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Abstract

Catalyst layer modeling can be a useful tool fal ftell design. By comparing numerical results to
experimental results, numerical models can proadeetter understanding of the physical processes
occurring within the fuel cell catalyst layer. Tluign lead to design optimization and cost reduction

The purpose of this research was to compare, &fitst time, a direct numerical simulation (DNS)
model for the cathode catalyst layer of a PEM fuadl to a newly developed experimental technique
that measures the ionic potential through the tengft the catalyst layer. A new design for a
microstructured electrode scaffold (MES) is progbs&d implemented. It was found that there is a
25%-27% difference between the model and the exygstial measurements.

Case studies were also performed with the DNS topeawe the effects of different operating
conditions, specifically temperature and relatiwemidity, and different reconstructed microstructure
Suggested operating parameters are proposed forbélsé comparison between numerical and
experimental results. Recommendations for microtitre reconstruction, MES construction and
design, and potential measurement techniques soegalen.
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1. Introduction

1.1 Fuel Cell Operation OverviewFigure 1 shows a schematic of a hydrogen-fuelexdop
exchange membrane fuel cell (PEMFC). Humidified rogen is supplied through the anode flow/gas
channel and diffuses through the anode diffusigmerlawhen the hydrogen comes into contact with the
catalyst later, it is reduced easily to hydrogarsiand electrons through the hydrogen oxidatiocti@a
shown in Eq. (1).

(1)

The key to a PEM fuel cell’'s operation is that thembrane of the fuel cell is ionically conductive
only. This means that the hydrogen ions can prodéedtly to the cathode through the membrane but
the electrons have to take an alternate path thrangelectrical load.

03, Ny, H,0 — Cathode Flow Channel — 0, N, H,0

Cathocde Gas Diffusion Layer

Cathocde Catalyst Layer
e T H+T Membrane IHzo
L

Anode Catalyst Layer

Anode Gas Diffusion Layer

H,, H,0 — Anode Flow Channel — H,, H,0

Figure 1. Schematic of a hydrogen PEM fuel cell.

The cathode gas channels and diffusion layer ssimagar purposes as the anode side. Humidified
air or oxygen is supplied through the cathode gascel and diffuses towards the cathode catalyst la
through the diffusion layer. The electrons, hydrogens, and oxygen molecules meet in the cathode
catalyst layer and combine to form water througé ¢tixygen reduction reaction shown in Eq. (2);
leading to an overall reaction for the fuel celbsim in Eq. (3).

(2)
®3)

In both anode and cathode catalyst layers, a fitnase boundary must exist in order for the reaction
to occur. Pore space, electrically conductive nmateand ionically conductive material must form a
three phase boundary to allow transport of reastgmbducts, and electrons.

In the ideal (reversible) case, the fuel cell ekkian open circuit voltage of 1.2 V. While produgi
current, losses reduce the cell voltage to a mouafel value. These losses arise from processes that
include electrochemical reactions at each electno@es transport through the flow channels andysoro



electrodes (the diffusion layer and the catalygety and transport of electrons and ions throdgh t
electrodes. These losses are affected by processhsas water production due to the electrochemical
reaction and water diffusion through the membraume the catalyst layer due to electro-osmotic dhag.

is important to become familiar with these processed the laws governing them in order to create an
accurate description of fuel cell performance.

Fuel cell modeling allows us to predict and analyre performance of a fuel cell before it is built.
Models can demonstrate effects of different opegationditions and catalyst loadings, among other
things. Some models can even predict effects @lysttlayer morphology, including graded catalyst
and Nafion loading through the catalyst layer aadable catalyst layer porosity. These models @an b
used to design improved fuel cell components aetidall systems. The following section explains the
processes occurring within the cathode of a ful These mathematical descriptions can be used to
develop fuel cell models of different types.

1.2 Cathode Processellydrogen PEM fuel cells use either humidified @irhumidified oxygen as
the oxidizing agent at the cathode. The oxidargugplied through the cathode gas channels and its
behavior within the gas channel can be describeld thie continuity and conservation of momentum
equations shown in Eq. (4) and Eq. (5)

— (4)
— (5)

where , U, g, andp are the mixture density, velocity vector, grawsctor, and the thermodynamic
pressure, respectively. The are the viscous stresses on the fluid. The teryerdistribution within
the channel can be modeled with the thermal enegggation shown in Eq. (6)

— " — #" % (6)

whereT, G, k, , and represent the temperature, specific heat of theumaxthermal conductivity of
the mixture, the coefficient of thermal expansionthe mixture, and the dissipation function invoty
the viscous stresses.

The equations governing the mass transport throlghporous electrodes (the diffusion layer and
the catalyst layer) are similar to Eq. (4)-(6) wilte addition of a porosity term and a thermal gyer
source term, and are shown in Eq. (7)-(9)

%

& (7)
* & & & (8)
— - g (9)



where and are the porosity and the thermal energy source. t€hrmal energy sources include heat
generation from irreversibilities (diffusive, Ohmi@and activation overpotentials) and from the
reversible thermal energy of the electrochemicattien.

The conservation of mass equation in the poroustrede must include each individual species
because water is being produced and oxygen anddgdrare being consumed. This is especially
important for water. Water can be produced in eithe liquid phase or vapor phase depending on the
temperature and local relative humidity at the tieacsite. Water can also be added or removed from
the cathode through electro-osmotic drag. When dgeln ions move across the proton exchange
membrane and the membrane is sufficiently hydrdtexlions “drag” water molecules across with them
towards the cathode. The rate of electro-osmotay dilepends on the current and the membrane
hydration. In addition, water can diffuse across thembrane due to a difference in concentration
between the anode and cathode sides of the membrane

The electronic and ionic charge produced by thetelehemical reaction must also be conserved
and can be modeled with Eq. (10.1) and Eq. (10.2)

(_L * + " +3+ + ' + (101)

Lo (10.2)

where subscripte andi denote electronic and ionic phasqsis the charge density,is the current
density vector, is the conductivity, is the potential, and is the charge production. Since charge
must be conserved,.= ;. The electronic and ionic potentials can be relatethe current production
per unit area of catalyst surfageusing the Butler-Volmer equation shown in Eq.)(11

0 012 34567 g49; : <3 4 567g40= > (11)

wherejo, act, o andn are the exchange current density, activation mtergial, cathodic transfer
coefficient, and the number of electrons transteirethe electrochemical reaction (2), respectivaty
order to have a multi-dimensional catalyst layerdelp current density values can be converted to
current production per unit volume of catalyst laye

The preceding equations provide a general matheatadiescription of the processes within the
cathode and involve only a few restrictive assuori (1) the fluid forms a mathematical continuum;
(2) the particles are essentially in thermodynaegjuailibrium (the “local equilibrium” assumption)3)X
the only effective body forces are due to grav(@} heat conduction follows Fourier's law [1]; (5)
assumptions of the Butler-Volmer equation are 8atls The most difficult terms to define in these
equations are the viscous stress terms and thedhenergy source terms which can be functions of
position, time, and temperature.

Although the preceding equations describe the pEseoccurring on the cathode side of a fuel cell
quite thoroughly, this system of coupled, transi@airtial differential equations with time and pmsi

3



varying coefficients must be solved in order toambtsolutions for current density, ionic potential,
water/oxygen concentrations, temperature, and otlgtnown variables. This becomes nearly
impossible without making simplifying assumptiof@rtunately, assumptions such as isothermal and
steady state operation, the specific phase of tbdust water, and others can be made to simpléy th
governing equations and allow for computational etiog).

1.3 Purpose of ResearciThis research can be divided into three aredalysa layer reconstruction,
modeling catalyst layer processes, and experimemtakurement of ionic potential. The purpose & thi
research is to study the underlying transport phem@ using a direct numerical simulation (DNS) of
the cathode catalyst layer developed by MukhemekVdang [2], and validate and verify the findings t
the experimental through-plane ionic potential measients. The DNS model provides cross-sectional
area averaged ionic potential results through tiekness of a stochastically reconstructed catalyst
layer. The experimental data is gathered by a nelgleloped technique (Hess et al. [3]) and yields
ionic potential measurement data at different oot through the catalyst layer. By comparing the
numerical results to the experimental results,atvputational model can be evaluated and validated.
The experimental data can also provide furtherghmsinto the catalyst layer structure, processes
occurring within the catalyst layer of a PEM fuallc and numerical catalyst layer reconstruction
methods. Finally, the model can help to guide inapments to the existing ionic potential measurement
technique.



2. Literature Survey

2.1 Porous Media CharacterizatiorOne method of modeling cathode catalyst layecgsses in a
PEM fuel cell involves discretizing the governinguations and solving them in a numerical domain
with features equivalent to those of the actuahlgat layer. Before the governing equations can be
solved, however, it is first necessary to charatethe microstructure of the porous catalyst lapsr
this is an essential input into predictive modelifige following sections summarize different method
for doing so.

2.1.1 Mercury Intrusion PorosimetryPorosimetry is a technique used to measure poee S
distribution, volume, density, and other porosijated properties of a material. A non-wettingdlui
like mercury is forced into the pores of the maleby an external pressure. The equilibrium
pressure is inversely proportional to the pore;dirgher pressure is required to intrude mercuty in
micropores while less pressure is required to ddgrmercury into macropores. The relationship
between equilibrium pressure and the amount of ungrimtruded into the material can be used to
find pore size data.

Mercury intrusion porosimetry (MIP) is widely usexlcharacterize porous materials. Kong et al.
[4] used MIP to investigate the influence of pormesdistributions in the diffusion layer on mass
transport in PEM fuel cells. It was found that peize distribution has a more important effect on
cell performance than the total porosity of the gi#fusion layer. Androutsopoulos et al. [5]
developed a model to interpret mercury penetraéind retraction behavior when using MIP to
determine pore structure and distribution in pormaderials. The model can predict the movement
of mercury under increasing or decreasing presswtech can give insight into the
interconnectedness of pore segments.

While MIP is a useful technique for characterizpgrous media, it does have disadvantages.
Firstly, it is a destructive technique. Once MIR@ducted on a sample, the sample cannot be used
again. This disadvantage is not significant if feeous homogeneity of the bulk material can be
ensured so that tests can be made on a represergatnple. More significantly, intrusion pressure
may crush the structures being evaluated. MIP isaneseful tool when examining a porous material
consisting of more than one material (carbon andnwer), as it cannot distinguish between the two
different materials. For this reason, MIP does paivide an adequate description of fuel cell
catalyst layers for direct numerical simulation.

2.1.2 X-Ray Computed Tomographynother method to characterize the catalyst lager
through 3-D experimental images using nondestractX-ray computed tomography (CT).
Penetrating radiation is used to take high resmhuX-ray pictures. By rotating the sample, X-ray
pictures can be taken at multiple angles; the mstican then be computationally analyzed and
assembled to obtain 3-D volume information. Theygeale pictures produced by the CT represent
X-ray absorption coefficients of the materials witlthe medium and can be used to distinguish
between different materials. CT has been usedemtédical field for many years but more recently
has other applications including the evaluationcrdck distribution and propagation in porous
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materials under loading [6], characterization aflbgical materials like wood [7], and evaluation of
porous electrodes in fuel cells.

Griesser et al. [8] used CT to characterize thegoelectrodes in solid oxide fuel cells (SOFC).
They were able to determine the location and thigtion of cracks, channels, and medium sized
pores in the catalyst layer. This information hellgéermine the ionic conductivity of the ceramic
and the mechanical stability of the catalyst lagading to geometrical optimization and methods
for improving materials and processes.

Izzo et al. [9] used CT to reconstruct SOFC anadesib-50 nm resolution. Using this method
they were able to find the porosity and tortuosityhe porous electrode as well as the percenthge o
transport pores, or the percentage of pores formingpntinuous pathway from one end of the
sample to the other. Structural parameters fountyuST showed good agreement with prior results
using MIP. The reconstructed porous medium was tlssu to computationally predict pore-scale
mass transport and electrochemical reactions wittenfSOFC anode to optimize electrode structure
for achieving higher power density and durability.

Recently, Pfrang et al. [10] used X-ray computechdgraphy to image membrane electrode
assemblies (MEA) of PEM fuel cells. 3-D imagestled MEA and attached gas diffusion layers
reached sub-um resolution. The carbon fibers ofgéee diffusion layer could be resolved and the
catalyst layers could be visualized.

2.1.3 Stochastic Reconstruction MethodsStochastic reconstruction methods use two
dimensional images of a porous medium to statisticaconstruct the pore network. Quiblier [11]
was first to extend this method in three dimensiosisig a probability distribution function and a
two-point autocorrelation function found from theD2image. Bentz et al. [12] simplified the
approach outlined by Quiblier by exploring the effeeness of a modification to the reconstructed
microstructures based on analysis of the hydraalttus of the porous media. Liang et al. [13]
improved the method introduced by Quiblier by iditoing a truncated Gaussian method using the
Fourier transform. This improvement reduces botmmater time and memory required by
eliminating the need to solve a system of nonliregprations.

Okabe et al. [14] used multiple-point statisticaformation, which describes the statistical
relation between multiple spatial locations, fromnt2-D sections to generate 3-D pore-space
representations. The model was tested on Fontaaeldandstone and it was found that the use of
multiple-point statistics predicts long range castivity of pore structures better than two-point
statistical methods.

Yeong et al. [15] reconstructed random porous média limited morphological information
using a variation of the simulated annealing methdte procedure involves finding a state of
minimum “energy” among a set of many local minimaiterchanging the phase of pixels in the
digitized system. The energy is defined in termsh® sum of a squared difference between a
reference and simulated correlation function. Thpabilities of the model were demonstrated by
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reconstructing 1-D and 2-D porous structures, atel lextended to three dimensions [16]. Kim et al.
[17] used a method based on simulated annealingctinstruct the catalyst layer in a PEM fuel cell.
Three phases are reconstructed; platinum/carbaegtrelyte, and gas pores. The pore size
distribution of the reconstructed catalyst layeratidated against experimental results.

Another method to reconstructing porous media ke multiple images through the material.
While CT is one method for doing this, another ithwhe help of a focused ion beam (FIB) and a
scanning electron microscope (SEM). A picture & sample can be taken with the SEM then the
FIB can remove a layer of material and anotherupgctan be taken. This process can be repeated
until the desired number of pictures is acquirduk Pporous structure between each SEM picture can
then be assembled stochastically. Bansal et g .qu&essfully reconstructed sub-20 nm features in
silicone using this technique. Wilson et al. [19ed this technique to make a complete 3-D
reconstruction of a SOFC anode. The data was wseald¢ulate critical microstructural features such
as volume fractions and surface areas of speclimsgs, three phase boundary length, and the
connectivity and tortuosity of specific sub-phasa#hile this technique is useful for many different
materials, FIB sectioning tends to be difficult fwolymer based materials, such as a PEM catalyst
layer, because the beam damages the polymer indingy of the cut, leading to inaccurate images.

The problem of reconstructing random heterogeneaigsostructures is applicable when trying
to reconstruct fuel cell catalyst layers. The seedl annealing technique is one approach to doing
so. More recently, however, Patelli et al. [20] gest a hybrid approach utilizing both the simulated
annealing technigue and a genetic algorithm. Thnellsited annealing technique is used to refine the
solutions identified by means of the genetic alfpon, increasing both accuracy and efficiency.
Kasula et al. [21] successfully reconstructed solkile and PEM fuel cell electrodes using 2-D
transmission electron microscope (TEM) images. I&istc reconstructions yielded three phase
representations. It was found that two-point diaisyielded a more realistic representation of the
porous media than one-point statistics. SOFC reénaigns were implemented into a numerical
model using the Lattice Boltzmann Method (LBM).

