventional bipolar
plates & made of graphite, which possesses high corrosion resistance and high electrical
conductivity but is brittle. The new classes of bipolar plates are carbon composites and
metals withcorrosion resistive coating§irst, the carbon composite bipolar platese
comprised of polymer binder and conductive carbon fillers. The polymer binders provides
mechanical strength and gas impermeation, while the carbon fillers provide electrical and
heat conduction. Although the carbon composite bipolar plates can heafatrusig
standard compression molding suitable for mass production, aaymimnmity during the
molding can cause uneven thickness, transport resistance, and pytgatkaleakage.
Second, the metalsuch as stainless steel, aluminum, and titanhewe advantages of
high mechanical strength, high thermal and electrical condugtioitygas permeability
and low thickness, whereas the challenge lies in the resistamcertosive environment
To improve the corrosion resistivity, protective coating is typically applied on the metal
bipolar plates® For example, titaniurbipolar plates o a t e dconjugateld anorphous
carbon coating ereused in 2015 Toyota Mirai FCEVs and it replaced the stainless steel

(SUS 316L) used in the previou8008 model3®3® The choice othe amorphous carbon
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coating also reduced the cost of fiael cell staclbecause it replaced the conventional Au
plating treatment for the surface coating of the bipolar p#t&s.By the end of 2017,
commercial bipolar plates have reached most of the technical targets for year 2025 except
for plate cost ($5.4/kW vs. target $2/kW), weight (0.4 kg/kW vs. target 0.18 kg/kW), and

flexural strength (34 MPa vs. target 40 MPa).

In additon to the advances in the bipolar plate materials, thave also beemany
research and developmeoh the flow field structure. Unlike the specific targets and
metrics for bipolar plate materiadet by the U.S. DOEhedesigns oflow field structures
are more of an art than a scienCenventional flow field structures typically use straight
channels, which have their drawbacks sucbusseptibilityto water accumulation under
the flow field ribs or land$* To overcome the water accumulation issues, porous metal
flow fields were developed. They improved the gas diffusion béfered from high
pressure losandhighmanufactumg cost An innovative 3D finemesh flow field structure
for the cathode was developed by Toyota and the structure enhapabfiuSion and

facilitated removal of product waté3’
Balance of Plant

Balance of Plant (BOP) refers to other components and subsystgrogant for
integration and operation of a fuel cell syst&@@P includes valves, cooling system, heat
exchanger, humidifier, air blower, controller, etc. They can be categorized into thermal
management system, fuel management system, air management sy&tgrawer units.
Most of the research and development of BOP focusesreamliningor eliminating he

components to reduce the weigétJume, and cosif a fuel cell system. For example, the



humidifiers for both hydrogen and air were removed in Toydiai and the removal
resulted from an innovative design of internal humidification using counter flow®tells.
They allow the wet gas at the outlet of the flow channels to humidify the dry inlet gas. The
humidified gas then hydrates the membrane to maintain its ionic conductivity. The removal
of the external humidifiers created a sygem design because a thinner membrane was
used to maintain hydration in lower water content and the design leads to reductions in

weight, volume, and cost of tiieel cell system.

1.4 Challenges

In the past five years, although FCEVs from sevauaébmakershave been
introduced to the marketspmmercialization of the technology still fadeshnical
challengesn systenperformarte, durability, and cost reduction as well as many-non
technical hurdles such as lack of public awareness, insufficienbdpurstation
availability, etc.The US DOE illustrates the statsand targets of five technical metrics
shown inFigure1-4.23 The three challenges actselyinterlinked.For example, one
way toreduce the system cost is to decrease thaysaioading in the electrodes;
however, lowcatalyst loaded electrodes have been reportdddgoaddhan highcatalyst
loaded oneg’

Another example is the relationship between the system specific power and the
system costA 900-W fuel cell stack only requiresbout 1 granof the Pt catalyst, which
accounts foebout 1/1000 of thetarget systenweight and thus an additional gram af P
catalyst can significantly increase the system specific paiteout much weight
increase of the systeNeverthelespne additional gram of Pt will increase the system

cost by $33/kW (Pspot price wa$30.0/g on August®, 2020) which almost doubles
10



the system cost targef $35/kW, which includeboth the costs ahe fuel cell stackand

thebalance of plant.

2014 status
2017 status
2025 target

Cold start from
-20°C, 30 sec

Peak Efficiency, 65% ..

Figure1-4 PEM fuel cell system status and targets published in 2817.

The system durability appears to be the mbsilenging and it needs to improve by
90% from the 2017 status to reach the ultimate 8000 h target, which refers to the duration
for fuel cell stack operation before the its voltage decreases by more than 10% at normal
operating currentsAchieving durabiity target is almost entirely limited by the MEA
performance which was 4100 h as of 200f7e 2020 status will be published in the spring

of 2021 and it is likely to be on track to reach the 5000 h target for year 2020.
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CHAPTER 2. LITERATURE REVIEW ON ELECTRODE WETTABILITY

Oxygenos i nability to rapidly diffuse
underlies these transport resistances, which are greatly increased by degradation
experienced over t he pattioulanysaalyst fipenang, caglyst 6 s
dissolution, and carbon support corrosion. These phenomena magemsate other
problems such as liquid water flooding. In the first aim of this thesis, the effect of
wettability changes due to carbon corrosionvestigatedy the roles of surface chemistry

and microstructure.

2.1 Wetting in Cathode Catalyst Layer and Gas Diffusion Layer

De Genne®t al define wetting as the study of how a liquid spreads on a solid (or
liquid) substraté. Similarly, Mench describes the wettability as the tendency of fluid
spreading that is controlled by interfacial foréa¥hen two or more fluids are in contact
with a solid surface, one of the fluids spreads more easily than the other fluid. The former

is called a wetting phase, ancttlatter is the nomvetting phase.

Water management in PEM fuel cell remains a critical issue. The cathode catalyst layer
(CCL) is the major location for simultaneous electrochemical reactiasstransport, and
heat exchangalettability plays a key rel in establishing the water content in (B€L,
which needs sufficient hydration f@nomer conductivity. However, f a CCL possesses
too high a degree of wettability, the CCL may be flooded during cell operations, causing

increases in the massansfer resistance® and electrode sheet resistafice.

Gasdiffusion layers (GDLsglso play aimportant role in water management and they

have four main functions: 1) directing water from reaction sites of the CCLs to flow
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channels, 2) allowing diffusion of reactant gasesnf catalyst layers to flow channels, 3)
conducting electrons, and 4) dissipating He@n a macroscopic scale, flooding occurs
when the presence of liquid water blocks pores and restricts effective diffusion of reactants
to the catalysssites.However liquid water does not completely fills the pores of the GDL.
Owejan,et al.found amaximum criticaliquid water contentwhen 44.2+ 2.5 vol% of the

open pores is filled in a 75% porous GDLaa®.2 mA/cn? current density. After the

critical water content is reached, the rate of water removal from the GDL matches the rate
of water production from the CCL. Hence, the Gbds to be both hydropldlienough to

drain the generated water from the CCL and hydrophobic enough not to be filled with
liquid water, impeding the gas diffusiomhe wettability of the GDLs have been widely
studied due to its less complexity than CCLs and thus the literatueydoouses on the

latter.

2.2 Contact Angle
2.2.1 Static Contact Agle

In order to determine surface wettability, the most common technicgessdedrop
method that optically measures the staticequilibrium contact angle between a liquid
drop and a flat surta — The sliding contact angle-, can also be measuret@ihe two
types of contact anglestatic and slidingare shown irFigure2-1a andb. A small contact
angle(< 90°) corresporeto high wettabilityor hydrophilicity, while alarge contact angle

(O 90A) corr es pormydrophobiclyow wettabil ity
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Figure 2-1 Static and sliding contact angles of liquid droplets on the surfaces of
hydrophobic solid substrates

Thewellk nown Young6s relation is
rATO 7 r h (2.1)

whereg’ is the surface tension between liquid and vaper, s t he Youngds <cor
(static contact angle)] is the surface tension between solid and gas ang the

surface tension between liquid and sdl8urface tensiois defined as the energy that must

be supplied to increase t heontactangfeeeterstbar ea b
angle between the surface of the liquid and the outline of the sof@te! In a CCL, the

carbon support Vulcan has a contact angle between 65° &hd &9t Ketjen black has a

contact angle of 84 Platinum is hydrophilic with a contact angle below!8fnomers

possess both hydrophilic and hydrophobic parts,-fareers such as polystyrene has a

contact angle of 86 and additives such as polytetrafluoroethylene (PTFE) is

hydrophobic with a contact angle of 1163

In contrast to these examples for individual constituents, the composition of the surface
of the CCL is inhomogeneous; and more importantly, the surface of the catalyst layer is
porous andrough The apparent contact angles of water on pristine CCLs haee b
reported to range from 130° to 156° in |it® The surface texture of CCLs is responsible

for the larger observed contact angles compared to those of the individual components,
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PTFE for example. This phenomenon is well known. WenzetisCassieBaxter's models

are commonly used to describe the effect of the surface téxture.

o%® Catalyst
%% layer

membrane

(a) (b) (c)
Figure2-2 Schematics of water droplets on surfaces described Wea}xel's model, (b)
a fuel cell catalyst layer attached to a membrane, (c) CBssker's model.

Wenzel 6s model describes the impact of
angle, as shown iRigure2-2a. In this model, the apparent contact anfjle,is related to

Youngds conbyact angl e,
AT 1 AT fOh (2.2)

wherei is the roughnessatio that represents the ratio of the true wetted area to the
apparent surface area ¥1).!° Therefore, the reported contact angles of 130° to 156°
represent the apparent contact angles. According to eqat®nthe hydrophobicity is
magnified because of the surface roughness. Although the roughoesof the CCLs

have not been reported, the images obtained by optical profilometer, atomic force
microscope (AFM), or scanning electron microscope (SEM) can be used to appeoxima
the r ranging from 1.1 to 2.2 It is worth defining another term, roughness faator
effective surfaceareaof Pt 0 , the ratio ofsurface area oélectrochemicdy active
catalystto the geometric surface ared MEA (0 >>1). Hence, the definition of the

roughness factor is similar to that of the roughness ratio. However, researchers have
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reported a wide range efffective surface area values which highly depends on the Pt
loading:278 for a CL with a 0.38 mg Pt/érmading?? 274 for a CL with 5 mg Pt/c/h?3

and 210 for a CL with 0.4 mg Pt/érif as well as roughness factor values as low as 9.2 (Pt

wire) ,2° 20 (10 wt% Pt/C¥® and 26 with 0.05 mg Pt/cA?* If both the high apparent

contact angle (156°) aritle high roughness factor (278) are choseh,e n Youngds co
angle,—, becomes 90.2°. If a low roughness factor (20) is assumed, the high apparent
contact angle (156°) is converted tp aof 92.6°, which is close to the result using the
high-roughness approximation. As a result, gffective surface area of Pt (roughness

factor) that has been widely reported does not approximate the roughness ratio in the
Wenzel model well. Further calculations based on images of AFM, SEM, or profilometer

areneeded.

The second model to account for the surface roughndssGassieBaxte, which can
be applied to a planar but chemically heterogeneous sifff&oe a hydrophobic surface,

the apparent contact angle is described by

~

AT G p RATO -h (2.3)

where- is the void fraction on the surfacgg - is the solid fraction of the substrate that

is underneath the liquid droplet, ahdi s Youngo6s Thepormsityof CCasngl e.
can be determined by a variety methods including mercury porosimetty® and
Focusedon-Beam Scanning Electron Microscopy (FEEM) imageg? %° The major

physical difference between the Wenzel and the Ga&ssieéer models lies in void filling.

Il n Wenzel ds model, the | iquid phase displ ac

while in the CassiBaxter model, it does ndin practice, a water droplet may partially fill
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the voids The porosity of the CLs have been reported to vary from 0.20 td0°6% The
wide rangeof the porosity depends on fabrication methsdsh as hot spray or hot press

as well as the use of pore forming additives duringotieparation.

A third model is a combined method that account for both the surface roughness and

surface inhomogeneity of sample surf&t&he apparent contact is formulated by
AT Op rRATO R (2.4)

2.2.2 Sliding Contact Angle
The force balance on a flat surface is showRigure2-3, and based on Youn

the adhesion force of a liquid droplet under drag force on a flat surface is
0 r Q OEfil Aif©0 AT[O h (2.5)

whereQ is the equivalent diameter of the wetted area between the droplet and a solid
surface[ is the contact angle wheno drag force is presenkigure 2-1a);[ is the
advancing contact angle, which is defined as the upper threshold of contact angle beyond
which the contact line between the liquid drop and the solid mfves the receding

cortact ang, which is the lower threshof>>37

Drag

Figure2-3 Force balance of a liquid droplet on a flat surface under shear flow.
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Neumann et al suggest experimental advancing contact angles biterbe
approximations for smooth and chemically heterogenedisssafaces such as CCE%.
39 Similarly, Daset al., suggest the use of sliding contact angle, whose dynamics is more
representative of the droplet mobility and detachment from a GDL surface in a fuel cell.
On atilt stage as shownHigure2-1b without determining advancing and receding angles,
the adhesion force becomes
" ODEF

O n —wg (2.6)

where” is the liquid densitywis the droplet volumeQis the gravitational acceleration

constant, ane—is the sliding anglé” 4°

The sliding agle is also affected by surface inhomogeneity as seen in the pinning effect
shown inFigure 2-4a. It occurswhen the contact line between the liqdicp and solid
substratds restrained while the liquid/vapor interface shrinks due to evapofatieor
instance, Furutat al. determined that the sliding angledacontact angle hysteresis
increased with an increase in the surface roughness using patterned hole radii from 1 to 10
um on a silicon wafet! Although the sliding angle measurement captures the dynamic
water removal well, it does not account for transient contact angle behavior and difference
in local composition of the CLEFor example, Yuet al. studied ex situ, timdependent
contact angles foCLs and found a decreasing trend with time. They also applied
environmental scanning electron microscopy (ESEM) to measure -goatact angle
distribution based on the microstructure of the.®€LFigure 2-4 shows that a

macroscopically hydrophobic CL can allow microscopic wetting behavior, in which
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locationswith low ionomer contenexhibit flatwater dropletswhereashigh-ionomer

locations show spheiike droplets.

Figure2-4. (a) Millimeter-size waer drop on a CL by a goniometer. (b) andr{ero-size
water droplets (right two) imaged by an environmental scanning electron microstopy

2.3 Other Characterization Techniques
In addition to contet angle measurements, othersix and irsitu techniques can be

applied to visualize and characterize wettability and water content in a fuel cell.

2.3.1 Optical Imaging

First, optical imaging is. simpletool for visualization, whichs achieved via specially
designed cell architectureh@nget al. designed and fabricated a transparent cathode end
plate with apolycarbonate window shown Figure2-5.4? Figure2-5a illustrates a droplet
of 80 mm on the cathode ClDespite the presence aflarger droplet in the center view
of the image at 0.8 A/chthan that in 0.4 A/c the liquid water in the pores of the GDL
surface exhibited similar quantities at both 0.8 and 0.4 A/&omburet al constructed a
rectangular flow channel (5 mm x 4 fqnoptically accessible from the top, with a GDL
on the bottom affixed to a feeder plate. This ex situ experimental setup is used to study the
effect of surface hydrophobicity of GDLs, and it may be used to examine the surface
hydrophobicity of CLs® Although specially designed fuekll components for optical

accessibility provide direct images whter droplet and useful information on the liquid
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motion, they alter the materials of the components and corresponding physical properties,
such as thermal conductivity. The altered physical properties can leadradiale

predictions for real fuatell systems.

| End plate
Current collector

Bipolar plate
o

Anode CL

A I Cathode CL
- Rl el quid water
%//’/////////A ?f//’//////"//z GDL with micro hole
i Cu Current collector
Polycarbonate
window

Optical system

I CCD camera (a ) :
Figure2-5 (a) In situ vistalization fuel cell setupnd image®btained by optical lens &j
0.8 Alcnt andc) 0.4 A/ cnt.*?