Wang et al. [22] reconstructed a regular microstmecto be implemented into a direct numerical
simulation PEMFC catalyst layer model to study nhaipgical effects of the catalyst layer on fuel
cell performance. Wang et al. [23] followed witletreconstruction and implementation of a random
microstructure. The reconstructed microstructuressanplified to contain two phases, the gas/void
phase and a mixed electrolyte/electronic phasem@tely, Mukherjee and Wang [2] generated the
microstructure of a PEM catalyst layer using theidgan random field method extended to three
dimensions developed by Quiblier [11] with a sirftig modification developed by Bentz et al.
[12]. This stochastic simulation technique is cdpadf generating 3-D replicas of the random
microstructure based on specified low-order siatikinformation (as opposed to using multiple-
point statistics for simplification) such as theqsty and a two-point autocorrelation functionisrh
information can be obtained from processing miapgs of the porous sample into binary-image
format. This numerical representation of the catallayer can then be implemented in the



aforementioned DNS model. Because of low cost agl imicrostructure reconstruction speed, this
reconstruction method is used throughout this rebeand a more detailed description follows.

The stochastic reconstruction method assumes thatkatrarily complex pore structure can be
described using a phase functid). The value of the phase function at each paingquals a
value of zero if the point belongs to the pore/vpithse, and a value of one if the point belongs to
the solid phase. Mathematically, the phase funatembe described with Eq. (12) [24]
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If the pore structure is statisticalhomogeneoyshen it can be described using two statistical
properties; the porosity,, and the two-point autocorrelation functiolz(u). The porosity is the
probability that a point within the domain is inetlpore/void phaseZ(r) = 0). The two-point
autocorrelation function is the probability thatotywoints at a distanaeare both in the pore/void
phase. The porosity and two-point autocorrelatiamction are defined mathematically in Eq. (13)
and Eq. (14) [24]
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where overbar denotes a statistical average wansl the lag vector. If the porous medium is
statistically homogeneous, the porosity is uniform.

In general, the stochastic reconstruction methbdildgs the porous medium using an image of
the actual medium (TEM or SEM). The two-point awtwelation function can be calculated from
the image by converting the image to binary. If khex N pixel 2-D image is defined as a discrete
valued functiori(x, y)with periodic boundaries, whel§, y) equals one for solid phase and zero for
pore/void phase, the two-point autocorrelation fiom; S(x, y) found from the binary image is
given by Eq. (15) [25]
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The two-point autocorrelation function can be canted to its polar formS$(r), for distances in
pixels with Eq. (16) [25] and imposed onto a thd@aensional domairf;(x,y,z) with Eq. (17) [26]
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where\igBu \ gNJGuBgGDH is obtained by bilinear interpolation from theuwesS(x, y).



Following the approach by Quiblier [11], an initid3tD image is generated that consists of
Gaussian distributed noise generated using a mmifandom number generator and the Box-Muller
method to convert the uniform random deviatesaioal deviates. This 3-D noise imad¥X, y, z)
is directly filtered with the 3-D autocorrelatiomriction, F(x, y, z) The resulting image can be
described with Eq. (18)
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Values obtained from Eqg. (18) are then rounde@ tr 1 to create a binary image. This is a
simplification to the method used by Quiblier [Mhere a matrix of filtering coefficients must be
found by solving a large system of nonlinear eaqureti This simplification was developed by Bentz
et al. [12] and is desired numerically to avoiddrsion.

The porosity of the resulting 3-D reconstructi@m ¢hen be calculated. Earlier, a threshold was
chosen for the gray scale for the 2-D binary imadmve which points are set to solid phase and
below which points are set to the pore/void phdges gray scale threshold is iterated until the
porosity of the reconstructed porous medium matthatsof the actual sample (measured separately
using standard techniques). A specialized structdesignation routine is then used in order to
establish structural connectivity [23]. The resudti3-D microstructure contains two phases; void
phase for oxygen and water transport and a mixectrelyte phase containing ionomer, platinum,
and carbon for electron and proton transport. Tiopgrties of the electrolyte phase are found from
the volume fractions of ionomer, platinum, and carlised in the catalyst layer fabrication process.
Consequently, the specific interfacial area whieeereaction occurs can be determined as a location
where a transport void phase meets a transpott@ige phase (see Section 3.1) [2].

2.2 Modeling Cathode Catalyst Layer Processes inMPEuel Cells Modeling cathode catalyst

layer processes can be very difficult because @fptiysics and governing equations that must beeabey
(see section 1.2). In order to properly model algat layer it is very important to know the govieq
equations of the processes, the boundary condjtemd the initial conditions if the system is not a
steady state. Different assumptions can be madarplify the model. Selection of input parameteys i
also important for an accurate and efficient modik following sections review ways of modeling the
cathode catalyst layer.

2.2.1 Interface ModelsInterface models treat the catalyst layer asim ititerface where the
electrochemical reaction occurs. These models asedon the flux balance concept, which keeps
track of all the species that flow in, out, andbtigh the fuel cell. Mass, species, and charge ailst
be conserved in these models, which is capturdgigoy19) [27]
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wherej, F, 8y, %,/ %, . ¢, ,and={  represent the current density, Faraday's constaet,
ratio between the water flux across the membradelzan charge flux across the membrane, net flux
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of hydrogen ions across the membrane, net fluxydfdgen into the anode, net flux of oxygen into
the cathode, net flux of water into the anode,fluet of water across the membrane, and net flux of
water into the cathode, respectively.

Springer et al. [28] presented a 1-D, isothermahdy state PEM fuel cell model that accounted
for water diffusion coefficients, electro-osmoticad coefficients, water sorption isotherms, and
membrane conductivities. Polarization curves weemegated at typical operating conditions.
Bernardi et al. [29] developed a similar model @maine limitations of cell performance. With
modern CFD, more complicated models can be devdlopmong them, Khajeh-Hosseini-Dalasm
et al. [30] developed a 3-D, transient, two phasathermal model for the cathode side of a PEM
fuel cell and Hu et al. [31] developed a 3-D CFDdelathat accounts for two phase flow of water in
both the cathode and the anode as well as theteftécflow channel rib resistance on species
transport.

While interface and flux balance models can provig®d predictions of overall fuel cell
performance, they do not account for the intrice@&processes occurring within the catalyst layer
during fuel cell operation, specifically, these ratsddo not acknowledge the necessity for the
existence of a three phase boundary for a functgoatalyst layer. To better understand the detaile
interactions between geometry, fluid dynamics, iphbldse flow, electrochemical reaction, and
overall catalyst layer processes, the catalystrlgf@ses (carbon, ionomer, and void) must be
modeled individually.

2.2.2 Agglomerate Model®Agglomerate models assume that the structureeotatalyst layer is
composed of groups of platinum particles suppodadcarbon black particles and bounded by
polymer electrolyte. Micropores exist inside theglagherate between carbon grains while
macropores constitute the void spaces between aggides. Because of the intricate porous
structure, different modes of gas transport arpaesible for the supply of oxygen to the reaction
sites. Generally, oxygen reaches the reactionttsiteigh Knudsen diffusion or by Fickian diffusion
in the micropores (pores within the agglomerates) tarough Fickian diffusion in the macropores
(pores around agglomerates). The relative impoeaotc these distinct modes of diffusion is
determined by the pore volumes of the micro andropaes, which is determined by the ionomer
content in the catalyst layer, among other things.

Boundary conditions are implemented on the mendicaalyst layer interface and the catalyst
layer/gas diffusion layer interface. Based on ddf¢é assumptions, current density, oxygen
concentration, etc., can be found through the tlesk of the catalyst layer. By varying agglomerate
properties/geometry and the volume fractions ofabmponents of the catalyst layer, the geometry
and properties of the catalyst layer vary. Henbe, ¢ffects of catalyst layer geometry on cell
performance can be investigated.

Broka et al. [32] compared an interface model am@&gglomerate model (1-D and isothermal).
It was found that the agglomerate model matche@m@xental results better. An SEM analysis was
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also done on a catalyst layer. It was found thatafglomerate is a fairly geometrically accurate
representation of an actual catalyst layer. Bergl.€33] developed a non-isothermal, macroscopic
model of the cathode catalyst layer in a PEM fudl. @he model describes the reaction-diffusion
kinetics of the three phase catalyst layer. It Wamd that an interface model may not hold over the
whole range of realistic oxygen concentrations bemwliquid pore water is present due to variations
in the effective exchange current density with apiag conditions. Genevey et al. [34] used a finite
element method to model a transient cathode catidysr assuming an agglomerated structure.
Equations for the conservation of reactants andymts, electronic and ionic currents, and energy
were considered.

Eikerling et al. [35] used the agglomerate modelinegestigate the performance of cathode
catalyst layers in PEM fuel cells due to effect®xygen diffusion, proton conductivity, and reaantio
kinetics. Ranges of optimum catalyst layer thidges are revealed depending on the current
density range. Song et al. [36] used an agglomenaidel to perform numerical optimizations with
respect to one or two parameters of four desigampaters of the cathode catalyst layer: Nafion
content, porosity, thickness, and platinum loadBignilarly, Kamarajugadda et al. [37] explored the
effects of ionomer loading, platinum loading, ptatin/carbon ratio, agglomerate size, and catalyst
layer thickness, while Wang et al. [38] examinefledent structures of agglomerates and their effect
on performance. An approximate analytical solufemplanar geometry of agglomerates was found
as well as the effects of agglomerate radius anchd@ry conditions.

As CFD advanced, more complicated models emergetliding one developed by Schwarz et
al. [39], who used CFD to calculate 3-D, multiphaseilticomponent transport phenomenon in a
PEM fuel cell while taking account for the detailemimposition and structure of the catalyst layers
using a multiple thin-film agglomerate model. Femmore, Liu et al. [40] presented a model that
accounts for the full coupling of random porous rpmlogy, transport properties, and
electrochemical conversion in cathode catalystriayeth agglomerated structure. The model is
capable of determining spatial distributions of evaioxygen, electrostatic potential, and reaction
rate. A critical current density is observed ungéich the liquid water saturation is well below the
critical value for pore blocking. At current dems# larger than the critical current density, pore
blocking occurs at different locations within thatalyst layer and reactant and reaction rate
distributions are highly non-uniform. Schwarz et 1] examined the effect of 3-D spatially
distributed catalyst loading on PEM fuel cell peniance while Srinivasarao et al. [42] explored the
use of multiple catalyst layers. The effects ofoimer content and porosity through the thickness of
the catalyst layer were observed.

Siegel et al. [43] used electron microscopy to abtarize the geometry of agglomerates within a
catalyst layer. A CFD model was used to deterntieeeffects of agglomerate geometry on fuel cell
performance. It was found that control of catalyeyer structure at the microscopic level,
particularly void fraction and characteristic aggkrate length, could lead to better fuel cell
performance in the high current density region wlemcentration overpotential is most significant.
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This work was later extended by Coppo et al. [#44¢count for the temperature dependence of all
model properties involved in the model formulation.

While agglomerate models represent the geometey aitalyst layer, they may leave out many
important features/non-uniformities of an actudbbgst layer. There are also some assumptions that
are made, such as uniform ionic conductivity in taalyst layer ionomer, that contribute to
discrepancies with experimental results.

2.2.3 Direct Numerical SimulationDirect numerical simulation (DNS) is a numeritathnique

to solve conservation equations in a mathematioaiain. A two-stage numerical integration using
the finite volume method approximates the tempeanad spatial components of the governing
equations. In catalyst layer modeling, DNS can beduto solve point-wise accurate species and
charge transport equations directly on the diggakesentation of the catalyst layer. Doing so give
insight into the effects of morphological paramsten the performance of the cathode catalyst layer
through a systematic pore-scale description ofutigerlying transport processes. The catalyst layer
can be discretized by numerically reconstructireggbrous microstructure (see Section 2.1).

Wang et al. [22] first introduced DNS in PEM fuellls on regular catalyst layer microstructures
and later to random catalyst layer microstruct(iz&. Mukherjee and Wang [2] extended this work
by using Fluent to implement direct numerical siatiein on a stochastically reconstructed catalyst
layer and later investigated the effects of bilag@thode catalysts layers using DNS [45]. Although
DNS requires numerical reconstruction of the catalgyer and can be computationally expensive, it
is a powerful method for modeling catalyst layeogasses. Mukherjee and Wang's [2] choice of
stochastic microstructure reconstruction couplethwheir DNS model is used throughout this
research and a more detailed description follows.

Mukherjee and Wang's [2] DNS code aims to modehlgat layer processes and examine
species and charge gradients through-plane usstachastically reconstructed catalyst layer. Due to
the complex, coupled processes occurring withinctitalyst layer of a PEM fuel cell (see Section
1.2), assumptions must still be made to simplifg governing equations and facilitate modeling.
The key processes included in the model are: (¥ d¢ixygen reduction reaction at an
electrochemically active surface in the reconsedgore structure as given by Eq. (2); (2) diffasio
of oxygen and water vapor through the pore phasleemeconstructed pore structure; and (3) charge
transport through the solid phase in the recontdupore structure.

The specific assumptions in the DNS model are ksae:

1. Isothermal and steady state operation.

2. The oxygen concentration in the void phase equas in the thin polymer electrolyte film
covering platinum reaction sites. The oxygen cotre¢ion gradient through the polymer
electrolyte film to the reaction site is zero dadfe small thickness of the film (~5 nm).

3. The solid phase in a real catalyst layer consist®lectronically conducting material and
ionically conducting material. Since the recongdcmicrostructure only accounts for two
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phases (void and solid), a Bruggeman correctiomsed to take into account the effect of the
electronic phase volume fraction when calculatimg ionic conductivity. Because the catalyst
layer is very thin and its electronic conductivisyvery high, the electronic phase potential is
assumed to be uniform and electron transport icoisidered.

4. Only water in the vapor phase is considered evethmaf water vapor concentration slightly
exceeds the saturation value corresponding to tek aperation temperature (slight
oversaturation is allowed).

5. Water in the electrolyte phase is in equilibriunthwihe water vapor; thus, only water transport
through the void phase is considered.

Because of the assumptions made, the time termseamgkerature terms in Eq. (7)-(10) can be
neglected. Also, body forces due to gravity caméglected since there is no liquid phase and gas
phase body forces are small. The governing equatian therefore be reduced to three conservation
equations for the transport of charge, oxygen,vaaigr vapor shown in Eq. (20)-(22)

- ¥ \ - (20)
2% >\ (21)
2%05[, e, > Ve, (22)
where ;, %’aé’[ , %eé[’ s ,[,and g, are the ionic conductivity, diffusion coefficieot oxygen gas,

diffusion coefficient of water vapor in gas, iomibase potential, local concentration of oxygen, and
local concentration of water vapor, respectively.

The ionic conductivity of the electrolyte phasadjusted using a Bruggeman correction, shown
in EqQ. (23), to take into account the effect of éhectronic phase volume fraction and the porasity
the catalyst layer.
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o IS the intrinsic conductivity of the ionomes, ¢, and ¢ are the ionic, electronic, and gas pore
volume fractions, andh is a variable that accounts for the tortuositytleé ionomer within the
catalyst layer, respectively.

The second terms in the conservation equationsesept a volumetric source/sink term for
charge, oxygen, and water vapor. The source tewnlisvalid at the catalyzed interface where the
electrochemical reaction takes place and is a inmdf the interfacial surface area per unit volume
of catalyst layer, current density, and locatiohe Bpecific interfacial area can be found throungh t
microstructure reconstruction.

The overpotential,, is defined in Eq. (24)
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where .andU, are the electronic phase potential and referenea opcuit potential of the cathode
at the cell operation temperature. Both of thedeesmare constant. The conservation and source
terms can be discretized to find parameters andpotential at each active site within the 3-D
reconstructed microstructure. Transfer current betwtwo neighboring locations forming an active
reaction interface is described by the Tafel equatDetails about the discretization can be found i
Mukherjee and Wang [2].