2.3.2 X-Ray Tomography

Second, Xray tomography acts as a higésolutiontechnique for imaging operating
fuel cells, in which Xray beam penetrates through GDLs, CLs, and membrane to allow
guantifying water content in-B. However, there arevo drawbacks of Xay tomography:
1) similar attenuation of the -¥xay beam by liquid water and carbon, thus long the
detection sensitivity shown iRigure 2-6a; 2) The Xray beam cannot penetrate thick
components, such as graphite and aluminum plates used in fuel*dedspite the
sensitivity limitation, a group of Japanese reseas;taeveloped a setup that incorporates
soft X-ray radiography (less than 10 keV) for visualizing water content in CLs,
microporous layers (MPL), and GDLs in an operating fuel cell. They obtained high spatial
(about 1um) and temporal (1 frame/second) rgsmh and determined inhomogeneous

distribution of water in the CEigure2-6 b and ¢*> 46

23



10000 30s 150 s 420 s 30s 150 s 420 s
1 L3 il

1000

100

(em?/g)

Mass attenuation coefficient

0.01

=t
GDL CL
Photon energy (keV) 0.2A/cm? 0.5A/cm2 Water

1 10 100 1000 10000 GDL CL

(a) (b) (c)
Figure 2-6 (a) Mass attenuation coefficient of the materials in PEM fuel .c@d)sand (c)
Time-dependent watetistribution visualization in theathode Clat two different current
densities*®

2.3.3 Neutran Radiography

Similar to X-ray radiographyneutron radiography, which uses neutron radiation, can
also provide fruitful insights for water distribution in a fully operational fuel cells and other
thin-porous mediet* 4”48 An advantage of neutron overrdy radiography lies in stronger
attenuation of neutrons by water by compared to other materials used in fuel cells. Iranzo
et al investigatd the effects of operating conditions such as inlet relative humidity on the
water accumulation in the flow channels by neutron radiogrépRgsearchers at Sandia
National Laboratoryperformed in situ highesolution neutron radiography quantifying
throughplane liquid water profiles as a function of cell temperature, current density, and
anode and cathode gas feed flow rates. They identified the water diffusion from the cathode
and hermal gradients as the two most significant effects on water balancefirethbell
after corrosiort” A decrease in water retention after corrosion results from pore stuctu
collapse and compaction of tR¥CL as well as the drying effect of increased internal heat
generation. The researchers also point out limitations of the current technique: first, the
spatial resolution of neutron radiography is lower than thati@ypand thickness d€CLs

The resolution of statef-the-art neutron imaging detectors is about 13 to 16l
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comparative to the thickness@€Lsranging from 11 to 15 pm for fresh samples and 3 to
7 um for corroded samples at 0.4 mg Ptldoading®® XAt low Pt loading, the thickness

of the cathode is even leSherefore, neutron radiography cannot probe the interior of the
CLs. Second, high flux of neutron sources. In addjtiteutron sources nesnificantly

largeand costly facilities, which are not practical for installation at universities.

N\

Figure2-7 Neutron mage of water content in pink in PEM fuel cell at 60 °C @dA/cnf.
Each pixel corresponds to 16.4 pm x 16.4 um. Pixel number 185 (anode GDL/MPL), 205
(MPL/anode CL), 212 (center of membrane), 219 (cathode CL/MPL), 235 (MPL/cathode
GDL) %4,
2.3.4 DynamicWater Sorption Analysis

Fourth, water sorption/uptake analysisa useful essitu method to probe the atior
portions of aCL. The water uptake,, is defined as the number of water molecules per
sulfonicacid group. Although this term is mostly usediescribing Nafion membranes, it
can also represent the water content in the ionomers @Lthand is expressed as

a 10 .

& e @n

whered is the weight of water absorbed by&L sampley is the molecular weight

of water,a is the dry weight of ionomer in tHeCL, and EW is the equivalent weight
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of the ionomer: 33 To further determine the dynamic behavior of the water uptake, the time

consant, 1, is calculated by®

a o 0
, p A@D -
a;

h (2.8)

—=

whered 0 is timedependent weight of water absorption measured at each relative
humidity andd f is the equilibrium weight of water absorptidhis important to note

that water sorption studies require a fstanding CLsample which is often difficult to
obtain or which deviates from the properties of CL fabricated via conventional methods
such as hepress or direespray.Kusogluet al.studied tle dynamic wateuptake behavior

of the CCL as a function of relative humidity (RH), temperaturejoRting, and CL
pretreatment using a dynamiaporsorption analyzet To highlight some of the findings,
Figure 2-8a shows that the custemade CL samples absorb water much less than the
Nafion 212 membrane and that the difference in water sorption is magnified at higher RH.
Similarly, Gouletet al. showel that the presence of CL a@DL made little impact on the
mass of water absorbed byetmembrane at 70°C, a typicalerating temperatuffer fuel

cells (Figure 2-8b).>2 Junget al. also employed dynamic vapor sorption technique and
determined tht the ionomer in the CL exhibits water conteaitie that is 1/3 ahe Nafion
membrane&3 However, none of the authors abdaeve investigatethe effect of corrosion

on the water uptake of the CL.
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Figure 2-8. a) Water content of CL samples compared to bulk Nafion 212 membrane a

25°C*and b) wéer sorption isotherm in the membrane, catalyst coated membrane (CCM),
and 5layer MEA at 70°C normalized by the initial specimen ionomer coftent

Figure 2-9a displays that a higher Pt loading leads to an exponential increase in water
uptake. The increase is more significant at low RH, indicating an important design metrics
for PEMFC operating abv RH, because the high loading of Pt makes the ionomers in the

CL more isotropic and allows for greater swellikggure 2-9b shows that it takes longe

for the CLs to reach steady states with rising RH and that the time constant from equation

(2.8) range from 2 minutes to 20 minutes.
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Figure2-9 (a) Effectof Pt loading on water uptake of CL samples at different RHs. Lines
are linear fit to the daté&) Normalized water uptake of a poeiled CL:1 sample (irhouse
made sample with 0.28 ionomer-fiiction and 1.5 mg Pt/cin25°C plotted with fits from
equation(2.8).3
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2.3.5 Other Techniques

Furthermore, the relationship betweenwater cadlary pressure and water saturation
can be applied to elucidate the water injection/withdrawal behave€af The capillary
pressure is shown in equati¢h9), and the saturation, , is the fraction of the pore filled

by liquid water and is expressed as

e ar
l o ol (2.9)

wherew is the volume of water in the sample,is the CL pore volumej is the mass

of water absorbed, is the density of wateiQ is the diameter of the pofe,is the
thickness of the sample, ands the void fraction of the sample. Gostikal. designed an
experimental setup in wth the air pressure is controlled to impose a specified capillary
pressure and the saturation of the sample is monitdBae setup consists of a pressure
gauge, a syringe pump, an analytical balance, and a sample holder as slioguren
2-10a. Although the initial setup was used to characterize GDLs, Kusa@gluemployed

the methodology for CLs with a modification of starting from fully saturated CL samples
rather than from imially dry samples because of the wicking property of the ionomers in
the CLs. Kusoglwet al. found that a large portion of the curve resides in the negative
capillary pressure region (notg: in the paper is defined @#s 1 ) shown inFigure
2-10b, indicating that the CLs are at the transition region between hydrophilicity and
hydrophobicity. Figure 2-10b also illustrates that the hysteresis loops become narrower
with a decrease in the CL sample thickness. The authors suggested an abundance of pores
with the similar size that leads to water withdrawal arotth#éPa as evidenced by knee

shapes inFigure 2-10b. Based on capillary pressure equatiap ( [ ¢AT [O TO
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Youngds cont act ba99.¢ whkenrof$0 nen'd 42 andr lof D0 TN/ o
2 are appliedifthe poresizom f t he CL is 25 nm, the Young?os

results show that the Chasan appreciable degree of hydrophilicity.
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Figure 2-10 (a) Expanded view of the sample holder for capillary pressataration
measurement¥. (b) Relationship between capillary pressure and saturégiopatalyst
layersamples with different thickness&s

Moreover, percolation methdtand droplet impacting methefdcan k& applied to
study pore and surface wettability, respectivélye percolation consists of two phases: 1)
liquid water is injected and fills pores and 2) visible liquid droplets start forming on the
surface and deflate pores leading to breakthrough pdinés percolation studies are
typically limited to GDLs and MPLs. Unlike highly porous GDL (porosity >0.8), CL has
a much lower pore volume and makes it difficult to allow liquid water to penetrate the CL
and thus percolation method is not suitefdlé et al reported a novel impacting method
that uses a highpeed camera to capture the droplet dynamics on menidtdesmn carbon

composite®® However, the authors fabrieat the composite without Pt particles aglass

slide and thus the composite canhetassembled in a fuel cell set up.
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2.4 Carbon Corrosion Effect on Wettability

The wetting property at the cathode changes as the carbon corrosion progresses and
acceleratedtress test (AST) is a common method to speed up carbon degradation in fuel
cell electrodes. Studies have shown that the wadetact angles decrease as a result of
increased surface oxides on carbon blacks, which are used as stigpdfis’ The
decreases in contact angles have been correlated to surface oxygen content measured by
X-ray photoelectron spectroscopy (XP$}® 1”5 However, carbon mass loss was not
reported during these hadell or full-cell tests. For testwith carbordoss measureme#f,
®1 they laclked studies on the relationship between microstructure change and wettability
change due to carbon corrosion. Further mor
year 20D technical targets is to improve the durability with cycling to 5,000 hours from
the 3,700 hourgéthe status of year 2019f 10% voltage loss betweenAlcn? and 1.5
Alcn? of the polarization curve, it is important to understand whether the cadscrson
induced wettability change occurs before or after the pasfformancefalls below the

technical target? %3
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CHAPTER 3. EXPERIMENTAL METHODS FOR WETTABILITY STUDY

This work investigated the changes in wetting properties of CCLs due to carbon
corrosion. The sessile drop method was used to determine apparent contact angles, and
XPS to study the surface compositional changes. Surface roughness was obtained by AFM
and sed to parameterize Wenzel 6s -S8BMGaml . Por
separately, by a matslance approach. The porosity was used to parameterize -Cassie

B a x t modedas well as the combined model.

3.1 Fuel Cell Materials and Operations

The membraneledrode-assemblies (MEAs) with 0.3 mg¢en? (lon Power NR212)
were used in all experiments. T&R060 Toray carbon paper with 5% wet proofing was
used as gas diffusion media (Fuel Cell Store). Gaskets were 127 pum (5 mil nominal) PTFE
sheets (McMaste€arr) that were diecut. Cells were assembled in 25 %csingle cell
hardware with triple serpentine Poco graphite flowfields (Fuel Cell Technologies). The
hardware was joined by eight bolts that were fastened to a torque ofm.CHlls were
tested using a Sioner 850e fuetell test system with an 880 frequency response analyzer.
The cells were wetip for an hour and broken in by sixty cycles on hydrogen and air. Each
cycle consisted of three holds: 0.6 V for one minute, open circuit (OCV) for one minute,
and 0.2 V for one minute. The characterization of the cells inclugdaitHpolarization
curves and electrochemical impedance spectroscopy (0.5 SLPMFHSLPM Air, 70 °C,
75% RH, no back pressure) and/Rb cyclic voltammetry (0.1 SLPM $0.15 SLPM N,
70°C, 75% RH). The beginningf-life (BOL) state of an MEA was assessed after-umst

breakin, and characterization and was marked as zero carbon loss. The impedance
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response was measured from 10 kHz to 10 mHz with 5% of DC current as perturbation.
The eleatochemical surface area (ECSA) was obtained by hydrogen adsorption peaks in a
CV scanning from 0.1V to 0.8V at 50 mV/sec using a Metrohm Autolab 302N

potentiostat/galvanostat.

3.2 Carbon Loss Measurement

Carbon dioxide from the cathode exhaust was detegteda California Analytical
Instruments 601 nedispersive infrared detector (NDIR). The ASTs included potential
holds and squar@ave cycling. The details of applied potentials are described in Results
and Discussions section. All ASTs were performetOeiC with 0.25 SLPM EK(75% RH)
at the anode and 0.25 SLPM 5% RH) at the cathode. The cathode exhaust was
connected to a Nafion membrane tube drier (Perma Pure, modalid®d3~4) and then
a condenser to eliminate liquid water formation in the NBjRtem whose operating

temperature was around 40 °C.

3.3 Porosity Analysis

Two approaches to determine the porosity of cathode catalyst layers were used. First,
focusedion-beam scanning electron microscopy (f8BM) was performed on Nova
Nanolab 200. Following the disassembly of the fuel cell and drying of the MEA under
ambientenvironment, fast drying silver suspension (Ted Pella) and copper tape (3M) were
used to affix approximately 2 mm x 2 mm MEA samples to a SEM stub. The FIB
parameters were 30 kV and 10 pA with nominal slice thickness specified at 20 nm. At least
90 slicesof image were taken for each CCL. The porosity was calculated by the ratio of
void voxels to total voxel$. A massbalance approach was used as a second method to
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estimate the porosity. Here, the MEA was freegeby liquid nitrogen and the cress
sectional thickness was determined by SEM. The porosity wasa&dlceld usi ng ven
information on Pt loading and thermogravimetric analysis (TGA) confirmation for loadings

of other components.

3.4 Contact Angle Measurement

A small piece (about 1 cm x 1 cm) of an MEA was cut out and taped on a clean glass
slide with CCL &cing up. The glass slide was placed in a glass casing to minimize
disturbances from ambient air; apparent contact arggidssliding contact anglesere
measured by a goniometer (Model 28@néhart) as shown iffigure3-1. A1 0 OL wat er
droplet was wused, and 3Fatr ecao voenr Midisieapep@Llo.x i ma
within the first three seconds were used due to the transient behavior of the water
adsorption of the Nafion ionomer. Values from at least four measurements were averaged
for each data point shown in plots in the results section. The contgetadmgas diffusion

media was measured before and after ASTs.

Glass Casing

Y

Volume
Double-Sided Tape ~10 uL

Glass Slide

Figure3-1 Sessile drop measurement setup and an image of water droplet on BOL MEA
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3.5 SurfaceAnalysisi XPS and AFM

The surface chemical composn was determined by XPS (ThermeAdpha XPS
System). The survey and higésolution scans were set to 160 eV and 40 eV, respectively.
The surface morphology was determined using AFM (Veeco Dimension 3100). The
cantilever had a spring constant of 5 N/flne MEA for the AFM measurement was
similarly prepared as that for the contact angle measurements. The size of each AFM image
was 5 Om I 5 Om with 512 scans/line (later

measured for each cathode side of tHeAM

3.6 References

1. A. G. Star and T. F. Fulledournal of The Electrochemical Societ$4(9), F901
F907 (2017).
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CHAPTER 4. RESULT AND DiscussiON OFWETTABILITY STuDY

4.1 Cell Performance and Contact Angles

The corrosionperformance landscape was determined by a series of AST protocols
including potential holds and squasave cycling as shown iifable 4-1. The AST
potentialdoelow 1 V are proposed to correlate to Pt particle size increase and Pt dissolution,
whereas AST potentials above 1 V are used to isolate carbohTbsspotential cycling
between 0.4V and 1.3V, for example, ensures passivating surface groups to be
continuously formed and reducékhe potential holds at 1.2V or 1.3V are related to start
up and shutlown conditions, in which shoeterm potential excursion of the cathode
increases to 1.2 1.5 V due to Hair fronts in the anode compartment. The practical
operations of PEM fuel cellare dynamigootential conditions, which can be reasonably
approximated by potential cycling AST$n this study, the results after potential cycling
was the focus of the contact angle model analysis.

Table4-1 Fuel cell AST protocols and some of the corresponding carbon losses shown in
Figure4-1. All protocols were performed at 75% RH except the fuel cell #6 at 50% RH.

Fuel | AST Protocol Carbon Percent
Cell Loss Carbon Loss
# (ug/ent) | (%)

1 None 0 0

2 5hatl.2V 12 3

3 108 cyclenf 0.1V (30 s) and 1.2 V (30 s) 21 6

4 12hatl3V 23 7

5 250 cycles of 0.1 V (30 s) and 1.2 V (30 s) 38 11

6 1500 cycles 0of 0.4 V (3 s) and 1.3V (3 s) at 50% 65 19

7 100 cycles of 0.1 V (30 s) and 1.25 V (30 s) 66 19

8 1500 cycles 0of 0.4 V (3 s) and 1.3V (3 s) 87 25

9 2500 cycles 0.4 V (3s)1.3V (3 s) 100 28
10 2000 cycles 0.6 V (3s)1.3V (10 s) 123 35
11 | 4000 cycles 0.4V (3s)1.3V (35s) 130 37
12 24 hat 1.3V 186 53
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First, diding contact angles wemaeasuredut thewaterdroplet did not slide at even
antilt angle of 90(the sample was vertical to the flat stafpe)some MEAs, and therefore
only stdic contact angles were compared in the study.cbmact angles of gas diffusion
media on the cathode side were measured to be 168.8° for the pristine and 153.9°
2.4° for the sample after carbon loss of 87 pgicihe negligible change in wetting
property of the gas diffusion media indicatedttthe ASTs did not appear to degrade the
PTFEcontained gas diffusion media chemically or mechaniédilfherefore, transport
overpotentials observed in this study were mainly attributed to catalyst layers. The change
in apparent contact angles was determined for CCLs after a wide ranghon mass
losses. IrFigure4-1, the apparent contact angles decreased with the extent of corrosion,
which was represented by amount of carbon mass loss in theT®ELBOL CCL was
measured to exhibit an apparent contact arigledf 143.7°+ 3.8°, which was marked as
the value for zero carbon loss. The apparent contact angles decreased sharply at first
followed by a plateau; and similar behavior was observed tial@ton with % ECSA loss.
After about 130 pg/chof carbon loss, the apparent cacttangles fell sharply agaifihis
second decrease appears to coincide with the possible collapse of the carboR. support
Alvarez et al. observed a decrease from 158° to 102°+ 4° for Vulcan XG72R after
cycling between 0.6V and 1.4V for an overall period of 24 h i8® solution® and
similarly, Kangasniemi et al. reported a decrease from £43°to 111°+ 7° for Vulcan
coated with 10% Teflon after 120 h at 1.2V hold. In comparison, we observed the largest
decrease in apparent contact angles frégh72°+ 3.8° to 129.0% 2.1° after 6.7 h of square
wave at 0.4V (3s) and 1.3V (3s). The shorter AST used in this study, compared to those

used by Alvaro et al. and Kangasniemi et al., may account for the smaller decrease in the
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apparent contact angles. The shorter protocols (less carbon loss) were chosen because the

cells are of no practical wuse I f thei
lessthan10% voltage drop.
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Figure 4-1 (a) Changes in apparent contact anglgs (©f cathode catalyst layers with
respect to carbon mass loss per active area. The error bars represent the standard deviations
from at least four measurements. The blue dash line representsamiallfit and is used
to guide the eyes. (b) Changes in apparent contact angles of CCL with respect to % ECSA
loss with the same error bars and blue dash line as noted in (a). (c) Selected polarization
curves in H2 | Air. (d) Tafel plots in H2 | Air.

In Figure4-1b, the cell sustained its performance at mediorhigh current densities
after about 23 pg/chrcarbon loss (7% total cathode carbon). Although the percent of
carbon mass loss was close to 10%, which had been reported to lead to unacceptable

performance loss, the high Pt loading and small ECSA change (9% decrease) accounted
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for the sustained performance. The c?el |l fe
carbon loss (25% total cathode carbon), and the decrease in cell performance slowed down
after further carboifoss. The Tafel plot ifrigure4-1c shows a 20 mV voltageap from

the BOL MEA after 23 pg/chtarbon loss, whereas the difference in the voltages over the
current range of 1 A/chto 1.5A/cnt in Figure4-1bis less. The smaltalifference resulted

from an approximately 5% less ohmic resistance of the MEA after 23 figachon loss.

The Tafel plot shows a further 30 mV voltage drop from 23 pgfor87 pg/cm, whereas

the polarization curves exhibit greater voltage drop inhigg current densities. The

disparity implied a large amount of carbon support loss led to pore closures or other

changes in pore structure, which increased the-tnassfer polarizations.

4.2 Fitting of Surface Texture Models

To examine whether the surfaisxture was the main cause of the decrease in apparent
cont act angles, BwWenherebéds madel Sassere empl oy
roughness for each CCL was taken from at least two AFM images. Some portions of images
appeared to be artificialgtleaus/valleys, because the AFM cantilever was not designed for
sudden large height variations in more than a micron. However, the actual catalyst layer
features can be several micrdnBigure 4ashows that the surface roughness decreased
after carbon corrosion B et wig/emiand123 pg/crofcarbonl o $ e roughnes
values were within their uncertainties. Fi
the accelerated stress tests caused the in
can be accelerated by 3 Thkee cadddr dhaag @ wiamepa
discerned from the | arger agglomerat?s in

as well asSEMoan e hrkaashec B porosity dat a. I n
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porosity was seen frdmOt men p or edsi aaneg reo X isn
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Figure4-2 (a) Changes in surface roughness and contact angles as a function of cathode
catalyst carbon loss (b) an AFM image of the surface of the begtofilifg CCL, (c) an
AFM image of the surface of a CCL after extensive carbon corrpaia (d) an illustration
of the changes in height profile after accelerated stress tests.

Using the apparent contact angle méasuren

mode shown (2i2n &dsuncgoinotnafct wemge esal cul at ed.

were found to increase from 111A folr30t he B
Og/?’cmrbon loss. Tékecontaotaaeg!| ¥suwgre si mi
of pure PTFE sheet. Thée coctraeatseangl esa|] cwlhi
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Figure4-3 (a) Carbon 1s spectra of selected CCLs, (b) oxygen 1s spectra of selected CCLs
and peak deconvolutions in XPS, and (c) atomic ratio of oxygecarbon detected by
XPS vs. carbon mass loss.
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On the other hand, calculations using Cagsext er 6 s model showed
contact angles decreased by 17% and 12% using the porosity valbiEs$¥M and the
massbalance approaches, respectiyely shown irFigure4-4a. An image of FIBSEM
and its reconstied image are shown iRigure 4-4b and c. The BOL porosity was
calculated after reconstructions of approximately 100 suchSHB! images. Bce the
porosity of catalyst layer was obtained from the top few mic(tres surface of CCL in
contact with gas diffusion media) in the throyglane direction, it was approximated as
the void space for the catalyst layer surface. It is worth noting that despite an increase in
the porosity &er small amount of carbon corrosi the calculated contact angle by the
FIB-SEM approach still decreased. The increase in porosity iRSHE after initial
carbon corrosion can be attributed to the carbon loss without pore closure. That is, it was
likely that the after mild carbon coriiog, the ionomer/binder preserved the remaining
structure of the electrode such that the porosity increased. The previous study suggested
that the FIBSEM approach cannot include the porosity of interior amorphous carbon that
were preferentially corrodetdut the mas$alance approach accounted for intard intra
particle hollowing? Hence the porosities by FIBEM were lower than those by the mass
bal ance approach. Il n contrast to the incr
model , t he decrease i n Youngos cont act
hydrophdpicity, and this may result from 1) increased surface oxide content and 2)

degradation of the ionomer or PTFE bindfer.
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Figure4-4( a) Y o u n cquagkes calaulatedaby Casdaxter's model with porosity
data obtained from mass balance -BYl and focusedon-beam scanning electron
microscopy (FIBSEM)? (b) A FIB-SEM image of a catalyst layer after 87 pgfaarbon
loss with SEM parameters: voltage of 4kV and 1.6 nA and FIB parameters: 30 kV and 10
pA. (c) A reconstructed image in a size of 4.33 um x 2.39 um for part of theSEIN
image.

First, the QJCysratio increased as shownkiigure4-3c. The ratio increased from @.1
for BOL to 0.16 after a small amount of #Bg / >carbon loss and increased at slower
rates with further carbon loss. The increase in surface oxide content was also observed in
the increased €=0 intensity in the oxyen spectra as shown kigure 4-3a. Further
oxidation of the @C=0 would be released as &€gas. The O/C ratio appeared to reach its
plateau after about 100 g /%ccanbon loss, because electrochemical oxidation may
continue tooccur deeper below the outer surface but the XPS cannot detect the sample a
few nanometer below the surfadéigure4-4s hows continuing decr ec

contact antp after 870 g / >carbon loss using both FIBEM and masbalance porosity

data.ln Figure4-5, the smallest Youngbs contact ang
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methal. When using the combined model, the ceé
minor variations using either MB or HHBEM porosities, whereas the surface O/C ratio
increased by 40% from the BOL. Hence, the increase in surface oxides after ASTs may

alter he surface chemistry of the catalyst layer, but the increase in surface O/C ratio was

unli kely to be the main reason for the cha
MMr—F—
—&— Wenzel
L —— Cassie-Baxter using MB
—A— Cassie-Baxter using FIB-SEM
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Figure 45 Youngos cont atWe naalgd sBa x@ag Qige and a
combining the two. The last two models used porosity data from both mass balance
approach and FHESEM approach.

A second hypothesis was that degradation of the ionomer via main chain unzipping
caused a decrease in apgnt contact angles. The fluorine/sulfur ratio of the catalyst layer
from XPS was examined. If the ratio decreased, Gd&ssiex t er 6 s model woul c
the decrease in Youngds contact angle beca
the ionomeilin the catalyst layer. If the fluorine was released significantly, the main chain
unzipping would reduce the hydrophobicity of the catalyst layer, leading to a reduced
contact angle. However, the BOL CCL showed an F/S ratio of 58 and the F/S ratio
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remainel the same (between 57 and 59) for the corra#denples. Therefore, the use of
CassiecBaxt er 6s model appeared insufficient an
yielded better estimate of the Youngb6s cont
from 111A to 119A) wusing Wenzel 6s model an
(from 107° to 105°) using the combined model suggested that despite the reduced apparent
contact angle, the cathode catalyst layers sustained the high degree of hyditypliben

subjected to these ASTs.

Il n summary, t he -Bvexntzeerld6ss neondde | Ga sesxihei bi t ed
inherent wettability of catalyst layers after carbon corrosion and the combined model
showed sustained hydrophobicity after carborrosion. The additional analysis of
surface chemistry with surface geometry do not support the hypothesis that the reduced
performance at high current densities can be ascribed to reduced hydrophobicity and
greater liquid saturation of the pore strucfurefore the cell significantly fell below the
DOE6s 10% target. For future studies, one
humidity box that controls the relative humidity and temperature. In this study, the
ambient relative humidity and temparee, with which the MEAs were equilibrated
before contact angle measurements, were not controlled. The differences in pre
equilibrated relative humidities or temperatures in the room may have contributed to the
large noiseto-signal ratios. In additionhe humidity box with controlled environment
can account for the high hydration of ionomer in the catalyst layers, as fuel cells are

typically operated at higher relative humidities than the ambient.

4.3 Conclusions
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A variety of ASTs were applied to PEM fuellsemade with commercial MEAs and the
apparent contact angles were measured over a broad range of carbon mass losses in the
cathode. The wetting property of the cathode catalyst layers was investigated via static
contact angles coupled with microstructucah a n g e s . I n Wenzel 6s mo
contact angle became hydrophobic due to the loss of hydrophilic carbon support. On the
ot her hand, the continuing dGgc/PemimgsCassic Yo un g
Baxterds model d i tth ther mlateauedosurface loxade eontemteor the w i
constant F/S ratio. Neither the surface oxide nor the ionomer backbone unzipping reflected
by the F/'S ratio was the main dleesnbined or de
model for both roughness and psity also showed sustained hydrophobicity after up to
130 pg/cm (37% loss of carbon in the cathode). Therefore, it was more accurate to use
surface roughness and Wenzel 6s model to p

which was affected not only surface oxide content but also by cathode morphology.

The results of sustained hydrophobicity in CCLs suggested the microstructural collapse
did not occur to cause a significant change in the wettability of the CCLs until the cell
performance fell far leow DOEG6s 10% target. The result
investigate the effect of changes in ionomer distribution and coverage in the catalyst layer
on massgransfer polarization after carbon corrosion, because ionomer weight percentage
increases inhte catalyst layer as seen in the higher intensity-6f g&ak than € peak

after carbon corrosion.
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CHAPTER 5. LITERATURE REVIEW ON CARBON SUPPORT
FUNCTIONALIZATION AND |ONOMER COVERAGE

5.1 Three Schemes of Surface Functionalization for Carbon Support

At ultra-low platinum loadings for cathodes 0.1 mg cn¥), researchers have reported
larger than expected masansfer resistances at high current densitfe€ommon
theories for the reasons behind the high riesssport resistance include oxygen
dissolution kineticg, large local interfacial resistancg$,and adsorption of the sulfonic

acid group from the electrolyte onto Pt that reduces the activityXygen reductioh.

Doping and surface functionalizatioare two major approaches to modify the
properties of carbon materi@l§ he treatment of carbon materials, such as carbon black,
highly oriented pyrolytic graphite (HOPG}arbon nanotubesand graphengby nitrogen
dopants has been demonstrated. The functionalization changes the surface chemistry of
carbon support materials for electrocatalysts with nitregmrtaining functional groups or
molecules rather than introducing atomic impuritig® ithe carbon support in the doping
process:** However, during the surface functionalization processes, the atomic impurities
such as pyridinic and pyrrolic nitrogen can be incorporated into the graphite layers of the
carbon support! The atomic nitrogen impurities are beneficial to electrocatalysts; for
example pyridinic nitrogen can increase electron donation from the functionalized carbon
support to Pt particles and thus increase the mass aétiviihe surface functionalization
has been performed with ammokhia, *!’ paraphenylenediamine (pPDAY,
benzimidazolé? ethyleneéhmine!® melamine!® and anilin€® 2! The surface
functionalization may impact the electrocatalyst/support through 1) dispersion: modified

nucleation and growth kinetics during catalyst nanoparticle depoéit@ndumbility:
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enhanced electrocatalyst/support chemical binéirg), catalytic activity: the modified
electronic structure of electrocatalyst nanoparfidiéhile these kinetic effects of surface
functionalization with nitrogen species are extensively studied, the reports on effects of

surface functionalizatioon mass transport are limited.