Boundary conditions at each face of the 3-D recanttd microstructure are needed for oxygen
and water vapor concentration and ionic phase pateRor ease of implementation of the boundary
conditions, one layer of electrolyte element isetldt the boundary between the catalyst layer and
the membrane, and a uniform operating current gieg to this layer. Similarly, at the boundary
between the catalyst layer and the gas diffusigerlaone layer of pore elements is added and
uniform oxygen and water vapor concentration igtied to this layer. The boundary conditiony at
=0,y =W, z=0,andz = 7z (see Figure 5) are symmetrical and can be defisg@jlEq. (25)
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wheren is the direction normal to the respective bound@hese boundary conditions indicate that
the concentrations of oxygen and water vapor aedidhic phase potential do not change at the
boundary in the respective direction. Using a caimspa to heat transfer, the boundary conditions in
Eq. (25) represent insulated sides.

The boundary conditions in the x direction (seauFégb) become more complicated. At 0 the
boundary conditions are defined in Eq. (26)
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Where%€[, andl are the diffusion coefficient for water and thereat densityN,, netrepresents the
net water flux through the membrane. This term sakeo account water diffusion through the
membrane to the cathode side due to electro-osnubdig as well as water flux through the
membrane due to back diffusion from the cathodéecanode side and is defined in Eq. (27)

Wese W ogps W~ . s W ™M¢ (27)

whereNy, drag and Ny giff are water flux due to electro-osmotic drag and kdiffkision, respectively.
ng is the electro-osmotic drag coefficient and refershe number of water molecules migrated
across the membrane per proton as current is pasbednet water transport can be simplified by
defining a net water transport coefficient, is assumed to be constant £ 0.2) although it
depends on reaction rate and inlet humidity cood#ti The boundary conditions at= x_ are
defined in Eq. (28)
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where (Bl and € Bbs represent the oxygen and water vapor concentsatrthe catalyst layer
and gas diffusion layer interface. Both are adgidte take into account the diffusion resistance
through the gas diffusion layer with constant coricgion in the flow channel, representing a high
stoichiometric flow rate. Diffusion coefficients earadjusted with respect to gas diffusion layer
porosity and tortuosity to take into account thigudion resistance. Further details about the peeci
definitions of these concentrations can be foundippendix A.

Input parameters into the model include operatimnddions, geometry, and transport
parameters. In the DNS model, most of these pammate constant. However, ionic conductivity
changes with location in the catalyst layer andcigse diffusivity is a function of operating
parameters.

The ionic conductivity of the ionomer changes withation because it is a function of water
content and the water content is a function ofreative humidity. Since water vapor production
varies spatially within the catalyst layer, the centration of water vapor, and consequently the
relative humidity, varies throughout the catalysydr. Therefore, the conductivity of the ionomer
within the catalyst layer varies and must be cal@d at every point where ionomer exists within the
catalyst layer. For pore-level modeling, Knudseifudion due to molecule-to-wall collisions must
be considered. The total diffusivity is therefor&e@mbination of binary diffusivity and Knudsen
diffusivity. The binary diffusion coefficients fasxygen and water vapor depend on the operating
parameters of temperature and pressure while thed$ém diffusion coefficients depend on
temperature and mean pore size. Further detailsitabalculating ionic conductivity, binary
diffusivity, Knudsen diffusivity, and combined dif§ivity can be found in Appendix B.

2.3 Techniques for Experimental Validation of ModeIThere are many characterization techniques
that are used for validating fuel cell models ahdse techniques can generally be divided into two
types: ex situ and in situ. Ex situ techniques ati@rize the detailed structure or properties ef th
individual components of the fuel cell. Generallye components are completely separated from the
fuel cell and are characterized in an unassembiedfunctional form. In situ technigues use the
electrochemical variables of voltage, current, #éinte to characterize the performance of fuel cells
under operating conditions [27]. The following sexs review various ex situ and in situ
characterization techniques for fuel cells.

2.3.1 Ex Situ Characterization Technique$lost ex situ characterization techniques focus on
identifying which individual elements most signdittly impact fuel cell performance. Among the
most important characteristics to evaluate are pateucture, catalyst surface area,
electrode/electrolyte microstructure, and electfel@etrolyte chemistry.

Porosity of both the gas diffusion layer and théalyat layer plays a large role in fuel cell
performance. To be effective, the porosity mustldrge and exhibit interconnected pore space
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through the entire material (effective porosityjteEtive porosity can be determined using volume
infiltration techniques like mercury intrusion penmetry (see Section 2.1.1).

The effective porosity of a material is relateditte permeability of the material. Permeability
measures the ease with which gases move througmaherial. Gas diffusion layers and catalyst
layers should have high permeabilities, while thembrane of the fuel cell should be impermeable
to gases. Permeability can be measured by meastmngolume of a gas that passes through a
material in a certain amount of time with a cerfaiassure drop.

Effective catalyst layers have high surface arearder to increase the possible area where the
electrochemical reaction can occur. The most ateuezhnique for determining the surface area is
known as the Brunauer-Emmett-Teller (BET) methdue BET method uses very low temperatures
to create a thin layer of inert gas on the sampitase. Typically, a dry sample is evacuated of all
gas and cooled to 77 K, the temperature of liquacdgen. A layer of inert gas will physically adleer
to the sample surface, lowering the pressure irattadysis chamber. The surface area of the sample
can then be calculated from the measured absoristdimerm [27].

A porous medium like the catalyst layer can alsacharacterized through examination of the
microstructure, pore size distribution, and cheingiedermination. Section 2.1 summarizes many of
the popular techniques. Others include X-ray difin (XRD) which provide crystal structure,
orientation, and chemical compound information, Augelectron spectroscopy (AES), X-ray
photoelectron spectroscopy (XPS), and secondaryri@ss spectroscopy (SIMS) [27].

2.3.2 In Situ Characterization TechniquedVhile ex situ techniques can provide information
about individual components of the fuel cell, itustlectrochemical characterization techniques are
more popular, and are used to study fuel cell perdmce and the effects of certain variables on the
current and voltage of the fuel cell. The most pgapin situ techniques include current-voltage
measurement, current interrupt measurement, etdtmical impedance spectroscopy (EIS), and
cyclic voltammetry (CV).

Current-voltage measurements (polarization curvas the most popular technique to
characterizing fuel cells, as they give insighbitiie overall performance of the fuel cell. Current
voltage measurements are usually obtained by alpwhe fuel cell to draw a fixed current and
measuring the corresponding operating voltage. [Bylg stepping down the current demand, the
entire current-voltage response for the fuel celh dbe determined. With this information,
polarization and power density curves can be obthift is important that the fuel cell is allowed t
reach steady state and operating conditions amrded (cell temperature, gas flow rates, etc.)
before the current-voltage measurements are taRgncomparing experimental current-voltage
measurements to model generated current-voltagetspabverall performance can be compared,
however, it is difficult to determine what exacitycausing any differences [27].

Current interrupt separates the contributions & éell performance into Ohmic and non-Ohmic
processes. Typically, a fuel cell is held at a dixairrent until a current is abruptly imposed (or
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withdrawn) att = 0. The resulting voltage response is then recorded asction of time. The
interruption of the current causes an immediatéagel change followed by a transient change in
voltage. The immediate voltage change is associatidthe Ohmic resistance of the cell while the
transient change in voltage is associated withribeh slower reaction and mass transport processes.
Usually, the Ohmic losses are determined at eacdsunement point on the current-voltage curve.
An iR-corrected curve can then be obtained by rengpthe Ohmic losses from the current-voltage
curve and can be used to separate the activatidncancentration losses from the cell. Current
interrupt is beneficial because it is a fast meam@nt method that usually doesn’t require
complicated hardware. By quantifying the Ohmic,ivatton, and concentration losses associated
with the fuel cell, areas for improvements in thed®l can be exposed [27].

Electrochemical impedance spectroscopy (EIS) is aremsophisticated technique for
distinguishing between Ohmic, activation, and comr@gion losses. This dynamic technique applies
a sinusoidal voltage perturbation to the fuel @l measures the corresponding amplitude and
phase shift of the resulting current response. Measents are conducted over a wide range of
frequencies, resulting in the construction of apaalance spectrum, known as a Nyquist plot. Using
the Nyquist plot, an equivalent circuit model candonstructed. Although EIS is time consuming, it
can help distinguish, more specifically than cutrarierrupt, between the effects of activation,
Ohmic, and concentration losses [27].

Cyclic voltammetry (CV) is a technique that canyide insight into the reaction kinetics within
a fuel cell. A voltage is swept linearly with timend the resulting cyclic current response is
measured as a function of time but plotted as atfom of the cyclic voltage sweep. CV can be used
to determine the electrochemically active surfacaan the cathode catalyst layer by quantifying
the total charge provided by hydrogen adsorptiodesorption on the catalyst surface. Most models
require active surface area as an input param@técan be used to determine this parameter [27].

The preceding techniques for fuel cell charactéomaare very popular and useful; at least one
of these techniques is used in all the referendasy don’t, however, give any insight into gradgent
across the cathode catalyst layer which can be tsduklp validate the model developed by
Mukherjee and Wang [2] used throughout this resedecently, however, Hess et al. [3] developed
the first method for taking in situ measurementsooic potential within a PEM fuel cell cathode
catalyst layer. Using this new technique, ionicgmbial can be measured at various points through
the catalyst layer. This method is ideal for vdiig Mukherjee and Wang's [2] DNS model, as
their model predicts the ionic potential througte tbathode catalyst layer. This experimental
potential measurement technique developed by Heak €3] is used throughout this research to
compare to potential gradient profiles obtainedrfrine DNS model developed by Mukherjee and
Wang [2]; a more detailed description of the expental technique follows.

To obtain in situ measurements, a microstructutectr@de scaffold (MES), originally proposed
by Hess et al. [3] and shown in Figure 2, is fadtied. The MES consists of alternating layers of ion
conducting material and insulating material whicinrgund a hole filled with catalyst ink. The ion
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conducting material intersects with the catalydt allowing for measurements of potential at
discrete intervals through the thickness of thalgat layer.

A tab protrudes from each layer of the MES and actsta reference electrode used to measure
ionic potential at that location within the catdlyayer. The hole filled with catalyst ink is miero
milled with a diameter between 100-200 um so thatdport effects within the catalyst layer can
remain one-dimensional and edge effects can bectegl.

Working electrode 140, H,0
(catalyst layer) 1 Measured
distribution
Ref. electrode or
eleciric contact 4
iy
¢
Insulating film /¢
Electrolyte film .
Je—r

Electrolyte separator .
Counter electrode
(catalyst layer)

Figure 2. A microstructured electrode scaffold (MES) desigged to measure potential at discrete
intervals along the thickness of the cathode cstddyer [3].

The MES takes the place of the cathode catalysirle§pecially designed cathode hardware is
used to accommodate the MES. With the MES in pliaxeg potential can be measured at different
depths in the cathode catalyst layer at differ@arating conditions.

2.4 Contributions of this Work to Catalyst Layer Meling. Being able to model a process with a
computer is very convenient. Before the physicalpct is constructed, it can be refined and opteahiz
through the computer model. This reduces cost mné significantly. If an accurate model of a PEM
fuel cell catalyst layer can be developed, pararaeteich as operating conditions, Platinum/Nafion
loading, macro-geometry, and possibly even pongegire geometry can be chosen to maximize overall
fuel cell performance. The purpose of this rese@ado compare ionic potential distributions thrbug
the catalyst layer from the direct numerical simiolamodel developed by Mukherjee and Wang [2] to
the in situ measurement technique developed by etesls [3] with the purpose of validating the mbde

Along with model evaluation, methods for improvitige stochastic microstructure reconstruction
method will be investigated as well methods for iaying in situ measurement techniques of ionic
potential in the catalyst layer. Since the in siteasurement technique is fairly new, there carobenr
for improvement, for example, in MES architectunel ghickness.
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3. Experimental Procedures

3.1 Porous Microstructure Reconstructiomefore thedirect numerical simulation modeling can be
performed, a numerical representation of the cahmatalyst layer must be constructed. This is done
stochastically using 2-D binary micrographs. If@epstructure is statistically homogeneous, it ban
described by the porosity of the medium and a teioipautocorrelation function. The porosity of the
medium is the probability that a point within therpus medium is a void and is a constant for a
statistically homogeneous porous medium. The twiat@utocorrelation function is the probability tha
two different points within the medium are bothanvoid and is determined from a binary 2-D SEM
image of the porous medium. The stochastic recectstn method extended to 3-D developed by
Quiblier [11] and modified by Bentz et al. [12] digpl throughout this research, uses a 3-D whitsenoi
image filtered with the autocorrelation functiondecide whether a point within a porous medium is a
solid or a void. An iterative process is used totamathe porosity of the reconstructed 3-D
microstructure to the actual porosity of the sampleich is determined through alternate means.
Specific details about the process can be fourtikdarpreceding sections. The following steps sunueari
the process.

1. A grayscale SEM picture is taken of the porous danop finite length and width as seen in
Figure 3.

o s &
P £y d ‘ . .
) y 8 -
B . - " . a

9/17/2010 [mag O] WD | HV | det| HFW
11:18:15 AM |50 000 x| 8.3 mm | 5.00 kV |[ETD [5.12 um Catalyst Layer surface

Figure 3. Grayscale image of a typical PEM catalyst layer.

2. The SEM picture is reduced to a binary black andenimage by choosing a threshold grayscale
value such that all pixels darker than that shaddarathe solid phase and all pixels lighter than
that shade are in the void phase. This binary ima@dtained using standard image processing
techniques and an example is shown in Figure 4.
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Figure 4. Grayscale threshold is chosen to convert the gadgsmage to a binary ima

3. The twopoint autocorrelation function found from the binary SEM ima using Eq. (15) and
Eq. (16). The twagaoint autocorrelation function contains informatiapout the probability of
point,r + u belonging to the pore space when pr belongs to the pore spaw is a vector and
r is theposition vector of a variable poi[11]. The autocorrelation function is then imed on a
3-D domain using Eq. (17).

4. An initial 3-D image is constructed using a random number gtarer&hese nubers are
completely uncorrelated to one another; howevesy tnust represent a Gaussian popule
[11].

5. The BoxMuller transformation is used to convert the uniiorandom deviates to norm
deviates. This becomes aXBwhite noise imageThis is a simplificatiorby Bentz et al[12] of
the approach utilized by Quibli{11], where a matrix of filtering coefficients is conipd by
solving a huge system of nonlinear equatit

6. This white noise image is then directly filteredh the twopoint autocorrelatiofunction, using
Eq. (18. The resulting values are rounded to (1 and the 3 microstructureepresentation is
generated.

Figure 5shows an example of «D reconstructed microstructure of thathodecatalyst layer. As
seen from the figure, there are two phases in ticeostructure; electrolyte phase and pore phase.
electrolyte phase consists of a mix of the eleatally and ionicallyconductive materials and tl
platinum catalyst sites. The pore phase as for the flow of aygen and water vapor and from the
catalyst sites. For each phase, there are twasstatansport” and “dead”. An element belonginghe
“transport” state means that it is connected to ¢betinuous network of its respective pe. An
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element belonging to the “dead” state means thigt ih an electrochemically inactive region because
either ions/electrons or oxygen cannot physicadiytg the reaction site.

“Transport” Pore

“Transport” Electrolyte
“Dead” Pore
“Dead” Electrolyte

Membrane

GDL

Figure 5. An example of a 3-D reconstructed microstructuseng stochastic reconstruction to be
implemented in a DNS computer model [2].

The resulting 3-D microstructure representation f@asd by choosing a certain grayscale threshold
to determine the 2-D binary image. Since the chofchis threshold affects the overall porositytio#
final reconstruction, the threshold has to be ddpisand chosen so that the porosity of the final
reconstruction matches the actual porosity of #ree (an iterative process).