Recent reports have shown thdte tsurface functionalization (grafting positive
functional groups) of carbon support affects the uniformity of ionomer (negatarged
sulfonate groups) distribution on the carbon support, which may further affect the mass
transfer resistancé.’®24 2% Yanget al determined a larger ionomer/carbon aggregate size
after diazonium reaction of pPDA and aaler size after diazonium reaction of sulfanilic
acid due to their different surface charges. However, no full cell test was conducted to
examine the effect of the functionalization on mass transfin et al. found improved
performance of MEAs made with carbon support after sulfanilic acid at low relative
humidity2® Orfanidi et al found reduced massansport polarization after ammonia
functionalization; however, the wsly lacks a comparison surface functionalization to
validate the beneficial effect of the ammonia functionalizatioGurrent literature has
limited comparison studies on the differences in responses to surface functionalization by
different typesof carbon support and their corresponding full cell performance and

durability 24

5.2 lonomer Characterization

There is astrongneed for visualization of changes in ionomer distribuéitiar surface
functionalization. Tovisually determine the ionomer coverage and distribution in a catalyst
layer before and after surface functionalization of carbon support, the relevant techniques

include direct imaging using transmission electron microscopy (TEM) or Scanning
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TransmissiorElectron Microscopy (STEMJ? 27 staining technique for direct mging
using TEM/STEMZ2 2 TEM/STEM coupled with Energy Dispersivetdy Spectroscopy
(EDS)3%32 STEM coupled with electron energy lospectroscopyEELS)3! 23 3 and
Scanning Transmission-¥y Microscopy (STXM)$+26 The direct imaging of ionomer on
Pt/C using TEM/STEM requires nanometer gdaesolution and low acceleration voltage
(about 80 kV). Parlet al.used STEM to study ionomer coverage and traced the edge of 1
to 2 nm thick in TEM images as the ionoriét.ee et al found incomplete coverage of
ionomer on the carbon support using TENFor direct imaging, researchers also employed
staining method to ealmce the contrast between carbon support and ionomer, the latter of
which also contains carbdf?® LopezHaroet al.determined a 7 nm on average ionomer
thickness of Cstained sample using STEM imagiffgHowever, the staining method
typically requires Rfree samples to avoid éHow contrast between the Pt and Cs under
electron microscopy and thus it cannot image a sample directlyocatficatalyst layer of

an MEA.

Researchers also used STEM coupled with EDS or EELS to determine ionomer
dispersion in the catalyst laye¥s3! More et al. mapped flume to represent ionomer
dispersed in catalyst layers in 3D at the-srale using STEM coupled with EB%and
Cullenet al. found an agreement between the Edermined I/C ratio (0.964) and the
experimentally prepared 1I/C ratio (1.08)They concluded that EDS is suitable for
guantitative analysis of ionomer distribution at low resolutvhereas EELS can only be
used as a qualitative analysis of ionomer distributidBulfur is amther element present
in the sulfonic acid groups in the Nafion ionomer; however, sulfur cannot be distinctively

mapped by EDS because it overlaps with higireler Pt spectra peaks. Another limitation
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of the highenergyelectron technique is the radiatidamage that can cause bond breaking,

free radical formation, crosslinking, and eventually formation of amorphous c&rbn.

De A Melo et al. determined an I/C volume ratio less than 0.01 using EELS for the

experimentally prepared 1.0 I/C volume ratio, indicating significaniatiath damage

using EELS*
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CHAPTER 6. EXPERIMENTAL M ETHODS FOR FUNCTIONALIZATION
STUDY

In this study, three different schemes of surface functionalization using three types of
carbon support (Vulcan, Ketjen black, and a proprietary carbon X) were investigated, and
the effects of this functiotization on the cell performance are reported. STEM images
and EDS elemental maps were used to analyze the changes in ionomer surface coverage in
the catalyst layer due to surface functionalization of carbon support. Lastly, the impact of
surface function&ation on the durability of carbon support was examined following
DOE6s accelerated stress test (AST) protoc

6.1 Carbon Functionalization and Verification

Carbon supports tested in this study include Vulcan72 (Cabot Corporation),
Ketjen black EG600JD (Fitz Chem Corporation), and a specialty carbon support, X (Kolon
Industries). A description of the reaction routes to the different schema for
functionalization is shown ifrigure 6-1. In scheme 1, a diazonium reaction, 400 mg of
carbon support was dispersed in a solution containing 400 mL of deionized water, 56 mg
of paraphenylenediamine (pPDA) (w X PVYWR), and 56 pL of concentrated nitric acid.
After sonicatingand stirring for 2 hours, 37 mg of Nab(@Reagent Grade, VWR), which
was previously diluted in 2 mL of DI water, was added to the carbon support mixture
dropwise to minimize the side reaction of NaN@th pPDA. The mixtures with Vulcan
and Ketjen Black wiee held at 70 °C overnight, whereas the mixture with carbon support
X sat for 24 hours due to its lower reactivity. In scheme 2, thexidation step was
carried out by heating 400 mg of carbon support in a 60 mL 30%3HNI0tion under

reflux for 4 hous. A batch of carbon support X was qanadized in 50% HN®for 6 hours.
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The preoxidized carbon support was then filtered, dried, and reacted with purgdstat
50 sccm flow rate in a tube furnace at 200 °C for 4 or 6 hours for carbon support X. Scheme
3 was identical to scheme 1 except that the 56 mg pPDA was replaced by equal molar

amount (90 mg) of-@minobenzene sulfonic acid (sulfanilic acid) (Reagent Grade, VWR).

S 082 0~i

HN03 H,O H
41—
heat 0 heat
Carbon

@ @ : +"“*©
o

Z==Z

Figure 6-1 (a) Sheme 1 diazonium aetion with pargphenylenediamine for creating
positive surface charge in solution, (b) scheme 2 amination for creating positive surface
charge, and (c) scheme 3 diazonium reaction with sulfanilic acid for generating negative
surface charge.

The followingtechniques were used to verify and characterize the surface functional
groups on carbon black:-Kay photoelectron spectroscopy (XPS) (Thermélgha XPS,
Thermo Fisher Scientific), nitrogen physisorption for BrungtieimettTeller (BET)
surface area andaBrettJoynerHalenda (BJH) adsorptive pore volumes (ASAP 2050
analyzer, Micromeritics), contact angle measurement (Model 250 goniomaaterhart
instrument), zeta potential (Zetasizer Nano ZS, Malvern Panalytacal)Xray diffraction

X6Pert B 1, oPanalyticalh The XPS instrument was equipped with a
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mo n o c hr o ma traysourddlfv =K486.6)%V) and the analysis chamber wa8 5e
mbar or lower. The survey scan was at 160 eV, and therbgghution was at 40 eV. In

BET tests, about 100 mg odmmple was measured out each time and degassed at 200 °C
for 18 h prior to the adsorption experiment. For contact angle measurements, 12 mg carbon
support and 20 mg 60 wt% PTFE solution (50 wt% PTFE in the solid) were mixed in 5 mL
DI water/IPA (volume: vaime = 4:1). A drop of the mixture was added to a clean glass
slide and dried and repeated for a total of 0.5 mL of the mixture. The samples for zeta
potential measurements were prepared by dissolving 1 mg carbon support in 10 mL DI
water.X-ray diffraction(XRD) was performean carbon support or ffeposited carbon
support powder in ambient environment. 2Theta was measured from 17° &b ®8tep

size of 0.32° andt a scan rate df min per step

6.2 Pt Synthesis and MEA Fabrication

The Pt nanoparticls y nt hesi s was based on the HAunpr
Wang et al 95.3 mg of carbon support was mixed in 95 mL ethylene glycol, which acted
as both a solvent and a reducing agent, for 2 h. The pH of the solution was increased to 11
by adding 0.17 mL of 21 NaOH. In order to obtain 20 wt% Pt/C catalyst, 0.589 mL of 8
wt% HPtCk solution was then added to the mixture and stirred at room temperature
overnight. The reaction was carried out at 160 °C for 3 h. Anode catalyst inks were made
of 5% Nafion 212 saition, commercial TKK 20% Pt/Vulcan with ionomer/carbon weight
ratio = 0.66, DI water, and IPA. Cathode catalyst inks were made of the same ionomer
solution and solvents with4lab made 20 wt% catalysts. The catalyst inks were coated on

Nafion 211 membranvia a direct spragoating method to create a 4.8%cactive area.
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The Pt loadings were kept at 0.1 mgfcior both anode and cathode, unless otherwise

noted.

6.3 Fuel Cell Materials and Operation

The cells were assembled with T&PO60 Toray carbon paperitv 5% wet proofing
as gas diffusion media (Fuel Cell Store), and 152 pum (6 mil nominal) PTFE sheets as
gaskets (McMaste€Carr). The cell hardware was triple serpentine Poco graphite flowfields
that were fastened to a torque of 5.0\[Fuel Cell Technolags). The cells were tested
on a Scribner 850e with a model 880 frequency response analyzer. The cells wepe wet
for an hour and broke in by sixty cycles on hydrogen and air. Each cycle consisted of being

held at 0.6 V for 1 min, opecircuit voltage (O) for 30 s, and then 0.3V for 1 min.

The H/air polarization curves and electrochemical impedance spectroscopy were
performed at differential conditions (2 SLPM: H5 SLPM Air, 80 °C, 100% RH, 150
kPawnsback pressure). Thesldrossover test was perfared (0.2 SLPM K0.1 SLPM N,
80°C, 100% RH) from 0.08V to 0.4V at 1 mV/s. The electrochemical surface area (ECSA)
was obtained from cyclic voltammetry from 0.05 Vto 0.6 V at 20 mV/s (0.05 SLRPGIH
SLPM N, 80°C, 100% RH) using a Metrohm Autolab 3020tgntiostat/galvanostat. The
proton resistance in the catalyst layer was determined frgNy linpedance spectroscopy
scanning from 10 kHz to 1 Hz (0.4 SLPM/BL4 SLPM N, 80°C, 100% RH¥.The limiting
current measurememtas performed using 4%.:@ N2 and masdransfer resistance was

calculated based on Bakerds met hod.

The accelerated stress tests were conducteawiolly the protocols by DOE For

carbonspecific corrosion, potential cycling between 1.0 V and 1.5 V at 0.5 V/s was used.

60



The @rbon loss was determined from the cathode €®aust and was recorded by a-hon

dispersive infrared detector (NDIR) (California Aytadal Instruments model 601).

6.4 Limiting Current Analysis
The limiting current analysis for local transport resistance is based on Baker method.
The total transport resistaaes a function of gas pressues expressed by

@y N N
0 YUY

(6.1)

The total transport resistance can be divided netgistance in the flow channéf, , the

GDL,Y , andthe other)Y

Y Y Y Y (6.2)

After substituting the expression for each term, the total resistance becomes

0 ® , ¢baQ ¢xa 0
o) 0 z N H
P .., © 0 ‘
o ® o5 0 Yo o
whereO s the diffusion coefficient of the oxygen relative to gasmixturein the flow

(6.3)

channeland other parameters debulated in Since the limiting current technique was
conducted at dilute concentrations of @e diffusioncoefficient of oxygen relative to the

mi xture gas can be approxi mated by Bl ancds

L
o 1o O (6.4)

where the produdgfO and raticO 7O are independent of the pressure, though each

diffusivity coefficient are inversely related to the total pressiirg/henthe ptal transport
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resistance is plotted against téal pressure, the slope——, and yintercept are

Y ., 00 Q ¢qx@dv
T ° 70 Y
P .. . (0] . (6.5)
—h,o (o) Jb _'O 0

Q¢ 0 Q1 Gy oh,”T ,8— p @B @ ,OO— 5
¢l Q ¢ x®u
0 Y
The slope and the-tercept are determined from the trend line. Therefore, the pressure

(6.6)

independent transport resistarne, , is calculated as

W (0
Y Q& 6 Qi (B]‘Qﬁ—?—IYh o P

no , ¢laQ ¢xgu (6.7)
R o ° TG Y
Table6-1 Parameters used limiting current analysis from literature and measurement
Symbol Meaning Value Source
a Half of the flow channel width 2.5E4 m Measured
= Dimensionless coefficient, flow 1.12 BakeP

rateindependent part of th
channel transport resistance

— <lm Presuredependent part of th Is not needd for thefinal BakeP
other transport resistance 'Y calculation
[*1 Dimensionless coefficient, flow 1.01 BakeF

ratedependent part of the
channel transport resistance

B | Channel depth 0.00075m Measured
re4  Diffusivity of oxygen relative to 1.5*0.181(T/33.15)° = Richard
nitrogen 0.449 cri/s
rt-  Diffusivity of oxygen relative to 1.5*0.181(T/273.15)° = Richard
water vapor 0.44 cnls
I Non-dimensional paramete 1.410 Baker

which is interpreted as a sha
factor that converts the resulta
mass flux for the anisotropic
two-dimensional diffusion to al
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equivalen  isotropic, one
dimensional term

wr Channel length 0.01865 m Measured
Al Number of parallel channels 3 Measured
=% - Atmosphere pressure 101,325 Pa Fact
- Water saturation pressure at -2846.4+411.24(1 MenclH
particular temperature 273.15}10.554(F

273.155+.16636(F
273.15§= 47,684 Pa

|m,. Inlet dry air flow rate ineach 2.778e5 nv/s (5 L/min) Measured
channel
1 Cell temperature 353.15 K Measured

6.5 lonomer Imaging using STEM/EDS

The sample solution was prepared by mixing the electrocatalyst and ionomer at an I/C
ratio of 0.66 for beginningf-life samples and by scrapping off the cathode catalyst layer
from an MEA after an AST. The materials were then dissolved in DI water/IPi@Htve
weight = 1:1). The solution was sonicated and a drop of it was deposited on a copper grid.
The highangle annular darkeld (HAADF) STEM images were collected on Hitachi HD
2700 (200 kV) equipped with EDS. The field of view for STEM images wasiveliat
large approximately 500 nm 500 nm to minimize the radiation damage on the ionomer.
Then EDS was measured on a smaller area of the STEM image for 7 min. The STEM/EDS
imaging analysis include binarization and determination of fluorine pixel localging
| magelJ and selection of edge fluorine pib»

MATLAB (seeA.2 Analysisand Calculations ofdnomer Coverage
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CHAPTER 7. RESULT AND DISCUSSION OF FUNCTIONALIZATION
STUDY

7.1 Carbon Support Functionalization

XPS was used to confirm occurrence of the surface functionalization. For scheme 1
functionalizaton, a reference sample was made by including all the starting materials
except NaN@ The resulting XPS showed an absence of N, which confirmed that there
was sufficient filtration and that the surface N content was unlikely from the starting
materials.The surface elemental compositions of carbon support were deternnsiagl

high-resolution scans shown kigure7-1.

Amine

KB (scheme1) (@t (b) —— PUKB(scheme 3)| |l pyKB (scheme 3)
KB (schemez) L ——KB(scheme 3) | |l pyKEB (scheme 2)
r KB Pyridinic N 1 —KB —— PYKB (scheme 1)

[——PYKB

(©)

Pyrrolic N

au.

1 1 | 1 1 1 1 1 1 1 1
408 406 404 402 400 398 396 394 172 168 164 16084 80 76 72 68
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure7-1 (a) Nitrogen 1s XPS spectra of KBs and peak deconvolution functionalized KBs
into pyrrolic, amine, and pyridinic N(b) Sulfur 2p spectra of KBs and KB after Pt
deposition, and c) Platinum 4f spectra of KBs after Pt deposition.

In Table 1, KB ekibited a higher degree of functionalization evidenced by the higher
atomic% N after schemes 1 and 2 and the higher atomic% S after scheme 3 than V and X
carbon supports for the same amount of reaction time, because the pristine KB contained
more amorphousarbon and higher oxygen content that are more prone to surface reactions
than V and X carbon suppdré The carbon support X was highly crystalline as observed

from TEM images, and a lower surface nitrogen content (0.6 atomic%) was obtained when
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the support was reacted for the same duration as the Vulcan and KB. The durations of the
surface functionalization schemes 1 and 2 were extended for carbon support X to achieve
a similar degree of surface functionalization as those of Vulcan and KB. lioaddithe
extended reaction time, a more concentrated 50% nitric acid was useebtadire the X

instead of the 30% nitric acid for Vulcan and KB.

Table7-1 XPS results of pristine and functionalized carlsupport for C 1s, O 1s, N 1s,

and S 2p spectra. X (scheme 1) 24 h denotes 24 h of reaction instead of overnight reaction
for other scheme 1 samples. X (scheme 2) 6 h, 50% denotes 6 khoxigaBon reaction

in 50% HNQ whereas other scheme 2 samplesemeacted in 30% HNOScheme3
functionalization was not conducted for support X due to low performance of the scheme
3 observed in both KB and V. The adverse effect of the schemgistisssed in detail in

fuel cell performance

Description Atomic% C  Atomic% O  Atomic% N Atomic% S
KB 98.8 1.2 0 0
KB (scheme 1) 93.5 2.8 3.7 0
KB (scheme 2) 95.0 2.2 2.8 0
KB (scheme 3) 89.1 9.7 0 2.2
Vv 99.4 0.6 0 0
V (scheme 1) 95.8 2.1 2.1 0
V (scheme 2) 97.1 1.5 1.4 0
V (scheme 3) 89.8 8.8 0 1.5
X 99.7 0.3 0 0
X (scheme 1) 24 h 95.5 2.3 2.1 0
X (scheme 2) 98.7 0.7 0.6 0
X (scheme 2) 6 h 95.7 2.5 1.7 0
50%

The pristine KB exhibited a high BET surface area of 108/ and the surface area
decreased by 280% after scheme 1, scheme 2, and scheme 3 functionalization shown in
Table 7-3Figure 7-3a. An insignificant amount of microporosity was observed in the
pristine and the functionalized samples; hence the decrease in the surface area was
attributed to the closure of some mesopores after the idmadization schemesin
comparison, Jung et al. found a threefold decrease in BET surface area after doping 1

atomic% N on the surface of KB using ethylenediamibowlapalli et al. observed a

66



similar decrease after diazoniumaction with sulfanilic acid.Orfanidi et al. reported a

24% decrease in BET surface area after grating 0.9% N on Vulcan carbon $ufipert.

BJH adsorptive/desorptive volumes exhibited a similar trend as the BET surface area and
decreased between 20% and 25%. For Vulcan carbon, the pristine sample had a BET
surface area of 230%y, which decreased by 42% after scheme 1. Althougtidbeeases

in mesopore volume and surface area may raise a concern for facilitating gas diffusion in
the electrode, the locations of Pt particles and ionomer also play important roles in the
diffusion process. Moreover, it was reported that the ECSAs ofretatalysts did not
correlate to the BET surface area of carbon supgpddn the other hand, the surface areas

of the carbon support X increased slightly after both scheme 1 and scheme 2
functionalization. This growth is attributed to increased defect sitgsardpenings from

the highly crystalline and graphitic pristine X, as demonstrated by the distinctive long,
thick graphitic layers in TEM images and the sharp peak near 25° iniXRQure 7-2.

The thick graphitic layers and the sharp XRD peak were absent in Vulcan or Ketjen black

samples.
@) ——KB 1 (b) — PYKB
Vulcan —— Pt/KB (scheme 1)
—X i —— Pt/KB (scheme 2) |
| i ——KB
El el
s L 18 |
= 2
D w
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) @
ET 15 - .
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Angle (°) Angle (°)

Figure7-2 (a) XRD patterns of Ketjen black, Vulcan, and carbon support X.RID>f
Ketjen black and platinized Ketjen blacks. Diffraction peaks between 24° and 26° indicate
the graphitic structure of carbon supports. The scheme 2 functionalization appeared to
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increase the graphitic feature of the Ketjen black, whereas schemadit difiect it.
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Figure7-3 BET surface areas and BJH cumulative pore volumes of (a) KB and (b) Vulcan
and carbon support X. The latter two were not in the same figure as KB because KB
samples have four tive times higher surface areas or pore volumes than Vulcan and X.

In preparing the samples for contact angle measurements, the dried carbon solution did
not form a uniform layer on glass slides. With the-nmiformity and large PTFE content
(50 wt% in tke solid), the contact angle measurements wetased to estimate the change

in the hydrophilicity of the functionalized carbon suppbtttthermore, the carbon powder
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was compressed into a -b@min-diameter using stainless steel die with 10 mm in
diamete. A flat, smooth surfaceras achieved for the carbon pellet. Nevertheless, when a
water droplet was placed on the surface of the carbon pellet, the pellet immediately
absorbed the water and expanded. Although the prepared carbon solution that contains
PTFE may help maintain the structure of the pellet when water droplet was placed, the
stainless steel die requiselid sample for compressingence, theesults ofwater contact

angle measurementvere not tabulated in this study.

Instead, the relative chges in surface hydrophilicity between the pristine and
functionalized samples were compared using zeta potentials. The zeta potentials are plotted
in the Figure 7-4and ey represent the surface charge of carbon support in a solution,
which was polar, aqueous in this stuéiy increase in surface chartgads to a decrease
in water contact angle and an increase in surface hydrophilicity. For Vulcan carbon support,
the ze& potential increased from2.3+ 3.7 mV to +20.1+ 2.6 mV after scheme 1 and
+18.7+ 1.6 mV after scheme 2 functionalization. The increased zeta potentials indicated
an increase in hydrophilicity of the carbon support with amine functional groupshagter t
two functionalization schemes. On the other, the zeta potential of scheme 3 Vulcan sample
decreased te631.5 + 7.7 mV, indicating that the sulfonate groups increased surface

hydrophobicity
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Figure7-4 (a) Zetapotentials of pristine and functionalized carbon support in water and
(b) pristine X after sonication for 1 minute and functionalized X after sonication for only
3 seconds.

Similar trends occurred in KB arghrion support X samples except that fhestine
KB exhibited a positive zeta potential because the KB has a large BET surface area of
1,007 nd/g and surface hydroxyl grougs. Despite that, all three types of carbon support
reached zeta potentials of +2® mV after scheme 1 and 2 functionalizatibnsummary,
the carbon support characterizations verified the occurrenagrfate functionalization
for all three schemes, showed the changes in BET surface area and pore volumes, and
illustrated the changes of the surface charges of the carbon supports.

Table 7-2 BET surfaceareasand BJH pore volumes of carbon anddeposited carbon

samples
Sample BET Surface Area (fg) BJH Pore Volume (cfg)
KB 1007+ 14 2.590
Pt/KB 1013+ 13 1.893
KB (schemel) 680+ 8 1.616
Pt/KB (schemel) 971+8 1.946
KB (scheme2) 720+ 12 2.002
Pt/KB (scheme?2) 956+ 7 1.634
KB (scheme3) 761+ 11 1.652
Pt/KB (scheme3) 585+ 10 1.518

7.2 Fuel Cell Performance

In Figure7-5, Tafel plots show that both scheme 1 and scheme 2 improved the mass
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activities of the electrocatalysts, while scheme 3 had the opposite effect on the
electrocatalyst supported on both KB anddan. The improved mass activities were likely
due to the functionalization that increased electron donation from the functional sites of the
carbon support to the Pt particR8.The XPS plot shows that KB after scheme 1 was
grafted with nearly all amine functional groups centered on binding energy of 399.3 eV,
whereas the KB after scheme 2 contained 45% amine, 35% pyridinic N, and 20% pyrrolic
N. Hence, the further improvement thie mass activities by scheme 2 relative to that of
scheme 1 implied the benefit of pyrrolic/pyridinic nitrogen in scheme 2 despite its lower
surface nitrogen content than that of scheme 1. The benefit of pyridinic nitrogen in carbon
support has been disssed by other research&rf€ The improvement in the mass activities
may also result from the formation of atomid\Cas the active sites for ORR in the absence

of Pt particlest!
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Figure 7-5 Tafel plots of (a) KB samplegb) Vulcan samples, and (c) X sample in
comparison with pristine KB 5and mi nsialmpQ 2e,s
100% RH, and 150 kRg

In theory, the sulfonate functional groups on the carbon support provides additional
proton conduction inthe catalyst layer and may enhance the overall perfornfariée.
However, despite the same Pt particle size as the pristine KB sampte((3.4sm shown

in Table 7-3), the lower performance of schemduBctionalized samples indicated the
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poison effect to Pt electrocatalyst by sulfonate surface group causing sluggish kinetics,
which has been dtussed by other researchiet$ !® As a result of the poison effect by the
sulfonate surface group, scheme 3 functionalization was not performed on the carbon
support X. Inaddition to the poison effect of sulfonate groups on carbon support, scheme
3 also caused severe agglomeration of Pt particles on carbon support as shown in the TEM
imagesin Table7-3, in whichPt particle sizesvereobtained from STEM or TEM images

and particle size distributions. The particle size distributions were taken from at least 50
particles andnultiple electronmages may be needed to produwehistograms shown in
theTable7-3.

Table 7-3 Pt particle sizes obtaidefrom STEM or TEM images and particle size

distributions. The particle size distributions were taken from at least 50 particles and
multiple electron images may be needed to produce the histograms shown in the Table. t

Catalyst Image Catalystinfo. Image
Info. and andParticle

Particle Size _ - Size

Pt/KB
PUKB (scheme 3)
3.4+0.7 3.4+0.6
Pt/KB
(scheme 1) PV
33+07 3.6+1.0
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Pt/KB
(scheme 2)

2.8+0.9

PtV
(scheme 2)
(1.4%N)

3.5+0.5

PtV
(scheme 2)
(3.4%N)

3.1+0.5

PtV
(scheme 2)
(4.6%N)

3.7+ 0.9

50 nim

50 Am

Pt Particle Size (nm)

6

Pt/V (scheme :

1)

3.6+04

Pt/X (scheme !

1)

3.1+0.6

Pt/X (scheme |

1) 5,000
cycles of 1.0
Vil5V

41+1.1

Ry

Pr Panidlh Size ]

Pt/X (scheme
Z 0.6%N)

3.1+0.6

Pt Fasticle Size (rmi

50 nm
R
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Pt/V Pt/X (scheme
(scheme 3) Z 1.7%N)
3.3+0.5 3.1+0.7
Pt/X (scheme
Z  1.7%N)
Pt/X 5,000 cycles
of 1.0 Vi
3.0+0.7 15V
3.1+0.7

The type of carbon support appeared to affect the level of mass activity improvement.
That is, the more graphitic carbon support with smaller BET surface area showed a lesser
degree of mass activity improvement, corresponding to the difference in casotinirg
of the surface functionalization found in XPS results. For example, both Vulcan and X
were grafted with 2.1 atomic% N after scheme 1 functionalization; however, the mass

activity was increased by 15% in Vulcan and 4% in carbon support X.

Furthernore, Pt particle size and distribution also impacted the kinetics, though their
impacts appeared to be less significant than the functionalization and the type of carbon
support. For example, in compared to 3.4 nth7 nm of Pt/KB catalyst, Pt/KB (scheme
2) had a Pt size 2.8 nin0.9 nm and a 10% increase in mass activity. On the other hand,
Pt/V had a larger particle size and a wider size distribution (3.6 @i nm) than those
of Pt/V (scheme 3) sample (3.3 /n®.5 nm), but the latter had a signifitrworse mass
activity and overall performance than the former showfigare7-5andFigure7-6. Figure

7-6 shows that the type of carbon support played a substantial role in the cell performance
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in medium to high current densities. Despite the similar mass activities of the three types
of carbon support shown Figure7-5c., the cathode using Vulcan support exieitbithe
highest performance in the medium to high current densities. The improved performance
was attributed to the higher portion of Pt particles located on outer surface of the Vulcan
support than that of the KB, allowing the reaction sites more actesabreported by
other researchepsThe improved performance could also be due to a difference in ionomer
distributions. Among KB samples, both scheme 1 and scheme 2 improved the cell
performance, while scheme 3 worsertbe performance, correlating to the trend in mass

activities observed in the Tafel plot Bigure7-5a.
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Figure7-6 Polarization curves of BOL samples with cathodes made of (a) KB, (b) Vulcan,
and (c) carbon support X at 80°C, 100% RH, 15QiPaL/min H | 5 L/min Alir.

Similar to the trend of the KB samples, Vulcan after scheme 1 exhibitdugihest
performance tamedium to high current densities. In contrast to the results from previous
reports? the ammonigreated Vulcan (scheme 2) was not found to improve cell
performance at medium to high current densities. Two additional MEAs of Pt/V (scheme
2) and oneadditional batch of Pt/V (scheme 2) as well as its corresponding MEA were

made and tested. The same trend was observed at medium to high current densities, and
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the lack of improvement on mass transfer may be attributed to the partial closure of
mesoporesf the carbon support after the scheme 2 functionalization that is shown in BET

and BJH results.

The cell performance of pristine and functionalized carbon support X samples exceeded
those of the KB samples but trailed behind those of the Vulcan sarfplethe carbon
support X, scheme 1 and scheme 2 both enhanced the max power density by 14% while
the mass activity of the functionalized X only increased by 4%. Therefore, the greater
improvement of the power density was attributed to the functionalizaliom effect of
degree of functionalization was studied on X (scheme 2) with one 0.6% N sample and one
1.7% N sample and it was found that prolonged oxidation and amination did not improve

the mass activities or performance at high current densities.

Although the polarization curves illustrated the improvements by scheme 1 and scheme
2 functionalization at medium to high current densities, the improvement of mass transport
needed to be further examined by individual voltage losses. A theoretical transport
polarization (Nernstian lossjy , was calculated by
Yp I .
T

N Q

: Y
o 5 I

wherel is the kinetic reaction order with respect to partial pressure.pf @ the
transfer coefficienty( p , and@nd’Q are geometric and limiting current densités.

The theoretical transport polarization was expected tenastimate the experimental
polarization due to the additional transport resistance local to Pt catalysts that have been
discussed in various repoftst® The experimental transport polarization was determined

by
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where the equilibrium voltagéy , is 1.18 V at 80 °Cb is the Tafel slope, anis the
exchange current density of the Pt. Bbtind"Q are determined from polarization curves
under R|OC.. 'Q is the cros®ver current density)Y is the membrane resistance
determined from the buiih IR interrupt technique of the fuel cell test station, ahd;

is the proton resistance in the catalyst layer determined from EIS ugjter Hhe kinetic
polarizations correlate well to the tasishown in Tafel plots dfigure7-5, and membrane
resistances were very similar among the samples aroundnf-©7. The proton
resistances of catalyst layers varmedre than the membrane resistances, ranging from 0.2
nrcn? to 0.6nycn? as shown inTable 7-4. The proton resistances were higher for KB
samples than Vulcan and X samples due to the greater amount of pores in the primary KB
carbon particles on which the deposited ionomer did not tomérito the proton
conduction path in the catalyst layér.