The porosity of the catalyst layeg,, can also be calculated with the properties ofntlagerials used
to prepare the catalyst ink using Eq. (29)

< < Dy=t >
& O CCE: oot Vel o=t ¢£T§ (29)
where pi, ¢ nafion Ric, Reve, Loy, and Xc. are theare the densities of platinum (21.5 gRncarbon
(1.8 g/cnd), Nafion (~2 g/cm), weight ratio of Nafion to carbon, weight rati6 matinum to carbon,
catalyst layer platinum loading, and catalyst layeckness. All catalyst inks were prepared with138
platinum supported on carbon, an ionomer to caratio of 0.8, and a loading of 0.4 mg-Ptfcrithe
thickness of the catalyst layer is dictated bytthekness of the MES, which varied between 20-25 ym
depending on the MES (see Section 3.3.4). Using(E), the calculated porosity of the MES catalyst
layer will be slightly high compared to the porgsif a typical catalyst layer due to the thickness
MES. Typical catalyst layers yield a porosity oband 60% and the grayscale threshold chosen to
produce the binary SEM image is iterated so thaffital porosity of the reconstructed catalyst fage
60%. Consequently, DNS simulations are performedemonstructed catalyst layers with porosities
closer to that of a typical catalyst layer, buthnat greater thickness.
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Two different catalyst layer reconstructions wesedl throughout the modeling portion of this
research, both with 60% porosity. The differencevieen the microstructures is in the generatiorhef t
initial, 3-D random matrix; each generated withfetént stochastic realizations. Both catalyst layer
were reconstructed with 100 cells in the x direttamd 50 cells in the y and z directions (see Edir
with a total thickness of 20 um in the x directeomd 10 pum in the y and z directiom (= dy = dz =0.2
pum). In addition, one layer of electrolyte-only lsels added to the membrane/catalyst layer interfac
and one layer of pore-only cells is added at thmlgst layer/gas diffusion layer interface for the
implementation of boundary conditions.

The resulting 3-D microstructures are a discretimgatesentation of a porous medium including a
solid phase and a pore phase. A location at whitthaasport” solid phase contacts a “transport”gor
space represents an electrochemically active &ieect numerical simulation can be used to sohee th
equations governing the processes within the cathmatalyst layer and variables such as current
density, overpotential, oxygen concentration, aradew concentrations can be found at each location
within the reconstructed microstructure. These @sloan also be area averaged to find though-plane
profiles.

3.2 Modeling Catalyst Layer Processebhe flexibility of the DNS model allows for theser to
define cell operating temperature, exchange cudensity, oxygen and water boundary concentrations,
the cathodic transfer coefficient for the oxygedudion reaction, the net water transport coeffitie
(through the membrane), diffusion coefficientsd aatalyst layer thickness. The DNS model solves th
conservation equations within the domain of thenstructed catalyst layer which is the output & th
stochastic microstructure reconstruction program.

Desired model input parameters and boundary camgdittcan be modified as desired; more details
about the input parameters can be found in Appe@diXhe 3-D binary reconstructed microstructure
information is obtained through an interpolatide.fiThis interpolation file is basically the outpmftthe
3-D microstructure generation code and imposes dimary microstructure information onto the
generated meshis establishes the pore/solid distribution witthie computational domai®ore and
electrolyte connectivity is established and thukesathe computational domain of the porous catalyst
layer ready for subsequent flow calculations.

Once the model parameters, boundary conditiordscamputational domain have been established
the DNS is ready to be run. Approximately 5000atens must be performed in order to reach a level
of sufficient convergence (approximately 8 hours @nsingle PC). The program returns useful
information including data files of cross-sectioaa¢a averaged cathode overpotential, reactiormurr
density, and water and oxygen concentrations gsamice through the catalyst layer. These filesbhean
used to obtain plots and examine trends. In oml@btain polarization curves, the DNS model must be
run at each desired current density. The cell geltd.e;, can then be obtained with Eq. (30)

o] e, Z. pva* (30)

o
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whereU, is the reversible voltage (1.2 V), is the average value of potential in the catalgget,HFR

is the high frequency resistance for the catalgged, and is the current density. is found from the
area averaged cathode overpotential across thedmatatalyst layer;: is the average value of potential
in the catalyst layer. After finding the cell vaig polarizations curves can be plotted.

3.3 Through-Plane lonic Potential Measurementin order to evaluate the model developed by
Mukherjee and Wang [2] discussed above and to pétingner insight into catalyst layer processes, a
technique for measuring ionic potential through theckness of the catalyst layer is used. This
technique developed by Hess et al. [3] uses a strerctured electrode scaffold (MES) (see Figure 2)
and yields ionic potential measurements at diffel@rations through the thickness of the catalggét.

The MES constructed and presented by Hess et ]alvd8 approximately 50 um thick. A typical
catalyst layer thickness is between 15-20 um aackfbre, our main goal was to reduce the thickoéss
our MES to between 15-20 um yet still retain thditglto easily take potential measurements. Hdss e
al. [3] created their sublayers (ionomer/insulatoognbination) by spin coating Nafion solution omto
Kapton sheet. The individual sublayers were then pressed together to create alternating
insulating/ionically conductive layers as seen iguFe 2. While the spin coating process allowed for
very thin layers of Nafion (~1 um), the Kapton skeetre relatively thick (7.5 um). This produced a
Kapton/Nafion sublayer of ~9 um and a total thiclene$ ~50 um with five sublayers hot pressed
together. By aiming to reduce the thickness ofitisalating layer, the entire thickness of the MB8ld
be reduced drastically.

A product search revealed that insulating mategastsnot sold in sheets that are thinner than 5 p
in thickness. This led to experimentation with $iolu casting of the insulating material, similarttee
Nafion. The following sections summarize the degigocess, construction procedures of the final MES
design, implementation of the MES into the fuel,cahd data collection methods.

3.3.1 Geometrical Considerationghe overall geometry of the MES is important tmsider,
ensuring the ability to easily take ionic potentiasurements. As seen from Figure 2, a portion of
each sublayer protrudes from the MES, separate tlmmother sublayers (there is no sublayer
attached above or below during this portion). Tév@d potential measurement can then be taken at
the end of each protrusion on the ionomer layerh earresponding to a certain distance through the
catalyst layer. If each sublayer is to be hot pddsgether to create the MES, the overall geometry
of the MES is dependent on the geometry of eacivithahl sublayer. When designing our MES, it
was desired to keep a similar geometry for eageeatsurement while reducing overall thickness.

As stated before, in order to reduce the overatikttess of the MES, solution casting the
insulating layer was investigated, as opposed itogua pre-manufactured insulating sheet whose
minimum thickness is only 7.5 um. One method otiBoh casting is spin coating. In this process,
excess solution is deposited on a high speed,ingtabstrate in order to spread the fluid by
centrifugal force; this method was chosen by Hesa.€3] in order to create a thin Nafion layer,
using a sheet of Kapton as the substrate.
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Due to thickness, an insulating sheet was ruledroatir design. Alternately, insulating solution
was spun coat on a glass substrate, and an ignamaiducting solution was then spun coat on top of
the resulting, thin insulating film. Because of imsulating properties and ability to solution g¢ast
polyvinylidene fluoride (PVDF) was chosen as theuiating material, specifically Kynar 720. A 10
wt% PVDF solution was prepared MN-Dimethylacetamide (DMAc) and stirred for 8 hours3at
°C. The ionically conducting solution chosen wast% Nafion solution from lon Power.

While this method produced both thin PVDF and Nafikms, the spin coating process left poor
sublayer geometry for taking potential measurementgire 6 shows a sublayer on a glass substrate
created using the spin coating method.

Figure 6. A thin Nafion film cast on a thin PVDF film cash @ glass substrate using spin coating.

As seen from Figure 6, when using the spin cogtilogess the shape of the thin film is difficult
to control and tends to leave free form shapeswdltiple sublayers were hot pressed together, ionic
potential measurement points would be difficulestablish due to the overall geometry of the MES.
Additionally, the PVDF/Nafion sublayer is difficutio remove from the glass substrate without
damaging the sublayer itself. Due to these reagbasspin coating method was avoided.

An alternate solution casting method uses the efflegravity to force a droplet of solution down
a substrate. As the droplet slides down the substréeaves a trail; as the solvent evaporatélsina
film is left. Two to three drops of PVDF solutioreve deposited at the top of a vertical glass slide.
After the solution slides down the slide and thieesat evaporates, a thin film of PVDF is left oreth
glass slide. The process is then repeated withNtifeon solution. Two to three drops of Nafion
solution are deposited at the top of the verti¢atg slide on top of the PVDF film. The solution is
then guided down the slide, ensuring that it stagstop of the PVDF film. The result is a
PVDF/Nafion sublayer approximately 1 cm x 7.5 ci@-& pm.

The geometry of this sublayer is much more usefigmtaking potential measurements. Several
sublayers can be oriented similarly to Figure 7hstinat ionic potential can be measured at one end
of the sublayer, and overlap at the other end Ighation of the catalyst layer). Due to optimal
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geometry andeduction in thickness of individual sublayerssthiolution casting method was cho
as the best method to construct sublay
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Figure 7. Orientation of sublayers to creaMES. The blue rectles represent PVDF/Nafic
subbyers, the black hole represents the catalyst amkl the gray ovals are where ionic poter
measurements are taken.

3.3.2 Solvent Consideratio. There are two possible ways to making sublayeragushe
aforementioned casting method: cas a Nafion film on a PVDF filnmor vice versaThe properties
of the solvents of each solution play an importate in determinincthe besproces for doing so.
Because the solvent in the Nafion solution (isogka@cohol) does not dissolve Kynar 720,
integrity of the Kyar film is not compromised if Nafion film is caston tof. If, however, the
procedure were reversed (cdélseé Nafion film first then cast the PVDF film), the DMAIn the
PVDF would dissolve the Nian film when it is cas. Thereforethe PVDF film must first be cast «

the glass slide; the Nafion can then be cast dredhin PVDF film.A crosssectionalschematic of
the sublayers is shown kigure8.

Figure 8. The Nafion film must be cast on top of the PVDfilo avoid problems with solvel.

For this same reasosublayers cannot be continuously cast on top of amahe. In other
words, another PVDF filmannot be cast oan existing sublayer, as will dissolve the adjacetr
Nafion film. Cansequently, five individual slayers are created on different glass s with the
Nafion film exposed (on top of the PVDF fil. This orientationof the sublayel is an important



consideration in the overall construction and getoynef the MES. Removal of the sublayers from
the glass substrate can be difficult as well ardkscribed in the upcoming section.

3.3.3 MES ConstructionThe overall MES needs to be geometrically simitaFigure 7 where
the blue rectangles represent the PVDF/Nafion gebta Each sublayer must overlap in the middle
so a hole can be drilled and filled with catalydt to make up the cathode catalyst layer. The dark
gray circles represent the measurement locationghi& point, the ionic potential through each
Nafion film is measured to some reference, reptasgrihe ionic potential at different locations
through the catalyst layer. Solution cast sublayens achieve this geometry using an adhesive
coated substrate.

Solution casting of PVDF is done on glass slideatdr to between 85 and 90 °C to ensure
uniform films without bubbles/holes. The glass irstfcleaned using isopropyl alcohol to remove
contaminants and dust. In a fume hood, a hotptatarhed on its side so that the heated surface is
nearly vertical and the glass slide is then sectwetthe heated surface of the hot plate as seen in
Figure 9.

| -

Figure 9. The experimental setup for casting thin PVDF filifike glass slide is heated to 85-90 °C.

The temperature of the glass is measured to etfsairé is within the desired temperature range.
Using a syringe, 1-2 drops of preheated (55-65PCIPF solution (10 wt% Kynar 720 in DMAC)
are dispensed near the top of the glass slide.régtyg forces the drop to slide down the glass, it
leaves a trail of solution in its path. As the DM@&waporates, a long, thin PVDF film ~2-4 um thick
is left on the glass slide. The slide is kept atelevated temperature for five minutes, then resdov
and cooled naturally.
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After the PVDF films have fully cooled, a nitrogsource is used to remove any dust. The
ionically conducting film is then cast directly onthe PVDF film using a similar method. One to
two drops of 5 wt% Nafion solution (lon Power) isgensed near the top of the PVDF film at room
temperature. Using gravity the drop can be guidedgathe PVDF film, leaving a Nafion film ~1-2
pm thick on top of the PVDF film after the solveavaporates. The result, as mentioned earlier, is a
PVDF/Nafion sublayer approximately 1 cm x 7.5 cr8-8 pm on a glass slide. The slides are set
aside to dry before further construction.

In order to create the geometry in Figure 7, tHeagters must be transferred from the glass slide
on which they were cast, to some other substratiecin create this geometry and be implemented
into a fuel cell for data collection. This is domeith Scotch tape and adhesive coated
polytetrafluoroethylene (Teflon or PTFE) sheet.

First, a piece of adhesive coated PTFE (McMaster;2208T11) is taped to the table with the
adhesive coating side down. An outline of a 3” X8l cell is drawn on to the PTFE sheet and six
1/8” holes are punched as seen in Figure 10. Naitethe backing is not peeled from the PTFE yet.

Figure 10. The outline of a 3" x 3" fuel cell is drawn onteetadhesive coated PTFE and six holes are
punched.

Five holes are punched outside of the outline ef3hx 3” fuel cell and one hole is punched in
the center. The five outer holes will be where ith@ic potential will be measured and the center
hole is where all of the PVDF/Nafion sublayers waNerlap.

Sublayers can be removed from the glass substsite) an adhesive coated material. The
rigidity of the PTFE provides sufficient support fine sublayers but the adhesive is too aggressive
to remove the sublayers from the glass without dangathem. Through experimentation, it was
found that Scotch tape (3M) can effectively remtive sublayers from the glass without damage.
For this reason, the two materials are used togdimst, the backing is removed from the PTFE and
the PTFE is applied to the outside of a roll of t8hdape. The Scotch tape is then peeled off Its ro
and placed on the table with the adhesive sidedagp. Six holes are then punched into the Scotch
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tape at the appropriate locations. Figure 11 depicts procedure. This configuration provides

support from the PTFE, but allows for easy remafaublayers from the glass with the Scotch tape
adhesive.

Figure 11.The PTFE is applied to the outside of a roll obt6h tape. The PTFE is used for support and
the Scotch tape is used for its effectivenessnwke sublayers from the glass substrate.

One at a time, the glass slides are placed faca doto the adhesive side of the Scotch tape in
such a way that one end of the sublayer crosseldieein the middle and the other end crosses a
hole at the outer edge of the PTFE assembly, asrsiw Figure 12. The PTFE assembly is then
peeled from the glass slide so that the sublayeames on the Scotch tape. This process is repeated

until the desired number of sublayers have beetieghpn this case, five, to form the sublayer
assembly.

Figure 12. The glass slides are placed downward onto thecBdape. When they are peeled up, the
sublayer crosses both the measurement hole artiber hole.

After all of the sublayers have been applied tottpee, it is necessary to cover the remaining
Scotch tape adhesive to make the assembly easianitie and implement into the fuel cell. For
this, a thin Kynar film is used. 10 wt% Kynar 720DMACc is knife cast onto a glass substrate at 80
°C. The resulting dimensions of this film are apgpmaately 7.5 cm x 10 cm x 6 um. This is enough
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area to fully cover the center hole and facilitatadling by reducing the exposed adhesive surface
area. This film also prevents shorting between auss and the membrane after the Nafion
membrane is added to the MES. The film is appled similar manner to the sublayers. Since there
is enough exposed adhesive area, the sublayer blyseam be adhered to the Kynar film which is
supported on a large glass substrate. The sub&ésgmbly with the attached Kynar film is then
removed from the glass substrate. After excessrmahig trimmed, the entire MES is hot pressed at
115 °C, ~250 psi for 5-10 minutes to ensure secaoreling between each sublayer. The resulting
MES resembles Figure 13.

Figure 13.The resulting MES.

3.3.4 Cathode Catalyst LayeAfter hot pressing, the next step is to drill@denhin the MES for
the cathode catalyst layer. Three methods for ngaktie hole were examined: focused ion beam
(FIB), laser milling, and punching the hole afteedzing the sample with liquid nitrogen. While
using an FIB is more accurate, it is time consunangd expensive to use. Alternately, laser milling
is extremely fast and inexpensive; however, thereome concern with smearing of the sublayers
because of the heat generated by the laser. Synifegezing the sample and punching the hole is
fast and inexpensive, however layer separation dalris removal may pose issues. The
applicability of each method was explored.

With the help of the Nanoscale Characterization Balorication Laboratory (NCFL) at Virginia
Tech a 100 um diameter hole was milled using an FH& diameter of the hole is chosen such that
the transport in the catalyst layer remains oneedsional and edge effects from the interface
between the MES and the catalyst ink should beigibtg. Figure 14 shows the result of the FIB
drilling procedure.
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Nafion

Figure 14. A 100 um diameter hole is drilled through the sybl assembly using a focused ion beam.

Figure 14 also gives a good perspective of thektidss of the sublayer assembly. Noting the
scale in the figure, the thickness can be appraeichat about 20 um, which is less than half the
thickness of the MES constructed by Hess et alaf®] much closer to the thickness of an actual
catalyst layer. Individual sublayers can also nsand are indicated in Figure 14.

Alternately, the hole can be drilled using a lasell (V-460, Universal Laser Systems, Inc.)
provided by the Wood Science and Forest Produgiartteent at Virginia Tech. Figure 15 shows
holes drilled in a practice sample.

% Length = 42713 pm

Length = 316.77 pm

Figure 15.Holes drilled in a practice sample using a lasér m
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Each hole in Figure 15 is the result of an attetoirill a 100 um diameter hole. Each hole was
drilled using different power settings on the lages seen from the figure, each hole is much larger
than the desired 100 um. Due to the power of teerland the delicacy of the sublayers, it is very
difficult to drill a hole of that size accuratelgdause the laser tends to burn the material. EHmde
seen by the singeing type damage around the edgescb hole. This singeing is also undesired
because it could short the layers. If one of théiddalayers melts together with another, the ionic
potential at discrete locations will no longer beasured. This singeing behavior could be due to the
intended use of the laser. The laser is normakylue cut wood products, not delicate polymers, and
singeing could be fixed with a further study indsér settings.

Note that Hess et al. [3] drilled their catalystdahole with this laser method and didn’'t see any
shorting behavior between different sublayers. Tdosld be attributed to the thickness of the
insulating layer they used (7.5 um). The largeulatng layer could prevent two Nafion layers from
shorting together because there is a greater distagtween them.

Another method for creating a hole in the MES idrémze the sample and then punch the hole.
In this approach, a sample MES was first immersdajuid nitrogen until it was frozen. In order to
demonstrate the capabilities of this method, tHe ln@s punched with a syringe with a diameter of
400 um. The result of the procedure can be seEigure 16.

Vac-High PC-Std. 5kV x200 = 100 pm 000011

Figure 16.Results of a hole punched in a frozen MES.

From Figure 16, it can be seen that the syringesdatessfully penetrate the MES, however, it
performed this with more of a tearing than a punglaction. The syringe left a flap of materiallstil
attached. The figure also suggests that the lagietaminated as seen from the separation of
sublayers in the flap. While this method is easg srexpensive, it is difficult to remove a whole
piece of material without tearing, it is difficuld find an instrument that is capable of punching a
hole 100 um in diameter, and this method seemsparate sublayers. Because FIB can drill a hole
of this size accurately without tearing or singeihg MES, it was chosen as the appropriate method
for drilling the hole for the cathode catalyst laye
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After the hole is drilled, the membrane and catalgyers can be added. Catalyst ink was
prepared by first combining 17 mg of 39.1% platinamVulcan XC-72 (De Nora) and 0.2 mL of
deionized water. 1 mL of isopropyl alcohol was tlteetded and the mixture was sonicated for 30
minutes. The addition of the water prevents thémlan from reacting when the isopropyl alcohol is
added. After mixing, 160 mg of 5 wt% Nafion in isopyl alcohol (lon Power, Inc.) was added and
the mixture was sonicated for another 30 minutég fBsulting catalyst ink provides 0.4 mg-Pfcm
loading with a Nafion/carbon ratio of 0.8 for aalgist layer area of 12 dn

A Nafion 211 membrane was hot pressed to the lqagt-Kynar side of the MES (opposite side
of the PTFE sheet) at 115 °C for approximately Z2Butes. The anode catalyst layer was then
applied to the membrane with an airbrush at appmately 80 °C. A mask was used when spraying
the catalyst layer. The ink was sprayed within @i area (since enough ink was prepared for a 12
cn? catalyst layer) with a 1 chtutout which exposes the anode side of the merebfEis creates
an anode catalyst layer that is 1°cffihe mask is used because it is difficult to prepzatalyst ink
for only 1 cnf with the properties mentioned above.

The cathode catalyst layer was then applied witlaidsrush at approximately 80 °C. A similar
masking method was used for the cathode catalyst.l& 12 cnicatalyst layer was sprayed onto a
mask with a 1 chcutout that exposes the 100 um diameter holeénMES. Assuming that the
catalyst layer fully and uniformly fills the holeilled in the MES (with a thickness of 20 pm from
Figure 14), the theoretical porosity of the cathodtalyst layer can be calculated using Eg. (29) to
be 67%. Before the MES was installed into the figh, sufficient time was given to let the solvent
evaporate out of the catalyst layers.

3.3.5 lonic Potential Measurementd$n order for the MES to be beneficial to thiseash, the
ionic potential within each Nafion film must be mseeed. Hess et al. [3] achieved these
measurements with the help of specially machinesl @ell hardware and hydrogen reference
electrodes at each measurement point. Using theobgd reference electrodes, they were able to
measure absolute values of potential through ttedysa layer.

In order to avoid machining custom endplates féerence electrodes, methods for measuring
ionic potential differences between individual lesy@vere investigated. One way of doing so is by
attaching a highly conductive wire to the potentimasurement locations on the MES (the outer
holes in Figure 13). The MES is designed such tatouter holes in the PTFE expose the Nafion
side of each sublayer. Gold wire (99.99%, 0.1 mamdter) is attached to each measurement point
with Nafion solution; as the solvent evaporates afuthe solution, the gold wire is left attached to
the Nafion film. Figure 17 shows an MES with th&aahed gold wires and sprayed catalyst layer.
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Figure 17. MES with gold wires attached to measurement poifite catalyst layer is sprayed and the
GDL is installed.

In theory, this allows measurement of potentiafedénces between layers within the catalyst
layer by measuring the potential difference betweierent gold wires. As seen from the figure,
one gold wire is also attached to the membranehat potential differences can be measured
between layers and the membrane.

One possible problem with this measurement teclenigjthat the gold/Nafion union is exposed
to oxygen in the atmosphere due to the design ef MIES. This presents the possibility of a
reduction reaction occurring with an unknown redarcpotential. Although this reduction potential
should not be reflected in the measurements siotenpal differences are being measured (as long
as this reduction potential is the same at eacldl/§afion union), an alternate measurement
technique was established to eliminate this pdgyibi

One method to eliminate the gold/Nafion union ang eeduction reaction is to submerse the
Nafion measurement point on the MES in a liquicceetdyte. A reference electrode can then be
immersed in the liquid electrolyte and the potdnten be measured from the reference electrode.
The orientation of the MES/fuel cell assembly maikehfficult to immerse the measurement points
in liquid electrolyte, so a reference electrodeuii® was designed to fit around the MES and fukl ce
fixture.

The design, which can be seen in Appendix D, imegemly the potential measurement points
of the MES in an electrolyte solution (in this catemol/L sulfuric acid). The two part reference
electrode fixture uses FEP encapsulated o-ringpréwent electrolyte leakage and allows for
potential measurements to be taken with miniatugéA§ClI reference electrodes (eDAQ, ET072).
The reference electrode fixture was designed gpaliyf for this MES design and the fuel cell
fixture being used. Figure 18 shows the fixturealed on an MES.
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Bolts for clamping

/ together fixture pieces

Electrolyte well
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Figure 18. The reference electrode fixture installed on anSvdliminates the occurrence of a reduction
reaction.

As seen from Figure 18, there are wells at eachrpial measurement point that are filled with
sulfuric acid. The potential difference between tlagers is measured by placing an Ag/AgCI
reference electrode in the well associated withhesablayer and measuring the resulting potential
difference. There is also a tab from the Nafion feme that protrudes out of the MES. This tab
can be submersed in sulfuric acid and can be uset@ther potential measurement point. Holes in
the fixture accommodate the clamping bolts in tirel ell fixture. While this reference electrode
fixture does eliminate an unknown reduction potntt still does not allow for the measurement of
absolute potential values (it is only capable oamging differences).

The final MES is an anode catalyst layer, PEM, eaithode catalyst layer with Nafion probes at
discrete locations through the cathode catalyserlagupported on a PTFE substrate. Either a
reference electrode fixture or gold wires are usedttach a potentiostat to each measurement point
to measure the ionic potential difference betwesardte locations through the catalyst layer in the
form of a voltage.

3.3.6 Integration/Installation into PEM Fuel CellBefore data can be collected, the MES must
be integrated with the fuel cell hardware. As mamed before, no special hardware has to be
manufactured for testing using this MES design. @&léhardware is a 5 chactive area cell (Fuel
Cell Technologies, Inc.). Anode and cathode enteplare held together using eight bolts and there
are two guide pins to ensure alignment of end platel flow channels; holes of the appropriate size
are punched into the MES to accommodate theseapith$olts.

The gas diffusion layer for the anode is non-weitfing carbon paper (Toray, TGPH-090) and
is installed normally. The cathode gas diffusiogelais non-wet proofing carbon cloth (E-TEK,
B1A). The carbon cloth is placed on top of the PHelbstrate over the center hole. When the fuel
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cell is clamped, the flexible cloth is forced tantact the catalyst layer. After the gas diffusiapdrs
are in place, the bolts and alignment pins are eglighrough the holes in the MES. The bolts are
tightened to 9 in-Ibs.

Cathode flow field/GDL/catalyst layer connectivityay be affected because of the method of
GDL installation. Future research in MES design clitus on ensuring proper flow
field/GDL/catalyst layer connectivity through flofreld design, selection of a backing substrate that
is thinner and more rigid than the PTFE used ia MES, or the shape/size of the center hole in the
PTFE substrate. A cross-sectional schematic ofitlaéMES is shown in Figure 19.

Figure 19. Cross-sectional schematic of the center hole efctinstructed MES. The top is adjacent to
the cathode flow channels while the bottom is aghato the anode catalyst layer. Note the thickioéss
the cathode catalyst layer is ~20 um and thereiaeddcations through the catalyst layer where goni
potential measurements can be taken.

3.3.7 Data CollectionAnode and cathode gas are supplied by a fueltesting station (Fuel
Cell Technologies, Inc.). Humidified hydrogen igpplied at 100 sccm to the anode and humidified
air is supplied to the cathode at 100 sccm. Thieteelperature is held at 50 °C and is controlled by
the fuel cell testing station. Because the ardaetathode catalyst layer is so small, the curnalht
be too small to be measured by the fuel cell téshds Thus, cell voltage control, current
measurement, and sublayer voltage differential oreasents are accomplished using a multi-
channel potentiostat (1480 Multistat, Solartron iheal).

Before testing, the fuel cell is allowed to reatéady state. Humidified nitrogen is supplied to
the cathode and anode for at least 96 hours taetisat the thin Nafion films become hydrated for
ionic conductivity. Following this, humidified hyogen and air (relative humidity of 100%) are
supplied and polarization curves are taken to enstgady state performance.

For performance information of the MES, one charnofethe potentiostat both supplies the
voltage and measures the corresponding currentgpg in potentiostatic mode). When taking
ionic potential measurements using the gold wirgdhow one channel drives the fuel cell by
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maintaining a voltage, five other channels meadbtes potential between the cathode current

collector and the respective gold wire, one chamnehsures the potential between the membrane
and the cathode current collector, and one chameglsures the potential between the membrane
and the anode. It is important that the gold waes not touching each other or another part of the
fuel cell in order to avoid shorting/noise. Wheking potential measurements with the reference

electrode fixture, one channel drives the fuel @ilmaintaining a voltage and another channel

measures the potential between two sublayers essisd-igure 20.

Figure 20. Experimental setup using the reference electrodieré. The setup for the gold wire method
looks similar, although there are additional chasingeasuring potential at each layer simultaneously

As seen from Figure 20, only one measurement ama tan be taken using the reference
electrode fixture since there are only two Ag/Ag€ference electrodes. Typically, the cell voltage i
held constant for an extended period of time taeaehsteady state behavior while ionic potential is
measured in each sublayer. The voltage is thengdthand the measurements are taken at a
different set point. Post-processing is done ubliagi_ab and Excel.
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4. Results and Discussion

4.1 Microstructure ReconstructionAs stated previously, two different numerical rogtructures
were created using different stochastic realizatidhat is that the perturbation from the nominal
porosity is different in each microstructure. Thése microstructures are referred to as reconsdict

catalyst layer 1 (RCL1) and reconstructed catdfystr 2 (RCL2) throughout this paper and can ba see
in Figure 21 and Figure 22.

Figure 21.Reconstructed catalyst layer 1. The red phasesepts the electrolyte (solid) phase.

Figure 22.Reconstructed catalyst layer 2. The red phasesepts the electrolyte (solid) phase.

37



As seen from the figures, the microstructures anarly; the red phase indicates the solid phase
within the porous matrix. Both microstructures @enerated such that the nominal porosity of the
catalyst layer is 60% with a thickness of 20 umtuat porosities are 59.9% and 60.1% for RCL1 and
RCL2, respectively. The overall thickness of thierostructures is 20.4 um including the single faye
of void and electrolyte phase for implementatiotof@indary conditions.

Figure 23 shows the local pore volume fractionrdistions across the thickness of the catalyst
layer. As seen, both microstructures yield an dv@@osity around 60%, but they accomplish this in
different ways. RCL1 has a relatively larger, budrenuniform, deviation around 60% while RCL2 has a
smaller deviation around 70% but has an area wthere is a significant drop-off in the porosity ana
15 um from the membrane. This effect becomes wsiblthe simulations as the large reduction in
porosity chokes oxygen diffusion to a large parthef catalyst layer.

Figure 23.Pore volume fraction for RCL1 and RCL2.

4.2 Modeling MES Polarization Curvedn order to obtain polarization curves with th&l® it
must be run at individual current densities forreagcrostructure. Using Eq. (30), the cell voltages
be calculated and the polarization curve can baguoFigure 24 shows a polarization curve at 50 °C
and 100% relative humidity, assuming a typical higgguency resistance value of 100 rom? and
minimal liquid water blockage.
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Figure 24.DNS predicted polarization curves at 50 °C, 1008 &rd HFR = 100 m-cn?.

As seen from the figure, the polarization curveveha@ fast drop in voltage at smaller current
densities controlled by the kinetics of the oxygeduction reaction and at intermediate values of
current density the curve exhibits a linear voltdgep. The sharp drop-off in voltage at higher entr
densities is not apparent due to the DNS inputsnalthdbe discussed further in future sections.

4.3 Experimental Polarization CurvesSix different MES were constructed and testedughout
this research. Details about each MES can be seEabile 1.

Table 1. Methods for drilling catalyst layer hole and takionic potential measurements for each MES
tested.

MES Details
MES 1 | FIB hole, gold wire method
MES 2 | FIB hole, gold wire method
MES 3 | Laser drilled hole, gold wire method
MES 4 | FIB hole, gold wire method
MES 5 | FIB hole, reference electrode fixture methad
MES 6 | FIB hole, reference electrode fixture methad

Polarization curves were obtained for all six ME®wever, only one MES provided reasonable
ionic potential measurements (MES 6 using the eefeg electrode fixture). The MES that was built
using the laser to drill the hole for the cathodgalyst layer exhibited shorting between layere (se
Section 4.4.1), and hence the rest of the MES tree#IB for drilling the hole.