Table 7-4 ExperimentallydeterminedMEA parameters. Tafel slope is obtained from
polarization curve under 2 L/min2Hb L/min &, 80 °C, 150 kPas corrected for iR and

H> crossover. Proton resistance in CL is determined from EIS under 0.4L/mij0.#

L/min N2, 80 °C, ambient pressure. Membrane resistance is obtained from EIS under 2
L/min Hz |5 L/min Air, 80 °C, 150 kPas ECSA is calculated from cyclic voltammogram
between 0.05V and 0.4 V under 0.05 L/min|®14 L/min No. Carbon loss is measured from
cathode C@ exhaust by a nedispersive infrared (NDIR) instrument during potential

cycling at 0.25 L/min K]0.25 L/min N. Non-pressure dependent masansfer resistance,
Rnp, is determined from 1 L/min H5 L/min 4% Q in N2 using 4 differenpressures.

Cell Tafel Protpn _ Membrane ECSA ClLoss C Loss Rnp
Information Slope Resistance in  Resistance (m?ge: 500 cycles 5,000 cycles (s/cm
(mV/dec) CL (ohm-cn?) (ohm-cn?) ) (ug/c?)  (ug/cnd) )
KB 130 0.55 0.052 50 15.6 NA 1.61
KB (scheme 1) 120 0.32 0.060 45 21.4 NA 1.12
KB (scheme 2) 94 0.52 0.055 44 34.6 NA 1.55
KB (scheme 3) 134 0.39 0.061 26 22.8 NA 2.12
Y 82 0.22 0.052 55 7.3 41.7 0.50
V (scheme 1) 83 0.36 0.062 51 15.6 79.0 0.48
V (scheme 2) 88 0.24 0.057 54 9.4 52.2 0.61
V (scheme 3) 110 0.19 0.067 39 10.8 60.1 1.67
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X 95 0.22 0.064 66 1.8 39.5 1.24

X (scheme 1) 95 0.32 0.060 67 2.8 43.4 0.61
X (scheme 2, 94 0.29 0.055 57 35 43.7 0.73
0.6%N)
X (scheme 2, 86 0.33 0.058 54 4.4 44.7 1.08
1.7%N)

Figure7-7 shows the higher massansfer voltage losses in KB samples than Vulcan
and carbon support X samples. One reason was that Pt particles tended to deposit in large
and deep pores of KB, whereti®e Pt particles were more prevalent on the surfaces of
Vulcan and carbon support X, which has been reported by other researchers and observed
in the STEM and TEM images in the supporting information. Among the KB samples, the

trend of the mastansfer vdtage losses followed:

KB(scheme 3) > pristine KB > KB(scheme 2) > KB (scheme 1),

which is the opposite of the cell performance at medium to high current densities shown in
Figure7-6a. At thesecurrent densities, the increased performance resulted from the lower

masstransfer voltage losses.
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Figure 7-7 Experimental and theoreticédansport polarizations of (a) KB samples, (b)

Vulcan samples, and (c) X samples.

Compared to the schenr3e functionalized samples with a large masssfer
polarization of 0.1 V at a current density of 0.4 Afcthe pristine KB sample reached the
sameamount of massransfer polarization near 1.0 A/éniThe larger massansfer
polarization of the schen&functionalized KBikely resulted from a decrease in pore area
and volume after Pt deposition on the KB (scheme 3), whereas the Pt depositionron othe
KB samples did not significantly changed their BET surface areas shavable7-2.The

reduction in pore area and volume rendered less accessible Pt active sitesleateased

the effective Pt loading in the cathode. Many researchers have reported the larger
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local/interfacial transport resistance when cathode Pt loading is dectéased.
Furthermore, scheme 3 functionalization affected distribution of Pt particles, because TEM
images in the Supporting Information show significant Pt agglomeration. The local mass
transport resistance was determined to increase from 1.61 s/cm in Pt/pristine KB to 2.12

s/ cm in Pt/ KB (scheme 3) usi dapleBdHeree;ibs | i m
was evident that the scheme 3 (sulfonate groups) adversely affected the local mass

transport.

The larger mastransfer polarization of the schefBefunctionalized KB possibly
resulted from less accessible Pt active sites that decreased the effective Pt loading in the
cathode. Many researchers have reported the larger local/interfacial transport resistance
when Pt loading is decreasE¥d® Considering that the schen3 sample was only grafted
with 2.2 atomic% sulfur content and its BET surface area only decreased by 24%, the
smallest percent reduction of all schemes, it was evident that the poison effect of Pt

adversely affected the local masansport resistance.

In Vulcan samples, the trend of the masssfer polarizations followed the opposite
of the cell performance. It is worth noting that the plots of the pristine and the seheme
functionalized Vulcan samples overlapped over the majority of the currentie®ns
Among carbon support X samples, the trend of rtia@sssfer polarization differed from
those of the KB and Vulcan and followed the order of pristine X > scheme 1 > scheme 2.
The reduction in massansfer polarization after scheme 2 was likely cdubg a
combination of an ionomerarbon support interaction and an increase in BET surface area,

the latter of which was aknt in KB and Vulcan samples.
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7.3 lonomer Coverage

To analyze the impact of ionomearbon support interaction, a novel method using
STEM/EDS images to estimate ionomer coverage was developed and its procedures are
detailed in theFigure 7-8 captions. As an input parameter, 7 nm ionomer film thickness
was chosen based on calculations by Leidaro et af* According to Kusoglu et al., the
thickness of the Nafion ionomer wall is approximately 3 nm to 4 nm, and hence 4 nm was
chosen as the maximum distance between two nearest F pixels, which were marked as
ionomer coverage in step (f) Figure 7-8.22 In other words, if a distance between two
adjacent F pixels eeeded 4 nm, it was unlikely that the portion of the carbon edge
between the two points was covered by the ionomer. More details on the selection of F

pixels for ionomer coverage are described in the Supporting Information.

Modified
Otsu’s Method

Surface ionomer
Coverage = 39%

Binarization/ :
threshold

T
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Figure 7-8 Procedures to calculate percent surface ionaogerage on carbon support
using STEM/EDS: a) collect a STEM image with clear edges of an agglomerate, b) separate
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the edges using a proper threshold (0.26 for this sample)ap)the F element, d)
reconstruct the F on the separated edges of the agglomerate, e) filter the F pixels within 7
nm of the edges, f) omit the F pixels with adjacent distance greater than the upper mean
distance of 95% confidence level of Poisson distidyuand label the points (x) on the
edge of the carbon support with the shortest distance between the F pixels and the carbon
edge, and g) highlight the carbon support edges that are mostly likely covered by the
remaining F pixel clusters. The calculatedilomer coverage is 39% for an I/C (KB after
scheme 1) weight ratio of 0.65.

In Table7-5, the averaged surface ionomer coverage increased from 26% to 30% after
scheme land to 33% after scheme 2 functionalization for KB samples, though large
uncertainties were observed. In addition, the functionalization appeared to lead to a more
uniform ionomer distribution as is evident from the smaller standard deviation of Pt/X
(scheme 2, 0.6% N) than that of Pt/X. The large uncertainties in ionomer coverage resulted
from a tradeoff between a large field of view for mitigating radiation damage and a small

field of view for obtaining detailed elemental mapping.

The ionomer coverage results in this study were lower than some published values due
to differences in measurement/calculation techniques. lkeda et al. used a cyclic
voltammetry approach and Lopeilaro et al. applied STEM imaging of Gtined
ionomer on arbon support. The former found that ionomer coverage only increased by
10% for a twofold increase in I/C ratio, whereas the latter determined that the ionomer film
thickness did not vary but coverage nearly doubled for a twofold increase in I/C ratio. In
this study, the ionomer coverage increased almost linearly with I/C ratio but the absolute
value of the ionomer coverage only increased by 50% when the I/C ratio was nearly tripled.
One cause may be the inclusion of ionomer in the binarization step ohcaupport. The
inclusion of ionomer led to overestimation of the carbon support circumference and thus a
lower coverage value. Another cause for the lower ionomer coverage in this study was

likely the removal of a portion of F pixels above the upper lmhithe 95% confidence
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| evel of Poissonod6s di st Figurt& Sincenthefincrease inst e p
lonomer coverage was less significant than the avgment in cell performance, the
difference suggested the importance of not only how much the ionomer covered the carbon
support but also how the ionomer was distributed on the carbon support. The former was
examined through the STEM/EDS approach while l¢teer was more challenging to

image.

Another important experimental condition to consider is hydration of the ionomer.
Under the vacuum environment of STEM/EDS measurement, the ionomer is dry, whereas
the fuel cells were operated at 100 % RH. Therefbeeyolume expansion of the ionomer
due to hydration should be accounted for in the ionomer coverage values used in the
modified agglomerate model. Weber group found expansion of Nafion 212 in themegh
in-plane directions at different temperatuféExtracting the data from the plot, the ene

dimensional expansions as a function of temperature are

P 'Q o ) CEi T CTY XL EHYT (7.3)

PQwrn i Q¢ T NTY ¢ XL & LY (7.4)

Therefore, the experimental surface ionomer coverage was corrected fOr égpgansion

in the througkplane direction listed iffable 7-5. The newcoverage values approached
50%, or half of the carbon support being covered by the ionomer. The impact of the surface
functionalization remained the same.

Table 7-5 Publishedionomer coverage results and esipental results using STEM
images with fluorine EDS maps.
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Sampledescription  Surface coverage Average layer Surface coverage

averaged and individual  thickness after correction
values (%) (nm) (%)
Published Result for
KB, IIC=078*  >° NIA
Published Result for
KB, I/C = 0.5G* 52 NIA
Published Result for 7.2+21
Vulcan, I/C = 0.8 79.5+2.3 (output)
Pt/KB, I/C = 0.38 20+ 6 (20, 13, 19, 28) 7 (input) 27+ 8
Pt/KB, 1/C = 0.66 26+ 6 (26, 28, 18, 32) 7 (input) 35+ 8
Pt/KB, I/C = 1.06 31+ 3 (29, 33, 34, 27) 7 (input) 42+ 4
Pt/KB (schemel), .
/C = 0.66 30+ 8 (22, 39, 30) 7 (input) 41+ 11
Pt/KB (scheme?2), .
UG = 0.66 33+ 7 (34, 25, 42) 7 (input) 45+ 9
Pt/X, I/C = 0.66 26+ 11 (38, 17, 22) 7 (input) 35+ 15
PUX (scheme 2, 44, 7 (29, 40, 30) 7 (input) 45+ 9

0.6% N), I/C = 0.66
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CHAPTER 8. M ODEL DEVELOPMENT FOR |ONOMER COVERAGE

8.1 Literature Review on Modeling lonomer Coveragein Electrode

A number of modeling(the agglomerate modehnd kineticcgas modgl and
experimental techniqugsxygenor hydrogen limiting currentneasuremenjsave been
developed to investigat the local transport resistancef cathode® Many of the
publicationshave foundhat ionomer thin filmén the CCLare more resiste to the oxygen
diffusion to Pt sites than bulk ionomer fisrand thatthe oxygen permeation through the

ionomer is the dominant resistarespecially at low Pt loadings® ’

The first implementation of agglomerate model in PEM fuel cells was published by
Ridge et al. in 1989 They used cylindrical agglomerates through \hixygen diffuses
while simultaneously m@cting. Their model only focusedn cathode and GDL and
negleced the anode and the membrafde first full PEM fuel cell was developed by
Springer et al. at Los Alamos National Laboratory in 19%he Fullerresearch group had
previously employed aflooded agglomerate with thin film modedlescibing oxygen
transport through the ionomer in the cathode catalyst lslyewnin Figure 8-1a. An

approximate analytical solution is obtaingih a pseudesteadystate approximatiotf

-'"Ld'f .

(a)

Figure 8-1 (a) lllustration of an agglomerate model for ionomer diffusion andatb)
agglomerate model with partial ionomer coverage.
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In the agglomerate modeleveloped by Setzler and Fullemly one oxygen partial
pressure was definedh& oxygen partial pressure in the ionomer fifm; , is calculated

as

<

8

p p
o v (8.1)

0+ Q
00  p
The detailof each parameteand variablecan be foundn LIST OF SYMBOLS AND
ABBREVIATIONS section.lt is worth noting thalQ denotesthe rate of the oxygen
reduction reaction on a volumetric basitie secondtermon the righthand side of the
equationdescribes thehange in oxygen partigdressure due to ionomer film transport
resistancewhich should increasevith either the ionomer film thicknesQ , or the

agglomerate radius 8The authors determine840 nm ard 27.1 nm for agglomerate

diameterand ionamer film thickness, respectively, after fitting the model to experimental
data.In comparisonptherpublications withagglomerate magls have used agglomerate
sizerangingfrom 100nmto 2000nm listed inTable8-1.1+14

Table8-1 Literature values for agglomerate sizes used in PEM fuel cells.

Author (Year) Agglomerate Diameter (nm) | lonomer Film Thickness (nm)

Jaouen (20023 | 1,000 0-50

Guo(2004)2 2,000 3,550

Secanell (2007} | 5007 2,000 0-80

Xing (2014)° 5007 1,000 An equation based on ma
conservation

Setzler (2015f | 420 27.1

Kulikovsky 100 30

(2017}

Mashio (2017%° | 40 3

Darling (2018} | 150 3

Darling (2020} | 1507 300 3

As part of the surface functionalization studfCHAPTER 7,SEM and STEM images

of electrodeprepared at the Fuller laboratomgremeasuredTheyshowalargevariation
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in size of the possible carbon/ionomer agglomerates between approximately 400 nm and
900 nm as illustrated iRigure8-2 a and b; nevertheless, wekfined boundaries do not
exist. Other researchers have suggested the use edeWekd carbon primary particle as

an agglomerate in the modéIin addition,the experimental values found in titerature

have reported thinner ionomer thickness than 27.1 nm used by Setzler ané*#8dre
variations in agglomerate size and ionomer film thickness and dtifgrence from the
experimental values suggest tlitats better to treat the agglomerate model as a purely
empirical description of internal and external masasisfer limitations rather than a literal

model describing theatalyst layer microstructure

490 nm

Figure8-2 (a) SEM image acrosssectioral cathode made of Pt/Vulcawafion 212 (b)
secondary electroSE) image from STEM measuremeoit Vulcan (3.8 atom%N by
XPS)/Nafion 212 (c) TEM image olulcan/Nafion 212 ionomer, and d) SE image from
TEM measurement d¥t/Ketjen black/Nafion 212. All of the samples have |I/C ratio = 0.65
+0.02
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The ionomer thickness values found in the literature vary greatly, andafrene
acceptedstandard techniques to maesit. In fact, the assumption that the ionomer
completely covers the support that is described with a single parameter of thickness has
not been verified. Here, a different line is pursuede agglomerate model is modified
with partial ionomer coveragehown inFigure8-2 b. It isworth exploring if the observed

geometrief the catalyst layersuch as the carbon particle size-40 nmi” via electron

microscopycan be used in the model to approximate the fekperformance

In this chaptertwo approaches for modification of thgglomerate model with paati
lonomer coverage are exploré&drst, theionomer coverages simplyincorporated in ORR
kinetics with the agglomerate size remagnthe sameas Setzleand Fuller Seconda
multi-processtransportfor oxygenthrough carbon particles wit or without ionomer
coverages developedThe location of Pt particles alsofactored in for the difference in
Pt distributions in Vulcan and KetjenblagkB) carbon supports.The experimental
ionomer coverage valueetermined from STEM/EDS analysisthe section7.3lonomer
Coverageare used. The effect of the ionomer coverage on 1) cell performandghat h

current density regioand2) masstransfer resistanaef CCL is investigated.