Overall fuel cell performance increased with tinsetlade MES hydrated. Because very little water is
produced in the cathode catalyst layer due toi#s, gshe fuel cell took hours to reach steady state
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performance. Figure 25 and Figure 26 show poladaaand power density curves for MES 1. As seen
from the figures, the overall cell performance @ages with time until it eventually reaches a stédite
steady maximum performance. All other MES showedilar behavior, although overall maximum
performance varied with MES.

Voltage (V)

0.2 0.4 0.6 0.8 1 1.2
Current Density (A/cmz)

Figure 25. Polarization curve for MES 1. Performance reachesteady state after the MES fully
hydrates.
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Figure 26.Power density curves at different times for MES 1.
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Maximum overall fuel cell performance varied withce MES and can be seen in Figure 27. Most
MES exhibited poor performance. The relatively gtepes of the polarization curves seen in Figure
27 suggest that the MES are experiencing a largei©type loss. This Ohmic loss can be attributed to
either poor catalyst layer/membrane/GDL connegtiat high catalyst layer ionic resistance. Other
possible causes of poor performance include paatysh utilization and liquid water blocking pores
the cathode catalyst layer and/or gas diffusioeray

1.2

Figure 27. Steady state performance of each MES constructed.

Comparing experimental polarization curves in Fega7 to the DNS polarization curve in Figure
24, it can be seen that experimental polarizatiamves exhibit much lower performance.
Membrane/catalyst layer/GDL connectivity, liquid tela generation, and catalyst layer conductivity
were explored to find which had the greatest eftectDNS polarization curves. Variables were then
adjusted in the DNS accordingly to account for ¢héasctors and predict polarization curves more
accurately.

4.3.1 Membrane/Catalyst Layer/GDL Connectivitfthe MES is constructed such that the
cathode catalyst layer must be sprayed into a thaleis 100 um in diameter. If the catalyst ink is
agglomerated or sprayed unevenly, there may najooel connectivity between the catalyst layer
and the membrane. A useful method to charactenz@emly connectivity between the catalyst layer
and the membrane, but also the catalyst layer aedgas diffusion layer, is electrochemical
impedance spectroscopy (EIS). Using EIS, the Ohaststance of the fuel cell can be found, also
known as the high frequency resistance (HFR). B) (ses the HFR to directly calculate the
numerical polarization curves; and increasing tik&RHan reduce the cell performance drastically.
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EIS was performed on MES 6 in order to find therappate HFR value to use in Eq. (30).
Voltage was swept from 100,000 Hz to 100 Hz withphimde of 10 mV. Figure 28 shows the
results of the EIS. The HFR for MES 6 is takeneadhe real component of impedance at 10,000 Hz,
or 234 m -cn?. This HFR is not out of the ordinary, indicatingfficient connectivity throughout
the fuel cell and MES. DNS polarization curves gglotted with the measured HFR value. The
effects of changing the HFR can be seen in FigOreTBe HFR would have to be much larger to
explain the disparity between DNS predictions axjgkeemental results.

- $%\

\M‘

Figure 28.EIS from 100 Hz to 100,000 Hz. HFR taken at 10,8@00 be 234 m-cn?.

—=$& ' 100 m -cn?
==3& ' 234 m -cn?

Figure 29. DNS polarization curves with the measured HFRrdasing the HFR reduces calculated
performance.
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Although using the appropriate HFR value is impaiitat is not the factor that is causing the
large discrepancies between the DNS and experiinpotarization curves. The measured HFR
value confirms membrane/catalyst layer/GDL conwégtand that the performance reduction is due
to another phenomenon.

4.3.2 Effects of Liquid Waterln the DNS model, all the water produced is as=iito be in the
vapor form; that is that the DNS does not accowontlijuid water. Liquid water can affect the
overall performance of the fuel cell because digptan block pores in both the gas diffusion layer
and the catalyst layer, inhibiting oxygen transport

Since MES are operated at relatively high relabivenidity, there is certainly the possibility of
liquid water condensation within the GDL. While tB&S does not physically account for liquid
water, there are other ways to increase mass wanggses. One way to do this is to decrease the
porosity and/or increase the tortuosity of the GBwmd/or catalyst layer. Increasing the GDL
tortuosity mimics liquid droplet formation in theD&, requiring that the oxygen diffuse through a
more tortuous gas diffusion layer and consequemtiucing the oxygen concentration boundary
condition into the catalyst layer. Lower catalyaydr porosity imitates the effect of liquid water
blocking pores and inhibits oxygen from reachingefactrochemically active site. In order to avoid
reconstructing another numerical catalyst layeopprties of the GDL, specifically the tortuosity,
were adjusted to simulate the effects of liquidevatNote that all of the water generated in the
catalyst layer is still assumed to be in the vaplmase but in reality, there could be liquid water
blocking pores in the catalyst layer.

Figure 30 shows the DNS polarization curve with Gilrtuosity of 4 compared to the
polarization curve shown in Figure 29 (tortuositly 105). Both polarization curves in Figure 30
account for the experimentally measured HFR of 234cn.

——() )$&"F+ "*, -
i —a=()) )$& .!

Figure 30. The effects of the GDL tortuosity on DNS polariaatcurves.
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As seen from the figure, the increase of GDL tosityotends to slightly reduce the overall
performance at intermediate values of current densit decreases cell performance drastically at
higher current densities. The large voltage dropiglher current densities is attributed to the low
oxygen concentration at the interface between étalyst layer and the gas diffusion layer due to an
increase of the oxygen diffusion resistance throtnghGDL to the catalyst layer as a result of the
increase in the tortuosity of the GDL.

While the effects of liquid water are certainly ianfant, the experimental polarization curves
shown in Figure 27 exhibit more of an Ohmic typseslan the fuel cell as opposed to a mass
transport type loss. For this reason, the iononmmdactivity within the catalyst layer was
investigated.

4.3.3 lonic Conductivity of lonomer within the Calgst Layer In order to account for the
Ohmic type loss in the experimental polarizatiomves, the effects of low ionic phase volume
fraction and highly tortuous ionomeric pathways aomsidered. These were accounted for by
decreasing the value of the Bruggeman correctidbqgin(23). Because the thickness of the ionomer
within the catalyst layer is so small and becatgeidnic network is so tortuous, the resistance to
proton transport will be higher and adjusting tladue of the Bruggeman correction can account for
this resistance. Figure 31 shows the DNS polagraturve at 50 °C, 100% relative humidity, and
increased protonic resistivity compared to the odéion curve taken with MES 1 (50 °C, 100%
relative humidity). Assuming an ionomer volume frag of 0.13 and a porosity of 0.6, the exponent
used in the Bruggeman correction was 7 to obtanQNS polarization curve. The high frequency
resistance of MES 1 is assumed to be similar to MEZ34 m -cn).

Figure 31. DNS polarization curve compared to MES1 polar@atcurve; both at 50 °C and 100%
relative humidity.
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As seen from the figure, the DNS can predict théanmation curve at the same operating
conditions for MES 1 with the Bruggeman adjustmdittere is, however, a large difference in the
open circuit voltage. This can be attributed torogen crossover, poor hydration, or even catalyst
degradation in the small catalyst layer. Linear eyve@oltammetry was applied to measure the
hydrogen crossover current, however, results werenclusive.

Increasing the protonic resistance of the ionomdahé DNS by adjusting for the tortuosity and
thickness of the ionomer (adjusting Bruggeman @tiog) can produce a polarization curve similar
to MES 1. MES 6, however, exhibits a much largemihtype loss than MES 1 that cannot be
accounted for solely by the increase in protongtstance due to the tortuosity of the ionomer waithi
the catalyst layer (there is a physical limit oa ttalue of the exponent in the Bruggeman correction
that should be used). In order to match the ME®I&rgzation curve, the ionic conductivity had to
be reduced further by decreasing the water conterthe ionomer. Increasing temperature and
reducing relative humidity in the DNS model redutes water content within the Nafion ionomer
and consequently reduces the intrinsic conductigitythe ionomer (, in Eq. (23)). Figure 32
compares the experimental MES 6 polarization ctiove DNS polarization curve that accounts for
the resistivity to proton transport due to theuosity of the ionomer and insufficient hydration of
the ionomer.

Figure 32.DNS polarization curve at 40% relative humiditydd@0 °C compared to MES 6 polarization
curve taken at 100% relative humidity and 50 °C.

Experimental polarization curves indicate a largen@ type loss in the MES. DNS simulations
suggest that this Ohmic type loss can be attribtivedn increase in protonic resistance of the
ionomer within the catalyst layer due to the highuosity and small thickness. This result implies
that the ionic conductivity of bulk Nafion and Naii within a catalyst layer can be very different.
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DNS results also suggest that, although operatiid@% relative humidity, the ionomer within the
catalyst layer may still not be fully hydrated. Jiould be attributed to the small amount of water
that is being produced on the cathode.

A portion of the Ohmic type losses seen in the arpental polarization curves could also be
attributed to the catalyst layer manufacturingthé volume fraction of the ionomer within the
catalyst layer is not as high as expected therddvo@ an increase in proton transfer resistance as
the DNS suggests. Also, if the electrochemicallyvacsurface area within the catalyst layer isamt
high as expected due to agglomeration of catahkstthe polarization curves would exhibit a large
Ohmic type loss as seen in the experimental p@toa curves. This highlights the importance of a
uniform catalyst layer and some of the difficultiassociated with spraying a 100 um diameter
catalyst layer.

4.4 Through-Plane lonic PotentialFigure 33 illustrates the numbering system usetllacations
of each sensing layer within the MES. The PVDF iparbf each sublayer is assumed to be 2 pum thick.
The Nafion portion of each sublayer is assumedetd hm and the knife-cast PVDF layer is assumed to
be 5 um. The total thickness of the catalyst lagethus 20 um. Layer 1 is designated as the layer
adjacent to the cathode gas diffusion layer anckrledy adjacent to the membrane. An example
illustration of a through-plane ionic potential fil® is also shown in Figure 33. This gives an idéa
how the magnitude of voltage differences betweerh dayer compare; for example, there will be a
larger ionic potential difference between layem8 éayer 4 than there will be between layer 2 aye
1.

Figure 33.Location of each sublayer within the MES. An exéotential profile is shown.
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Through-plane ionic potential measurements prowdaktdifficult to take. The main problems when
taking potential measurements were shorting betwksmers and discontinuities between the
measurement point and the cathode catalyst lay@sdissues are explained in Sections 4.4.1 arf?l 4.4
Although some measurements showed the expectedstirérere were issues with repeatability. The best
results were obtained from MES 6 which used theresfce electrode fixture and are shown in Section
4.4.3. The potential measurements from MES 6 amgpeoed to the DNS results in Section 4.4.4.

4.4.1 Shorting Between Layersn MES 3 (with the laser-drilled hole), shortibgtween the
sublayers and/or the membrane caused each sublayereasure the same potential as the
membrane. Figure 34 shows the measured potentalcht measurement point and at the membrane
referenced to the cathode current collector in NBES

Figure 34. MES 3 (with the laser-drilled hole) exhibited ssgof shorting between the Nafion sensing
layers and the membrane.

Referencing Figure 34, the operating voltage wadrotled potentiostatically and stepped from
0.8 V to 0.4 V (increasing current density). Thegmbial was measured on separate channels of a
potentiostat between the cathode current colleartdreach sensing layer’'s measurement point (gold
wire). The potential between the membrane and dtigode current collector was also measured. As
seen from the figure, the potential measurementiewothe correct trend. As the voltage is
decreased (increasing current density), there dhioeilan increasing voltage difference across the
catalyst layer. This is because the higher cumdesiv requires more protons to be transported across
the membrane and into the cathode catalyst layer.

As seen from the figure, the potential measureavéeh the current collector and each layer
follows the potential measured between the membeartk the current collector. This behavior
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suggests that all of the layers are shorted tortembrane. Figure 35 shows this result more clearly
by measuring each layer with respect to the mengbrAs seen, the potential difference between
each layer and the membrane is zero, indicatingtktegie is a short. In this case, the input voltage
was swept, as if taking a polarization curve argl nlembrane was measured with respect to the
current collector.

Unfortunately, many MES showed the correct trendpofential with decreasing operating
voltage like this one, however, there was shortxetpavior or the magnitudes of the measured
voltages were unreasonable. Some measurementsalgereery noisy. As seen in Figure 34, the
measurement becomes more and more erratic at leghent densities.

Figure 35.The potential measured between the layers anchémebrane is zero, indicating a short.

This shorting behavior can be described in two walge Nafion portion of each sublayer
physically contacts the membrane or there is at $fedween the layers within the hole. Although the
former is possible, it is highly unlikely since theare at least two films of PVDF separating each
Nafion layer from the membrane; the PVDF portiontloé sublayer and the knife cast PVDF
adjacent to the membrane. The Nafion layers aret tiledy shorted together due to the laser
method used to drill the catalyst hole. Since tbke s so small and the thin sublayers so delicate,
the heat from the layers probably singed the edpe#ting the Nafion sensing layers together (see
Figure 15). When the membrane was hot pressedtbatblES, there was then contact between this
singed area and the membrane, causing a shortdre@lieof the layers and the membrane. For this
reason, the remainder of the MES were drilled itB.
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4.4.2 Open Circuit LayersSome MES exhibited potential measurement readhagssuggested
that there was a discontinuity between the catdéysr and the potential measurement point. This
was confirmed by examining the voltage reading wiitle potentiostat attached to the MES,
removing the potentiostat, and seeing no correspgnchange in the voltage. The discontinuities
can occur at the interface between the catalystrlapd the Nafion sensing layer, in the middle of
the Nafion layer, or can be caused by insufficlgrdration of the thin Nafion layer.

The catalyst ink is applied into the 100 um diamdtele using an airbrush. If the ink has
agglomerated or there is insufficient coverage atalyst ink into the hole, there could be some
points where the catalyst ink does not contactNbBon sensing layers. This situation is shown in
Figure 36 and would cause an open circuit voltageetmeasured by the potentiostat at these layers.

Sensing layers do not contact cata

Figure 36. If catalyst ink does not contact the Nafion segsayers then there will be an open circuit.

Another possible reason for an open circuit ishéré is a discontinuity in the Nafion sensing
layer. Due to the design of the MES, the lengththefsublayers from the catalyst layer to the ionic
potential measurement points are quite long (~6 dmis large length leaves a greater possibility
for discontinuities/defects in the Nafion layer winicould impede the flow of the hydrogen ions.

The Nafion sensing layer within each sublayer $® alery thin compared to its length (~1 pm).
Since there is not a lot of water being producedhencathode, sufficient time is needed for these
thin Nafion layers to be hydrated by the humidifgas in order to become ionically conductive. An
improved MES design that reduces overall sublagegth may yield more reliable ionic potential
measurements.

4.4.3 Experimental MES Response®MES 6 provided the most reliable ionic potential
measurements. The fuel cell was held constant aparating voltage of 0.5 V (which corresponds
to an operating current density of ~0.2 Afcatcording to the polarization curve in Figure amy
operated at 50 °C and 100% relative humidity. Igotentials were measured using the reference
electrode fixture with Ag/AgCI reference electroditsvas found that there was an offset of 16 mV
between the reference electrodes. Measured voltagesgen layers are presented in Figure 37. The
16 mV offset is removed from the data in Figure 37.
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Figure 37.Measured ionic potential between different laysran operating voltage of 0.5 V.

4.4.4 Predicting Profiles with DNSThe direct numerical simulation model was perfednat 50
°C, 100% relative humidity, and 0.2 A/énTThe ionic potential through the cathode catalgger
was plotted for each microstructure and can be sedfigure 39. Note that there is a thickness
associated with each Nafion sensing layer (1 und) there is a potential gradient across this
thickness. In order to find the difference betwedferent sublayers in the DNS, a location within
each sensing layer must be chosen. For examplentedtdifferences between layers can be found
using ionic potential values located directly ire thenter of each sensing layer, average ionic
potential across the sensing layer, etc. In thée cthe edges closest to one another were chosen. F
example, if measuring the difference between l&yand layer 3, the potential at the membrane side
of layer 3 (13 um in Figure 33) is subtracted frttma potential at the GDL side of layer 5 (8 um in
Figure 33). If measuring the difference betweerete and layer 2, the potential at the membrane
side of layer 2 (16 um) is subtracted from the pt&t at the GDL side of layer 3 (14 pum). Potential
values at the appropriate locations are indicatdeéigure 39.

It should be noted that although MES 6 provided thest reliable results, the potential
difference between all combinations of layers weseobtained due to erratic measurements. These
erratic values can be attributed to poor connegtibetween the sensing layer and catalyst layer,
discontinuities in the layer, or poor layer hydvatas explained in Section 4.4.2.

Table 2 tabulates the information obtained fromuFeg37 and Figure 39. The experimental data
reported in Table 2 represents an average of tteeatdlected fronD < t < 200 seconds in Figure
37. As seen from the table, there is fairly sigrfit error between the experimental and numerical
results. The error is very significant between tageand layer 3 for both microstructures. This
suggests that the actual potential profile witlie tatalyst layer towards the GDL does not level of
as much as the DNS predicts. As seen from Figureti®¥e are much larger potential gradients
towards the membrane (more so in RCL2 than RCLbyiowsly because there is a higher
concentration of protons that are entering thelysttdayer through the membrane. Unfortunately,
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due to the design of the MES, this gradient catm@omeasured. The knife-cast PVDF sheet is too
thick for the MES to capture what is occurringlimstregion.

Table 2. Comparison of experimental and DNS ionic poterdiierences.

+l +l
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N

The average error excluding the outlier (layer 2atger 3) is 23.7% for RCL2 and 26.5% for
RCL1. Errors could be due to the noise in the messeant (see Figure 37) or because the exact
location of each sublayer within the microstructisr@nknown. While there is significant difference
between predicted and measured ionic potentia¢mdiffces, both results follow the same trend; that
is layer 2 to 5 shows the greatest differencepfadd by layer 3 to 5, layer 2 to 4, then layer 310
Figure 38 shows the information in Table 2 in giaphform.

I

Figure 38.Visual comparison of experimental and numericalilts.
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Figure 39.lonic Potential across the catalyst layer for R@htl RCL2 microstructures with indicated DNS inpatameters.
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4.5 Effects of Operating Conditions and Microstruoe on DNS Case studies were performed in
order to examine the effects of different operatimqgut parameters on overall performance and throug
plane trends. Comparisons focused on operatingdeatyre, relative humidity, and the microstructure
used (see Appendix C for calculating other appetpriinput parameters). All experiments were
performed with the same cell pressure, GDL propgrind other constant values which can be found in
Table 3, Table 4, and Table 5 in Appendix C. Nb& these are not the same values used to match the
experimental polarization curves in an earlier isecand are chosen just to highlight the effects of
different operating conditions and microstructuké. plots in sections 4.5.1 and 4.5.2 highlightitige
effects of operating temperature and gas channalive humidity use RCL1 as the microstructure
implemented in the DNS.

4.5.1 Operating Temperaturélhe activity at each location within the cataligster is defined as
the water vapor concentration at that point divithgdthe saturation concentration (Eqg. (40)), and
corresponds to the local relative humidity. Sinbe saturation concentration at 50 °C is much
smaller than that at 90 °C due to smaller satungti@ssure, the relative humidity at each locaition
the microstructure is higher. This higher locahtiele humidity results in higher water contenthe t
ionomer within the catalyst layer and better iocomductivity, as per Eqg. (38) and Eqg. (39). If the
model did account for liquid water, there wouldrhere possibility of condensation at 50 °C. The
liquid water would block reaction sites and thd wealuld show overall poorer performance than the
90 °C case, where there is less condensation dihe tuigher temperature.

Local relative humidity through the catalyst laydr70% relative humidity in the gas channel
and 0.4 A/crfican be seen in

Figure40. Note that since the model does not account éuridi water, slight oversaturation is
allowed and a relative humidity greater than 1008tresponds to a water vapor pressure that is
greater than the saturation pressure. Higher gainraoncentration of water vapor also results in
lower oxygen concentration into the catalyst lagae to lower partial pressure. This specifically
hinders performance at higher current density whiegee are more mass transport limitations.

12 # 0

Figure 40. Area averaged local relative humidity through ¢h&alyst layer for 90 °C and 50 °C
operating temperatures at 70% relative humidithingas channel and a current density of 0.4 A/cm
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Figure 41 shows the through-plane ionic potentrad &igure 42 and Figure 43 show the 3-D
reaction current distributions for 70% relative hdity in the gas channel and a current density of
0.4 Alcnf. It is important to note that higher temperatuperation exhibits higher voltage loss at
intermediate current densities (e.g. 0.4 Acrthe combined effects of lower relative humidigyg.
70%) and lower temperature (e.g. 50 °C) resulbimgeting influence on the ionic resistance, which
causes a pronounced impact on the overpotentigtexinediate current density operation [45]. It
should, however, also be noted that at elevateghaemture, the significant increase in saturation
vapor pressure results in lower available oxygemceatration into the catalyst layer, which would
have deleterious implications in the higher curr@ensity regime where mass transport limitation
plays a major role.

# 31!

Figure 41.Cathode overpotential through the length of thalgat layer at 70% relative humidity in the
gas channel and 0.4 A/érourrent density.

Based on Figure 41, the DNS predicts that 50 °@opes better than 90 °C, which is counter-
intuitive. In reality, fuel cell operation at 50 “@ould increase the possibility of condensation and
pore-clogging liquid water, effecting oxygen diffois to the reaction site and resulting in overall
lower performance, especially at higher currentsdess. This model, however, assumes that all
water produced is in the vapor form, hence than& even the possibility of liquid water blocking
reaction sites.
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T=90°C

Figure 42.3-D reaction current distribution at 70% relattuemidity in the gas channel, 0.4 A/gnand
90 °C.

T=50°C

Figure 43.3-D reaction current distribution at 70% relatiuemidity in the gas channel, 0.4 A/gnand
50 °C.

Catalyst utilization is a term used to quantify #maount catalyst in the catalyst layer (in this
case platinum) that is electrochemically active pared to the total amount of catalyst in the porous
structure. Increasing current density causes thaddnce of oxygen in the catalyst layer to decrease
and therefore effects the catalyst utilization;otner words, catalyst utilization is a function of
current density. Figure 44 shows the catalystaaiion at 70% relative humidity and different cell
operating temperatures.
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There are many definitions for catalyst utilizatidn the DNS model, area averaged reaction
current is plotted as a function of length throdlyé catalyst layer. A reaction zone percentage can
be found by integrating under this curve until thiegral is equal to the operating current density.
This percentage is then multiplied by the activactien area percentage. The active reaction area
percentage is defined as the interfacial area letwansport phases divided by the total interfacia
area (~93% for both microstructures).

For example, to find the catalyst utilization atAlcm?, the area averaged reaction current is
summed from the plane adjacent to the membranentarkitrary plane until this sum equals 1
Alcm?. The location of the final plane is divided by tte¢al length of the catalyst layer and the
reaction zone percentage is obtained. This valuthes multiplied by the active reaction area
percentage. While this method is an approximaiiais,a useful way to compare catalyst utilization
at different operating conditions.

As seen from Figure 44, the catalyst utilizationtfee 50 °C case is larger at all current densities
This again is attributed to the fact that the 50c&Se has higher relative humidity within the catal
layer and therefore higher ionic conductivity. lotlo cases, the catalyst utilization is larger atdo
current densities because there is an abundanogygen. As the current density increases, the
catalyst utilization decreases due to the reduggden concentration.
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Figure 44. Catalyst utilization as a function of current dgnat a relative humidity of 70% in the gas
channel.

Since the model does not account for liquid wataregation, it predicts higher performance at
lower temperatures. In reality, lower operating penature would increase the possibility of pore-
blocking liquid water and consequently increaseanieensport losses. The effects of pore-blocking
liquid water in the GDL can be simulated in the DN changing the tortuosity of the GDL, as
explained in Section 4.3.2. This would reduce tkggen concentration into the catalyst layer. The
effects of pore-blocking liquid water in the catlylayer can be simulated in the DNS by
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reconstructing a catalyst layer that is less pgroegucing the number of active reaction sitesan t
numerical domain. This imitates liquid water blauireaction sites within an actual catalyst layer
and increases diffusive losses within the catalggér due to the decreased void phase volume
fraction. While these adjustments can simulateetfiects of liquid water, they are not the proper
way to accurately model two-phase catalyst layers.

4.5.2 Gas Channel Relative Humidityrhe effects of relative humidity in the gas chelnare
compared at a current density of 0.4 Afcamd a temperature of 90 °C. Figure 45 and Figére 4
show the 3-D reaction current distributions wittie catalyst layer at gas channel relative humidity
values of 100% and 70%.

RH = 100%

Figure 45.3-D reaction current distribution at 100% relatiuenidity in the gas channel, 90 °C, and 0.4
Alcm?.

RH = 70%

Figure 46. 3-D reaction current distribution at 70% relatiuemidity in the gas channel, 90 °C, and 0.4
Alcm?,
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As seen from the reaction current distributiong thajority of the electrochemical reaction
occurs closer to the membrane at lower relativeitiilyrbecause lower humidity decreases the ionic
conductivity of the catalyst layer. At 100% relaifaumidity the reaction is spread more uniformly
throughout the catalyst layer. This can be seenenuearly in the reaction current density
distribution through the catalyst layer in Figuré which shows the high humidity case to have
slightly but consistently higher current productibnoughout the catalyst layer.

— 6%
— 6%

Figure 47.Reaction current through the length of the catafyer at 90 °C and 0.4 A/ém

Figure 48 displays a comparison of the catalydization at each relative humidity and a
temperature of 90 °C. As expected, the catalyBration is higher at higher relative humidity dige
increased ionic conductivity within the catalystdastructure.

o 8 —t— 6 $
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Figure 48. Catalyst utilization at 90 °C and different gashel relative humidity.
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4.5.3 Microstructure Effects The effects attributable to the different micrasture
reconstructions (RCL1 and RCL2) are not apparernhénpolarization curves, however, the effects
can be seen in reaction current distributions. Roleme fractions of RCL1 and RCL2 can be seen
in Figure 23. As noted earlier, RCL1 exhibits a enaniform porosity, however, it deviates from the
average value more than RCL2. While RCL2 has acedlweviation, it exhibits a region of very
low porosity about 5 um from the gas diffusion lay&he microstructures were created using
different stochastic realizations of the initiaD3=andom matrix.

Figure 49 and Figure 50 show the 3-D reaction curdestributions and Figure 51 shows the
area averaged reaction current through the catalyst for each microstructure at 90 °C, 0.4 Aicm
and 70% relative humidity in the gas channel.

RCL1

Figure 49.3-D reaction current distribution for RCL1 at 7@R%l, 0.4 A/cnf, and 90 °C.

RCL2

Figure 50.3-D reaction current distribution for RCL2 at 7@R%l, 0.4 A/cnf, and 90 °C.
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As seen from Figure 49 and Figure 50, there isgmifstant reaction current distribution
difference between the two microstructures. RCL% hamore gradual reduction in the reaction
current the further into the catalyst layer. Tlsdue to the fairly uniform porosity throughout the
microstructure. RCL2 has a high reaction currerdritbe membrane that decreases very steeply
further towards the GDL. Figure 51 uses the reaatiarent density to illustrate this effect.

Figure 51.Reaction current through the catalyst layer at Téfgtive humidity, 0.4 A/cf and 90 °C.

The high reaction rate near the membrane in RCi2bsaattributed to the large reduction in
porosity approximately 15 um from the membraneesnsn Figure 23. The lack of void phase in
this region decreases the number of reaction Sitestefore, more current must be produced near
the membrane to compensate for the ineffectiveoige low porosity region.

The region of low porosity in RCL2 is especiallytrd@ental at higher current densities. As seen
from Figure 52 the catalyst utilization for eachcrostructure is very similar at lower and
intermediate values of current density. At higherrent densities when oxygen must diffuse more
quickly, the catalyst utilization in RCL2 drops dignificantly compared to RCL1. This is because
the oxygen has increased difficulty diffusing thgbuhe low porosity region toward the membrane
where most of the reaction is taking place; theéoreghokes off oxygen flow to the reaction site.
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Figure 52. Catalyst utilization for each microstructure a0%®relative humidity and 90 °C.
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5. Recommendations and Conclusions

Catalyst layer modeling can be a very useful taolftiel cell design. If a model can accurately
predict the processes occurring within a catabged, different catalyst layer designs, materiatliags,
physical properties, and even microstructures @tested before a large amount of money is spent fo
construction and experimental testing. However, eg®dwust be validated through experimental results
to confirm that they are capturing the correct ptglsphenomena. The work presented here has focused
on reconciling results from a direct numerical diation (DNS) of a PEM fuel cell catalyst layer with
results obtained from an MES that allows throughkifiess measurements of ionic potential. This work
has provided insight into useful methods of cordiom for MES assemblies and into procedures for
improving MES and DNS comparative studies.

lonic potential measurement through the thicknéskencatalyst layer proved to be very challenging
but was accomplished with one of the MES structwitls results similar to expected values from the
DNS simulation.Data was successfully collected from one of six SMig&ssemblies constructed and
compared to DNS predictions. It was found thatdterage error between the DNS predicted through-
plane measurement and experimental measuremerdisidgyg one outlier) was 26.5% compared to
results from RCL1 and 23.7% compared to results fRCL2. The successful DNS used FIB drilling to
fabricate the hole for the catalyst layer and utwesl liquid reference electrode fixture to measure
potential. Even for the successful MES, resultsewssisy and one of the measurement points failed to
make connection to the catalyst layer structurefe? design changes are suggested in following
sections.

A new technigue was used to construct an MES adgefob measurement of ionic potential
gradients within the catalyst layekn MES comprised of two-part sublayers was desigoede much
closer to the actual thickness of a catalyst 1826¢25 pum) than in previous work. A reference elmix
fixture was also designed that uses sulfuric azithke the potential measurements at differentimeca
within the catalyst layer.

The Nafion/PVDF sublayers were sequentially casiahieve an overall thickness of 3-4 um thus
enabling five distinct measurement points withia #0-25 um thick catalyst layer. The casting method
used in this research worked well to create thmcially conducting/insulating sublayers. However,
many of the layers developed discontinuities or i connect to the catalyst layer. Experimentation
with different casting parameters (concentratiawyents, casting temperature, etc.) may yield more
robust sensing layers. Likewise, different materi@alr the insulating portion of the sublayer coblel
investigated. In this research, PVDF was chosentalite insulating properties and to the fact thaan
be cast from solution. However, other materialspfika, PTFE, etc.) could be explored to see if they
could be fabricated in sufficiently thin films apdovide a suitable casting surface for the Nafibime
thermal properties of the insulating layer musbdie considered, as heat can cause melting, srgearin
and shorting when the catalyst layer hole is dtilleth FIB or a laser.

Once cast, the sublayers were assembled to ovemlgpn the region of the catalyst layer to reduce
the possibility of shorting with each other and tmembrane. The sublayers extended to external
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potential sensing ports. The resulting long, tlaiyers had the disadvantage of being difficult tdriage
and of being susceptible to interruptions that wekeved to be caused by discontinuities in thédxda
film or poor attachment at the catalyst layer. FeIttMES design improvements should focus on
reducing the length of the sublayer to improve htidn of the Nafion film and to reduce the pos#il

of macroscopic defects/discontinuities. This chamggeometry will likely require custom machined
fuel cell assemblies (which this work attemptedwoid) but should improve the reliability of thenio
potential measurements.