8.2 Direct Incorporation of lonomer Coverage in ORR Kinetics

Since the electrochemical reaction requires the tppseboundaries in the cathode
(ionomer, oxygen, and cataly, the agglomerate without ionomer coverage is assumed to
be inactiveThe first scenario is an incorporation of ionomer coverage in surface ORR rate

expressionits et z | e raddsitis madiies to
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‘ "0 .
i OF 'Qf?— 3A@D|,Y—,,YI3 E Y (8.2

wherewy is the fraction of ionomer surface covera@ejs the ButlerVolmer rate

constant3 is the vacant catalytic siteand the other terms can be foundLIST OF

SYMBOLS AND ABBREVIATIONS section.

The second scenarioti®atingthe ionomer coverage as a volumetric value and adds it

to the macroscopic meogeneous volumetric reaction rate,

. : Q
Q wp —QU j p - p N (8.3)

where— is the effectiveness factor describing the ratio of the average rate of reaction in the
absenceof masstransfer limitation,@és the equivalent homogenous rate constant, and
other terms can be found inIST OF SYMBOLS AND ABBREVIATIONSsection. It is

worth noting thatin the equivalent homogeneous rate constant expreshmmun in eq.

(8.4), the i does not contaithew,  term.

Qe —— (8.4)

The simulategolarization curve$or KB show a additional polarization adbout 30
mV in the kinetics region compared to the simulation witheadounting fothe ionomer

coverage ternwy , as illustrated byrigure8-3b. It is worth noting that the difference

in cell potentiad between using the ionomer coverage in surface and volumetric reaction
rate is minimal at low current densities (<0.5 Aftrand the voltage loss increases
significantly at highcurrent densities90 mV drop at the limiting currentY his shows the
importance of ionomer coverage in the CCL for high current densities, k&petsfic
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impact on mas$ransfer resistance needs other formulatibmsddition,the plotreveals
the insufficientresistancdormulationin the Setzler and Fuller model. Th&perimental
KB cell perbrmance is signifantly lower than the simulated performaat&igh currents
even thoughhe physical and electrochemical parameters such &sa@ing, electrode

thickness, ECSA, etc., are accounted for.

1.0 1 1 1 1 1 1.0 1 1 1 1

= = x_i,surf=1 -
— — x_i,surf=0.35forr_ORR| (a) =
084 — — x_i,surf=0.35 for j_ ORR los |
= KB Exp.
< -~
T 061 =~ 0.6 - L
= S0 '
L - SN~
o] -~ ~
o S~
5 044 ~ <o 0.4
's) NN
~ 0~ i “
~ \\\ — — x_i,surf=1
0.2 4 \\‘ 024 |— — x_isurf=0.35forr_ORR | 3
W — — x_i,surf=0.35 for | ORR |
A\ « KB Exp. |
0.0 T T T T T ‘\‘O-O T T T T |
0.0 0.5 1.0 1.5 20 25 3.0 1E4 0.001 0.01 0.1 1 10
Current Density (A/lcm?) Current Density (A/cm?)

Figure 8-3 Simulated polarization curves for full and partial ionomer coveresyeg the
agglomerate model (radius = 420 nm and ionomer filioktless = 27 nmpand the
experimental polarization curve of RB at the operating condition oAir, 80 °C,
100%RH,and 150 kPasat (a) linear and (b) log scaleblote: ohmic resistance is not
corrected in (b).

8.3 Incorporation of Local Gas Transport and Resistance

Researchers have recently considered the addition of local gas transportdedicalc
agglomerate models. Mais et al. modeled local gas transport process in the vicinity of
the Pt surface and considered Pt particles both on thecsuafad inside the carbon
supportt®In addtion, the authors employezh ionomer coverage parametethe classical
agglomeratenodel The incorporation of local gas transposas found toimprove the
model &6s agreement with the expemdni@nt al |l vy

interfaces betwen ionomer/Pt and water/Pt interfaces contribute the most the local
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transport resistancélowever the authors hatb lower the oxygepermeation coefficients

in ionomer andn waterby a factor 5 t®0 to match the experimental transport resistance.
Schukr et al.employedthe agglomerate model arftydrogen limiting current technique
andtheyconcludedhatthe Knudsen resistance and diffusional resistance of oxygen in the
lonomerinstead of the interfaces (Pt/ionomer and ionomer/@as)unt for the mostf the

total CCL transport resistang®0% to 70%Y! The conclusion contrasts with the results
of an ealier publication by the same research gréup. addition the authors did not
consider partial ionomer coveragethe porosity of the primary carbon partidiEarling

et al formulated agglomerate models fxygen transport resistance loth highsurface

(KB) and lowsurface carbon supporfVulcan)'” ¥ They found that the nanoscale
contributions to oxygen transport resistance aretinaes higher irKB than Vulcanwhile

the ratio of CCL transport resistances made of these two types of carbon support is only

1.4.However, the authors only considered complete ionomer coverage.

Primary Pore

Secondary Pore Pt not

covered by

Rin ‘a ionomer
Ro,.i
Inactive Pt
RPt/i Ri/g site
Rmot
R
H R ) Kn R
water film 0w Royi : : : | ter film & Ro,w Id\/_w\':]im
H water film 2
Rpt/w Rw/i Ri/g RPt/W Rw/g
mol Rmot

Figure8-4 (a) Transport with Pt on the surface of the carbon primary padakered by
ionomer b) transport with Pt inside carbon primary pooeered by ionomer, ¢) inactive

Pt site without ionomer coverage and d) transport with Pt inside carbon primary pore filled
with water film and the carbon particle without ionomer coverage.
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In this study, éur configurations of oxygen transport in the CCL are proposed and
shown inFigure8-4a, where'Y » is theinterfacialresistance due to interaction between
Pt and sulfonate in the ionoméf,  is thediffusionalresistance of oxygen in the ionomer,
Yy is thedissolutionresistance between ionomer and g4s, is the Knudsen diffusion
resistance in the secondary porestisé CCL and’Y is the molecular diffusion
resistance in the secondary pores of the GG Eigure8-4b, the additional term&y 5 ,

Y i, andY y denote interfacial resistance between Pt and wat&rsidnal resistance

of oxygen in water, and dissolution resistance between water and ionomer, respéttively.
is worth noting that of all these resistances, oy is pressuraependent. The local
transport resistance incluslell buty  and’Y . The followings are a summary ofain

assumptions in this study:

1. Primary pores of carbon support are filled wlituid water under normal operating
condition either with or without ionomer coverage

2. Inthe secondary pores of CCL, only water vapor is present, and thus transport through
the gas phase is considered

3. Pt particles on the surface of carbons support witlomatmer coverage are inactive

4. The sum of interfacial resistances at gas/water and water/Pt is similar to the sum of
interfacial resistances at gas/ionomer and ionomer/Pt.

5. The thickness of ionomer thin film is constant despite different ionomer coverage

For the first assumption, although the water saturation of the primary pore is not
necessarily one at high RH, the saturation is still hRgsearchers have used theoretical

studies to sho® or haveassumetf 18 thatthe primary pores of carbon support filled
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with water at high RHPlatinumparticlesin these watefilled poreswithout ionomer may
remain active due tweakproton @nduction via condensed wafértdence, in this work,
the primary pores where Pt particles reside asarasd to be filled with water and the Pt
particles are active at normal operating condition 80and 100%RH) The active Pt
particles are in the configurations (a) (b) and (dirigure8-4. On the other hand, the Pt
particles on the surface of carbsupport without ionomer coveragee rendered inactive
as illustrated irrigure8-4 (c). At low humidityand low oxygerondition(80 °C, 620%RH,
4vol% O in N2) of the limiting currentestsby Bakeret al, theprimary pores of carbon
support a assumed to be free of water thus rendering thiteRtinside the pores inactifre.
The equivalent resistance circuits for normal and limigagrentoperatingconditions are

shown inFigure 8-5. The fraction of anhomer coverageyg , and the fraction of Pt

particles on the surface of carbon suppértg  hare accounted fan the model.

Ro, i

Rpesi Risg

Rp R, ;
| . Zuw Oz,i'. ) R i
NN~

Rptjw  Rwyi Ri/g Rpeji Ry
I‘{V‘ Rmol mol
Cyy Cyy C31. . Ca

Rpejw Ro,w Ry /g
(a) (b)
Figure8-5 Circuit model for a) normal operating conditid80(°C, 62%RH, ajrand b) dry
limiting current condition §0 °C, 62%RH, 4vol% &in N»). w is fraction of ionomer
coverage on carbon support abis the fraction of Pt particles on the surface of carbon
support.

First, the pressurdependent grtion of the CCL transport resistance is derived from
thel-Dequation of continuity for oxygen at
it becomes
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) /b
Yh o R (8.5)
where Jb is the catalyst layer thicknessaind te effective catalyst layer oxygen
diffusivity, O h fis based on oxygen diffusivity in cathode gasture and the Knudsen

diffusion coefficient?! The oxygen diffusivity in a gas mixture is estimatexhirthe binary

diffusivitiesO , and mole fractions.

o @
(0 (8.6)
Knudsen diffusivity is calculateds
, Q YY"y
On T T (8.7
Then théO s calculated as
o~ T - P P
h N
© -0 O (88)

Thereforethe transport resistance in the secondary pores of CCL becomes

V. BT P P
h c- O 0O (8.9)

At the ionomer/gas interfacéhrough ionomer, and at Pt/ionomer interfaites oxygen
fluxesat agglomeratscale¢ f hare
¢n O 68 (8.10)

0 ;'Y Q 6 b
: - h o (8.12)
h

v,
Eh Q6 8 (8.12)
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where’Q, is massransfer coefficient for oxygen permeation at ionomer/gas interface and
Q ; is mass transfer coefficieat the Pt/ionomer interfac8ince allof the oxygen fluxes
are equal to each othat steady stajehe sum of the local transport resistance in the
configuration (a) oFigure8-4 or the top of the 3 parallel circuits Figure8-5 becomes,

6 o0 .

YR Ty (8.13)

wherewy, is the fracion of ionomer surface coverage, ; is the fraction of Pt
particles on the surface of the carbon supmontld is the oxygen concentration in the gas
phase on top of the ionomer thin film is related to0 by H e taw.Affer
rearrangement and assumiing to be negligible at limiting current, the resistai¢ey,

becomes

v . Of p P Y Q i
YYD, Q. Y Q O 4 (8.14)

wherethe sum of—7 and—7 have been determined by Kudbal be 135 s/niby varying

theionomer thin film thickness~urthermoreJinnouchiet al used transition state theery
based molecular dynamics simulatemd found thathe O, permeatiorflux in unit of A-

m2Pal (not the same as | in unit of motm?s?) a the Pt/ionomer interface is about

1/100 of the flux atthe ionomer/gas interfaceBased on this, th& ; = (6

6 T6 06 O plpmtey.

The transport resistance for oxygen diffusing all the way to Pt sites in the pores of
carbon support shown in the configuration (&) the middle circuit of the three parallel
circuits inFigure8-5) is derived similarly as that fahe configuration (a). Howevetwo

derivations by Darlinget al. are employed to model resistance fromto 0 , including
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entry transport and orgimensional diffusion ithe watefilled primary pore'® Thus, the

transport resistance in configuration (N),  becomes

v . On p P Y Q “Q 0
YYYY, Qy Y Q04 cO LYY
TTQ /b O f (8.19)
Q O ; YV

For oxygen diffusion to Pt sites on therface of carbon suppgahat is absent of ionomer
as shown in configuration (c) &igure8-4, the Pt sites are assumed &iactive and the
localtransportresistancgy , is thus infinitely large For pores of carbon support theate
absent of ionomer coverage shown in configuration (dFigtire 8-4, the transport
resistancegyY j is

Or p p TQ /b s
YYQ, Q; Q ©j (8.16)

Yok

wherethe interfacial resistances at water/gas and Pt/water locationslarewn and are
assumed to be the same as the sum of ionomer/gas and Pt/ionomer interfacial resistances.

Hence, the total transport resistance@@&L becomes

PP p
‘ v . P
Yo YR o 1Y i A
uwp W g Wp P Wg
; ; (8.17)
7= "

wherethe third path with inactive Pt iRigure8-5a is not shown in the equation because

the inverse of it is zero

99



Table8-2 Model parameters sourced from the literataneasured/alculated from known
guantities, or assumed.

Symbol Meaning Value Source
ol Effective surface area of Pt | 44 nfp/mPyiea Measured
per unit area of MEA
Q Thickness of ionomer thin | 7 nm LopezHaro'®
film
Q Diameter of Pt particle 3.4 nm Measured
Q Diameter of carbosupport | 4 nm Darling'®
pore
Q Diameter of secondary pore 40 nm Setzlef?
for Knudsen diffusivity
0 ; Oxygen diffusivity in 1.22x10%% n?/s Lin24 and
ionomer Setlert®
O Oxygen diffusivity inliquid | 4.90x10° m?/s Harris®
water
O Henryds ®©pm s t2.04x10 Lin24 and
ionomer thin film Pam®/mol Setler'?
0 ; Henryds caoimst126x10 Mashio'®
water thin film Pam®/mol
P p Sum of the interfacial 135 s/m Kudo?®
Oy Q4 |resistances at ionomer/gas
and at Pt/ionomer
P p Sum of the interfacial 135 s/m Assumed
ﬁ ‘Q , | resistances at ionomer/gas
and at Pt/water
p p Sum of the interfacial 135 s/m Assumed
‘Q; Q, |resistances atwater/gas an
at Pt/water
/b Depth of carbon support pol 4 nm Darling*®
Y Agglomerate radius 40 nm Measured
Wg Fraction of carbon support | 0.35to 045 Measured
covered by ionomer
W g Fraction of Pt on the surfacq 0.95 for Vulcan Kongkanand’
of carbon support 0.38 for KB
- Porosity of gas pore 0.4 Star®
t Tortuosity of gas pore 1.61 Star®

TheY was compared to the CCL transport resistaice;

model by Setlzer and Fuller and the latter was calculated by
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where0 is the oxygen partial pressure taken at CCL|GDL interf&eis the limiting

current density at normal operation condition (100%RHC8@.ir). Figure8-6 shows an
inverse relationship betwedme fraction of ionomer coverage and the totalt@nsport
resistace in the CCL for both higburfacearea carboB and lowsurfaceareaVulcan

The malel reveals that the ionomer coverage does not significant affect the total transport

resistance of the CCL aftays ~ exceedsbout 0.5 This ionomer coveragensetvalue

is similar tothose determined ugi"lSTEM/EDS technique between 0.&%d0.45 listed
in Table7-5. In addition, he ratioof Pt/KB resistance to Pt/V resistance is between 1.3
and 1.7, whichmatchedtherange of 1.06 to 1.7 reported by othesearchers, who used

a more simplified agglomerate mod&l.
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Figure 8-6 Simulated otal CCL transport resistander Vulcan and KB (dashed lines)
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The following discussion focuses on comparing eadtrastingthe modelingresults
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withthosebySet z | er anodel FiFst Unlikethe lsid water films in the carbon
pores assumed in this model , -pkaset(gadeeudn and F
addition, 40 nm agglomerate siaead 7 nm ionomer thicknesare used in this model
compared to 420 nrand 27 nm employed n Set zl er a nDkspitedhe | er 0 s
difference,the simulated total CCL transport resistance using SedngrFulled s mo d e |
have matched the simulated valugeof this model (96 s/m)atw; = 0.7 forKB and at

wp =0.35for VulcanThis matctsuggest t hat at Setzler and Ful
for sufficient transport resistance of the CCL only at high ionomer coverages, whereas at
lower ionomer covege, which wasbserved in KB samples (sectidr®), additional local

transport resistance needshe factored inlf the 40 nm agglomerate size and 7 nm

ionomer thicknesser e i nput in the Setzler and Full e
CCL iscalculated to benly 20 s/m which isaboutl1/3 of theresistanceisingthe original
agglomeratedimensionsfor KB. The discrepncy indicates that the local transport
resistance accounts for the majority of the CCL transport resistiralso suggests the

use of carbon primary particle dimensions in the agglomerate model is applicable when the

local transport is formulated.