Two methods to taking ionic potential measuremevese investigated — a gold wire and a liquid
reference electrode fixture — with the latter yietfdthe most reliable results. The reference abeletr
fixture eliminates the possibility of unpredictalbésactions at the gold/Nafion interface from ingéeirfig
with the measurements and provides hydration festiblayer. The reference electrode was designed to
rest on top of the fuel cell flow plates with a@dd sensing electrodes inserted from overheadré-utu
designs should consider location of the sensindgswelderneath the flow plates so that the wellsroan
leak into the fuel cell assembly. In addition, adidated sensing well should be provided for the
membrane.

The experimental MES technique and the direct nigalesimulation model were found to be
complementary tools each providing insight to helfine and validate the other, but care must bertak
to ensure that the results from the two approaehesmutually relevantParticular areas of concern
include (i) establishment of appropriate operapagameters; (ii) casting procedures; (iii) acqiositof
characteristic catalyst layer images.

Operating conditionsshould be selected to limit the formation of lduvater and to achieve
appropriate ionic potential gradients within théatgst layer. Operating conditions for the MES miest
selected such that water generated in the catalyst is certain to exit in the vapor phase to makS
results (which do not account for liquid water e tcurrent model) comparable to experimental result
This means operating at low relative humidity (whimay lead to MES dehydration) or operating at
high temperatures where additional vapor can bemapwdated even at high values of humidity.
Operating conditions should also be selected taemeha large but gradual ionic potential gradient
through the catalyst layer to facilitate comparsdetween the DNS and experimental results. If the
ionic potential is relatively uniform, potentialfsirences between layers are difficult to meastrethe
other hand, if the potential gradient is too stebp, entire potential difference may be realizedhia
first layer of the MES making meaningful comparisatifficult. A useful potential gradient which is
significant and which spans much of the catalygedacan be achieved by operating at intermediate to
high values of current density (but not so highaencounter diffusive losses) and intermediateiesl
of relative humidity to partially hydrate the ionem(e.g. 75%-90% RH).

Casting proceduredor catalyst layers are assumed to yield randoracttres with generally
uniform volumetric properties, including ionomer ntent, platinum loading, and porosity. It is
important that the layer exhibit a uniform porodityough-plane like RCL1 used in this research and
avoid large “pockets” of a single phase, as seeR@L2. However, real catalyst layers exhibit a
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through-plane deviation of porosity about an averagiue. With this being said, it is important ttize
catalyst layer used in the cathode of the MES beira®rm and statistically homogeneous so the
numerical reconstruction is as accurate as possihis can be difficult due to the size of the cal
catalyst layer (100 pum diameter) but applicatioocpdures can help. In this research, the catayst |
was applied with an airbrush. While this methoddmees a more uniform coating than painting, there
can still be agglomeration, thickness gradients, éiie to the “human factor”. One method to avbid t

is with ultrasonic spraying systems. These systevhde expensive, can atomize the catalyst ink and
apply a precisely uniform thin film coating. Notlgmwill this help with catalyst layer homogeneityyt
because these systems can atomize the catalystsmi)l droplet sizes are guaranteed and
agglomerations are eliminated, nearly ensuring tihat 100 um diameter catalyst layer hole is
completely and uniformly filled.

Acquisition of characteristic catalyst layer image®sy entail more complex imaging than that
employed in this study if the catalyst layer is nelatively uniform. For example, the MES catalyst
layer can be characterized similarly to the FIB/SEMdhnique explained in Section 2.1.3. While this
method is very useful and has been shown to beaec(j18, 19)), it is a destructive technique;ttisa
that the porous media being reconstructed is cdamtly being destroyed. Since fuel cell catalygeta
are typically sprayed, there is the possibilityg® this method constructively. Once the hole enNHES
is drilled, a portion of the catalyst layer candpeayed. The MES can then be viewed with an SEM and
a picture of the catalyst layer within the hole tataken. The MES can then be removed from the SEM
and the process can be repeated as many timessiasddel'he resulting images give cross-sectional
views of the actual catalyst layer within the MB®ese images can then be stochastically combined to
interpolate the structure between pictures. Whiies treconstruction method is time consuming
(pumping down SEM, spraying many times, etc.)hdadretically reconstructs the actual catalyst layer
being used in the MES and may even be the mostatecu

The previously suggested reconstruction method seesral different SEM images to reconstruct
the porous catalyst layer. Traditionally, only dBEM picture is taken of the XY plane of the catalys
layer (looking down from the top of the catalystdg and a two-point autocorrelation is then getaera
from this picture. An alternate method could use tw three pictures of the catalyst layer; an XY
picture, a YZ picture, and/or an XZ picture. The ®#d XZ pictures are cross-sectional pictures ef th
catalyst layer. Additional autocorrelation functocan be generated from these alternate views sedl u
in the reconstruction for each respective plane.

Assumptions utilized in the reconstruction of thetatyst layer were shown to yield different
stochastic microstructures that had different gurdistributions even though overall polarizatiame
behavior was comparabl@he DNS uses a reconstructed catalyst layer andesotonservation
eguations at each location within the domain. Taalgst layer is reconstructed stochastically using
SEM image. Two different catalyst layer microstures were reconstructed for this research, each
using a different stochastic realization basedhendame initial images. The microstructures praeed
be quite different; RCL1 exhibited uniform througlane porosity about an average porosity but with a
fairly large deviation. RCL2 exhibited less dewatiabout an average value but had a region of very
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low porosity which choked a large part of the oatllayer in some cases. Improved catalyst layer
reconstruction methods such as multiple plane auatelation functions and constructive catalyst taye
characterization could help to reduce the uncestamthe reconstruction.

The effects of different microstructures could hetseen in polarization curves, however, the effect
could be seen in 3-D reaction current plots. RClhdweed a more uniform reaction current distribution
while RCL2 showed higher reaction current occurmegr the membrane and a large decrease closer to
the GDL. This can be attributed to the large deswaa porosity in RCL2. It was found that the large
drop-off in the porosity in RCL2 is particularly tdienental to catalyst utilization at higher current
densities because the oxygen is choked off froargel part of the catalyst layer.

Results from reconciling the DNS and the experirlergsults suggest that the conductance of the
ionic pathway within the catalyst layer is partexly important to cell performancPolarization curves
of the MES exhibited larger Ohmic type losses thaitially predicted by the DNS. Several
modifications to the DNS were explored to recontiile model and experiment. Results suggest that the
lower performance of the actual cell relative te thodel was attributable to the low conductancehef
thin, tortuous ionomeric pathway. By increasing #ignificance of the Bruggeman correction for
transport within the mixed ionomer/carbon voxek thodel results were brought into agreement with
the experimental results.

This work was among the first studies to comparpedarmental through-plane ionic potential
measurements to DNS modeling of a cathode catklyst in a PEM fuel cell. It was found that the
combination of the two techniques provides complaiangy insights. Particular challenges were found
in the fabrication of robust microscale films f@nsing, in the fabrication and numerical reconsimac
of representative catalyst layers, and in the sele®f operating conditions to yield results thatre
amenable to both numerical and experimental arsmalysnprovements in experimental methods,
microstructure generation, and DNS modeling cam hel yield better numerical and experimental
agreement and to improve the understanding ofysdtiyer behavior.
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Appendix A: Oxygen and Water Concentrations at x =

For ease of implementation of the boundary condiétiat the interface between the catalyst layer
and the membrane, one layer of electrolyte celéglited to the computational domain and the operatin
current is applied uniformly on this layer (see E2f)). At the interface between the catalyst fegred
the gas diffusion layer, one layer of pore celladgled to the computational domain and a constant
oxygen and water vapor concentration are implende(gee Eq. (28)). The oxygen concentration at this
interface X = x_, see Figure 5) is adjusted to take into accoundtffesion resistance through the gas
diffusion layer with constant oxygen concentratiorthe gas channel and is defined in Eq. (31) dine
oxygen concentration profile within the GDL)

¥E 155
—h— (31)
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where . (B5k is the concentration of oxygen into the gas diffndayer, Xgp. is the gas diffusion

layer thickness, an%pé[BE;'.Tis the effective diffusion coefficient of oxygen air adjusted with respect

to the GDL porosity, gpi, and tortuosity,sp., and is given by Eq. (32)[2]

%o ’é %‘§%_ (32)

Similar to the oxygen concentration, the water vaqmcentration profile is assumed constant in the
gas channel and linear within the GDL. The conediuin of water vapor at the interface between the
catalyst layer and the GDK € x ) is defined with Eq. (33)
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where €[.B 5k is the water vapor concentration of the humidifagd at the channel inlety,, is the

water flux through the GDL, and{)@gfgf is the effective diffusion coefficient of waterpar in air.

€[.B 5k is calculated from the relative humidity and satioan concentration at the cell operating
temperature. The effective diffusion coefficientvaditer is adjusted with respect to GDL porosity and
tortuosity similar to the effective oxygen diffusicoefficient given by Eqg. (32). The net water flux
through the GDL is the sum of the net flux acrdss tnembrane and the water production rate in the
catalyst layer and is given by Eq. (34)

W ™ ag

5 (34)

The oxygen and water concentrations defined aboweénputs to the direct numerical simulation.
These values must be calculated and manually ehitetiee the program, hence the detailed description.
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Appendix B: Species Diffusivity and lonic Conductivty

For pore level DNS modeling in the catalyst layeicrostructure, Knudsen diffusion due to
molecule to wall collision becomes important. Tliere, %95[ is a combination of Knudsen and binary
diffusivity of oxygen through a gas. This is alsoportant for the diffusion of water vapor, and the
combined diffusivity of speciesthrough a ga%os, is given by Eq. (35)

<

% < = —w (35)
-B/ -B/

where%@?B Is the binary diffusivity of speciadn the gas an%e?3 Is the Knudsen diffusivity of species
in the gas%@SDB and%esé are given in Eqg. (36)[46] and Eq. (37)

%é :(—.®2 . ><; °2|| no >i; < (i io © (36)
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wherea = 2.745e-4 andb = 1.823 for pairs of non-polar gaseseor 3.640e-4andb = 2.334 for pairs
involving water (polar) and a non-polar gasjs the cell operating pressurg,is the cell operating
temperature,Tq, R, and M; are the critical temperature, critical pressurej amlecular weight of
species (oxygen or water)T¢g, Peg, aNdMg are the critical temperature, critical pressurel arlecular
weight of the gas in which these species are dif¢uén this case air), ang is the representative mean
pore radius (50 nm).

The ionic conductivity, ,, of the electrolyte phase of the reconstructedestcucture as a function
of water content has been correlated by Springak. §8], and is shown in Eq. (38)

-1 3% OCLIuO T OL Sn, a «Oms a1q (38)

where is the water content, and depends on the wateritgcta, in the gas phase according to the
experimental fit shown in Eq. (39)

a1l O»20Ys 108.«Y 1921, "BCCCCCCCCgY 1/4C€{ O
O 02 Y O BCCCCCCCCcLcceeeeeeceecececec g)CCCCCCCCCCCCCCCC

The water activitya, is defined in Eq. (40)
Vo Ll (40)

where ¢ is the saturated water concentration ad is the local water concentration. Substituting
Eq. (39) into Eg. (38) provides the ionic conduityivas a function of water activity. Since the
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concentration of water varies at every point witthie catalyst layer, the ionic conductivity willsal
vary and must be calculated at each location.
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Appendix C: DNS Inputs

Table 3 shows typical operating parameters that tmeisnput into the user-defined function (UDF)
for the DNS to work properly. Note that the varbymbol indicated is the variable symbol usedis t
document, not necessarily the variable symbol usettie UDF. Grey boxes in the following tables
indicate an input value into the UDF and the orsdithroughout the case study (see Section 4).

Table 3. User-defined parameters that must be input iredJibF.

Variable Description T&’g:ﬁg'
Cell Temperature (K) T
Gas Constant (J/K-mol) R
Net Water Flux Coefficient
Relative Humidity RH
Faraday's Constant (col/mol) F
Current Density (A/f) i
Exchange Current Density :
(A/m?) Jo

Cathodic Transfer Coefficient c

Table 4 shows typical geometrical parameters imgotthe UDF. These parameters are constrained
by the dimensions of the reconstructed microstrectéd rectangular geometry and mesh must be
generated in Fluent which matches the overall gédcaé properties of the reconstructed
microstructure.

Table 4. Geometrical inputs to the UDF. Inputs are consadiby the size of the reconstructed
microstructure.

Typical
Value

Variable Description

XL, length of the domain witho
the single ionomer/gas pha
layers at each boundary

Domain Length (m)

X, dimension of one side of t

Cell Dimension (m) cubic cells

Number of Cells in x Direction
Number of Cells in y-z Plane

Cell Center to Center Distan

(m)

cdistance from center to center

adjacent cells
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The preceding inputs to the UDF are all independ#gnbne another, however, there are some
parameters that must be calculated before theybeanput into the UDF. In order to calculate these
parameters, there is some other information thatdsdo be used or calculated. Table 5 shows the
supplementary variables and calculations that eeeled to calculate the UDF inputs shown in Table 6.

Table 5. Supplementary information that is required andé&eds to be calculated to find the UDF input
parameters shown in Table 6.

Variable Description T\)//apllsg
Cell Pressure (atm) p 1
GDL Thickness (um) XepL 290
GDL Porosity GDL 0.6
GDL Tortuosity GDL 1.5
Saturation Pressure (Pa) Psa(T), can be found in thermodynamic water 12350

tables

Binary o diffusivity in air calculated based an
O, Binary Diffusion Coefficient| kinetic theory of gases wusing critigal 2.38E-05
temperatures and pressures (Eq. 36)

O, Knudsen Diffusion

Coefficient Knudsen diffusion coefficient of EQq. 37) 1.54E-0%

Binary H,O diffusivity in air calculated based

H,0 Binary Diffusion on kinetic theory of gases using critical 3.13E-05

Coefficient temperatures and pressures (Eq. 36)
H,O Knudsen Diffusion e . L
Coefficient Knudsen diffusion coefficient of #0 (Eqgn. 37) 2.05E-05
Effective G Diffusivity in GDL ;J;)e:d to find oxygen boundary condition (EQ. 3 74E-06
(Esf[f)eLctlve HO Diffusivity in Used to find water boundary condition (Eq. 32) E9%H
. Concentration of oxygen into the GDL based|on

Inlet O, Concentration (mol/r operating conditions and relative humidity 6.96
Inlet H,O Concentration Concentration of water into the GDL based|on

A . e : T 4.60
(mol/m®) operating conditions and relative humidity
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Table 6. Variables that must be calculated before entaredthe UDF.

Variable

Typical
Value

Description

Reference Concentration (moffm

Molar concentration of the reactant at the cha
inlet (Ger = P/RT)

O, Reference Concentration
(mol/m®)

Reference @ molar concentration used in Butl
Volmer equation (02 = P°/RT®)

Saturated KD Concentration
(mol/m®)

Saturation concentration of water based on
temperature (G:= Psaf T)/RT)

Total G Diffusion Coefficient

Combined &diffusivity (Eq. 35)

Total H,O Diffusion Coefficient

Combined @ diffusivity, (Eq. 35)

O, Boundary Condition into CL

Concentration of i@to the catalyst layer (Eq. 3

H,O Boundary Condition into CL

Concentration of bD into the catalyst layer (E
33)
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Appendix D: Reference Electrode Fixture Design

Figure 53. Front view of part 1 of the reference electrodéuie. Dimensions are in inches.

Figure 54.Top view of part 1 of the reference electrodeuiigt Dimensions are in inches.
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Figure 55. Side view of part 1 of the reference electrodéufi®. Dimensions are in inches.

Figure 56.Isometric view of part 1 of the reference electrdidture.
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Figure 57. Detailed view of Section A from Figure 56.

Figure 58. Detailed view of Section B from Figure 56.
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Figure 59. Front view of part 2 of the reference electrodéufie. Dimensions are in inches.

Figure 60.Top view of part 2 of the reference electrodeuiigt Dimensions are in inches.
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Figure 61.Side view of part 2 of the reference electrodéufi®. Dimensions are in inches.

Figure 62.1sometric view of part 2 of the reference electrdidture.
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