Onthe other handihen theionomer coverage termere directly incorporateith the
rate or flux expressior(sliscussed in section 8.Figure8-6s shows the minimal effeof
ionomer coverage on the transport resistance, which are increased by 25 and 15 s/m for the
rate and flux expressions between 0.05 ionomer coverage to full ionomer coverage. The
increases of 25 and 15 are insignificant compared to 750 s/m increals® foarbon
support from 0.05 ionomer coverage to full ionomer coverbgaddition to insensitive

change of transport resistance to the ionomer coverage, theidgegtoration approach
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also appeato underestimate the transport resistance compared to the equivalent circuit
model approachlhetwo differences (insensitivity and underestimation) betweentthe

models implicate thatl) the direct incorporation of ionomer in the rate expressions is
insufficient and 2) the simulated polarization will be substantially lowered if the local
transport resistance | s a, thich chaybetter mdicethéset z |

experimental cell performance
Variable lonomer Film Thickness

A major assumption inhe model described in secti@3 is a uniform ionomer
thickness for the full range of ionomer coveragg ( N T1ip . The uriform ionomer
thickness igsmprobableconsidering the conversation of mass. Furtherm@sgarchers
have reported neaniform distribution of ionomer in the carbon suppért>3° Hence, it
is worth adding a variable thickness of the ionomer thin film in the model. The thickness
Q , varieswith the ionomer coveragelative to a reference thickness7o2 nm atwy;
= 79.5%"'° The ionomer film thicknesis0.795ty;,  *7.2 based on conservation of mass.
Figure 8-7 show thata thicker ionomer thin film occurs at low ionomer coverage and

increases the CCL trangpoesistance from that predicted by uniform ionomer thickness.
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Total CCL Transport Resistance {s/m)

Figure8-7 Simulated otal CCL transport resistance agunction of ionomer coverage for
Vulcan and KB carbon support with or without variable ionomer thickness

8.4 Conclusion

Three different formulations for incorporatindgraction of ionomer coverage are
explored. Using the direct incorporation in ORR reactaie or flux, transport resistarsce
are insignificantly affected by the ionomer coverdge the other hand, when local oxygen
transport is added tihe transport model for oxygen in the CCL, the transport resistance
scales in a 1/x shape with the ionoreveragdor both KB and Vulcan carbon supports
Furthermore, when a variable thickness of the ionomer is utilized, the trend of the
decreasing transport resistance with ionomer coverage remains the Haan&ew
transport model supports the use of theehsions of primary carbon particlegéut40

nm in diameter) in the agglomerate model, whereas the majority of prior models use much
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larger agglomerate sizes (16to 2,000 nm)
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CHAPTER 9. RECOMMENDATIONS

9.1 Recommendations for Wettability Study
The wettability study concludiewith the small decreases in hydrophobicity of the
CCL with carbon corrosiowhent he c el | performance dropped
target.Only onetype of commercial MEAs made of Vulcan at 0.3pgogn? with 46wt%
to 50wt% Pt/C vasused in the study. THet | oadi ng was much highe
target of 0.1 mg/cAor other MEAs in the recent publications (past 3 yeavkjch
typically useelectracatalyss with lower Pt weight percenta@es. 20wt% Pt/C). Thus,
the study can be expanded to MEAs withvier Pt loadingsA challenge to the expansion
of the study lies in the expensive, thoensuming FIBSEM experiments for the
determination of porositie$n addition, since the € bond is a key part of the surface
analysis andhe chemicaklementsf different CCL samples are the sartiefuture
measuremesif XPS survey scans are recommended teedecedr omittedto
minimize the radiation damage of ionomer. The higéolution scans of fluorine and

carbon should be performed first.

9.2 Recommendationdor Surface Functionalization Study

The surface functionalization study concluded with the improveswwémhass activity
and ionomer distribution on the carbon support after functionalization withgeitr
containing surface groups as well as the adverse effect of the surface sulfonate groups on
the cell performancén terms of durability, it was found that the surface functionalization
increased carbon loss and accelerated performance loss for esmfyigmmmercial carbon

supports, Vulcan and KB, whereas the durability of the highly graphitic. Ammonia scheme
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2 functionalization had been performed at elevated temperatures frof€460700°C;
however despite the improved durability (as evidencedn flower carbon loss), the
elevated temperatures lowered the initial cell performarwepared to the scheme 2
reacted at 20€C. It is recommended to further explore ways to improve the durability of
functionalized Vulcan and KB carbon supports. For exampé carbon supports can be
functionalizedusing the same scher@groceduravith an addition ofn annealing step in
2% H in N2 at elevated tempenares to reduce surface oxides while possibly retaining the

surfacenitrogen functional groups.

9.3 Recommemations for Transport Modeling

The equivalentircuit formulations for theagglomerate modelsupports the
applicability of the use of primary carbon dimensiomsh local gas transport in the
agglomerate modeln this study, wo interfacial resistance pmmneters were assiaa,
whereas most of thendividual resistancdéerms can be experimentally determined or
estimated. In the future, in order to better validate the model wirenental data, a more

comprehensive set tdsts can be performed.

Table9-1 Sensitivitystudes of transport resistances

Experlmental Affected Term How is it determined
Variable
Gas pressure) Y Changes witha factor off)
Molecularweight Y Changes with (MW)®
I/C ratio or ionomer ‘ : .
thickness Yy +Y ¢ y-interceptat zero 1/C
Relative humidity Y+ Yq Possiblyy-intercept of a CCL
sample without ionomer
Sum of local
Pt loading in CCL transport resistance| Scales with 1/(roughness factor
terms
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APPENDIX A.

A.1 Calculations of Transport Polarization from EIS

The masdransportpolarizationis first calculated from\Warburg impedance froi&lS

by fitting the experimental EIS to an equivalent circuit that cosmgistohmicresistance

(Rq), constaniphase elemer(CPE) chargetransfer resistancfR«), and finite Warburg

impedancd: ) as showrFigure Ala. The fittingis performed in a Python file.
07 s . . . .
R_MT (2-cm2) | w KB 1A/cm2
0.6 | KB 1A/cm2 53 KB 0.5A/cm2
KB 0.5A/cm2 7] & KB (#1) 1A/cm2
KB (#1) 1A/cm 40 KB (#1) 0.5A/cm2
051k #1) 1Akcm 6 -
R, CPE Tos
(5]
AN e
AW\ > S0
N
02 """ -
S - "‘ Adda,, LI
Rct ZW 0.1 ; 5 “Aﬁs;.\(b) i
004 -
(a) 0.0 UT‘\ 0[2 U.IE 0?4 0.[5 U.IE UTT 0.8
Z' (Q-cm?)
) 0.125 ‘0’0-&-0-&-%@__{1\ 0.20 i ,g»‘@'*‘-‘"--v:»-b__o‘
& 0.100 A .6 Q - L@ O,
E ’6b ~Q, E 015 P 2 PN
£ 0.075 4 Y 2 Y 4 S
% 0.050 1 6° 0.5 A/Cm (C) g 0.10 4 £ 1.0 A/Cm O, (d)
E 00254 %Qjo O Experimental E 0054 j ©  Experimental X
-—- Fit
0.000 4 ‘ : ‘ ‘ ‘ . 0.00 --- Fft
005 010 015 020 025 030 035 040 045 o1 o2 Y o4 05 06 07
Re (chm-cm?) Re (ohm-cm?)
Ryt = 0.035 Q-cm? Ryt = 0.053 Q-cm?
Vtransport =0.017V Vtransport = 0.053V
01004 © E:perlmental ftb _ 0.15 1
~ o Q -
£ ] E o
£ 0075 33 e) Y 0104 bo
£ nos0] 0 £ P
§ 0.050 »66 §
E 0.025 { E 0057 O Experimental
--- Fit
0.000 - 0.00
10-! 100 10! 102 103 104 107! 102 0*

Frequency (Hz)

Frequency (Hz

)

Figure A1 (a) Equivalent circuit for fuel celld) experimental EIS of fuel cells made with
20% Pt/KB and 20% Pt/KB (scheme 1) at two different current dendilyegiist and Bode
plots ofexperimental and fitted EIS of fuel cell dewith 20% Pt/KB catalyst at,(€) 0.5
A/lcm? and (d f) 1.0 a/cm. Theoperatingconditionwas2 SLPM H/ 5 SLPM air, 86C,

100% RH, 150 kPas
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The masgransfer resistandgy ) is calculated from the finite Warburg impedance,

Y o603 1
'?‘£2_| 1'8

(A1)

Then the mastransfer polarizatioms calculated by multiplyind  with current density
at which the EISs performedThe results were listed in theble Al. The EIS results

further confirmed the trend observed in polarization curves.

Table A1 Masstransport polarization of KB and V samples calculated from EIS.
MasTsr ansfMasTsransport MasTsransp
PolarizaPolarizati odnPolari zat

0.5 A/my¥m( mV) 1.5 A/my/m
KB 17 53 N A
KB (sch©®é 40 N A
KB (sch?2 52 N A
KB (sch30 Cell did not NA
\ <0.1 7 67
V (sche<0.1 7 6 4
V (sche<0.1 5 80
V. (sc3he<0.1 255 Cel | di d
1.A5 ém

The Python code is shown below.

import as
import as
import

r'c: \ Users \ zfang9 \ Desktop \ FC\ MEA040 EIS91_O05Acm.txt'
skiprows =1

4.8 , 1]+ 1 , 2
led
A
led A
from import
'RO - p(CPE1,R1 - Ws)' #for
.09, 1le-5, 03, 1, 05, .1
, initial_guess
print
1,1,1
,'0' , color ='green' , mfc='none' , Ilabel ='Experimental
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1, 1,'--"'",color ='red ,label ='Fit
aspect =1
'Re (ohm - cm$"29)'
'-Im (ohm-cm$"29)'

facecolor 'white' # , shadow=True, loc=2)#, title='title for

legend’)
1,1,1
,'0" , color ='green’ , mfc='none' , label ='Experimental
1,'--",color =red" ,label ='Fit'
log’

'Frequency (Hz)'

' -Im (ohm - cm$"2%)'

facecolor 'white' # , shadow=True, loc=2)#, title='title for
legend’)

0.1 , 1le4d

#plt.ylim(0, 5000)

A.2 Analysis and Calculations of lonomer Coverage
A.2.1 Extraction of location data of STEM/EDS images via ImageJ

The goal of the first step is to determine the edges of carbon supportiobuishe Z
contrast STEMmage.Convert the image type from RGB to 8 bit. Then convert the image
from pixels to unit of nm undeknalyzetab andSet Scaleommand. Under thienagetab,
adjust the threshold of the binarization (Crtl + Shift + T). The default algorithm may either
underestnate or overestimate the size of the carbon support edge, so it is wise to manually
adjust the grey scale ([0, 255]). Ugéand tracing tooko trace the edge of the carbon
support. Then save the processed imag€Ya€oordinatesn a text file. Lastly, copand
paste the coordinate data to an Excel spreadsheet to ensure the coordinates are continuous

with the correct starting and ending points.

The second image processing step is to find the coordinates of the fluorine pixels. Load
the EDS image. Convertdéhimage type from RGB to 8 bit. Then convert the image from
pixels to unit of nm undeAnalyzetab andSet Scaleommand. UndeProcesstab, use

Find Maximato select all the fluorine pixels. Then saveXas Coordinatesn a text file.
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Lastly, paste the avdinate data to the Excel spreadsheet containing the coordinates of the
carbon support edge. It is necessary to remove the maxima that represent the scale bar

instead of the actual F pixels in the EDS images.

A.2.2 lonomer coverage analysis by STEM/EDS

% 0,001 cpsfay

100
BO

O Cu s

PEl F Pt
60
40
|
20 ] ‘
B U559 . | ] - h . LISl
00l HW: 200k — STEM LUAG: S0dlcx H\E 200KV kEV 2

Figure A2 (a) STEM image, b) F mapping by EDS, and c) the spectra of the EDS showing
peaks of Pt, O, F, Cu, and questionable S due to the secondary peaks of Pt.
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Figure A3 (a) Three F pixels (0) and their nearest point (x) on the edge of the carbon
support and (b) a possible way of ionomer distribution near the edge of the carbon support,
(c) the calculated ionomer coverage on the carbon support for these three F pixels, (d) a
common distribution of F pixels, (e) a possible way of ionomer distribution near the edge
of the carbon support, and (f) the calculated ionomer coverage on the carbon support for
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the F pixels in (d).

A.2.3 Selected results of ionomer coverage calculation
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Figure A4 lonomer coverage of Pt/KB (pristine) = 20% for an I/C weight ratio of 0.38
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Figure A5 lonomer coverage of Pt/KB (pristine) = 16% for an I/C weight ratio of 8.66
0.2
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Support with threshold = 0.22

Support with threshold = 0.22 y aﬁ’ngle'eme;;m o
in distance een i a
100 F eiemajl by EDS 00
80
— —~ 60
E E
£ £ |-
> > 40 ) . o
20
0 0
0 20 40 60 80 0 20 40 60 80
x (nm) x (nm)

Support with threshold = 0.22
Edge F corrected by 95% Conf in mean
X Min distance between F and C

Carbon support with threshold = 0.22
Portions of carbon with ionomer

100 100
: A
A
80 \
-~ ~ 60
E E
= =
> > a0 ™~
\“\
AN
20 Cas
0 0
0 20 40 60 80 0 20 40 60 80
X (nm) X (nm)

Figure A6 lonomer coverage of Pt/KB (pristine) = 33% for an I/C weight ratio of 1.06.
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Figure A7 lonomer coverage of Pt/KB (scheme 1) = 39% for an I/C weight ratio of 0.66
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Figure A8 lonomer coverage of Pt/KB (scheme 2) = 34% for an I/C weight ratio of 0.66
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Figure A9 lonomer coverage of Pt/KB = 38% for an I/C weight ratio of G:@52
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