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(Left) The hydration isotherm for Nafion 117.
(Right) Protonic conductivity as a function of water cortten



Proton Transport in Nanophase Separated lonomer

Why is the protonic conductivity of the membrane so senstib/hydration?
What features of the membrane impact its conductivity?

How does external compression impact membrane water uptake

How does one reasonably model the conduction process?
Development of high temperature membrariEs} 120C).

SOH SOH SOH SOH

Teflon Spine

Nafion is hydrophobic, cross-linked

Leiawaer  POlymer with hydrophilic (acidic)
side-chains. Nafion phase-separates
In presence of water forming a nano-
scale liquid domain.

|

Based on SAX data Hsu and Gierke (1981) (1983) postulatédhthal-
ance of elastic deformation and hydrophillic surface at#ons leads
water to form spherical hydrophillic clusters of 4nm radsusrounded by
sulfonate groups, with the clusters connected throughdsiltal channels
of 1nm diameter.



NAFION sulfonated polyetherketone (PEEKK)
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Two-dimensional illustration of the channel nano-struatfeatures of Nafion
(left inset) and PEEKK (right inset)

K.-D. Kreuer, “On the development of proton conducting po&r membranes
for hydrogen and methanol fuel cellsl’ Memb. Scil85(2001) 29.
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Profiles of the dielectric constant and protonic chargei@aconcentration in
a hydrated hydrophilic channel (pore) at three differenievaontents. Segra-
gation of cationic and anionic charges leads to exceptiortabn mobility.
K.-D. Kreuer, S. J. Paddiso#t. al., Chem. Rev104(2004) 4637.



Nanophase Models for lonomer Membranes

Modify ideas of C. Liu and N. WalkingtorArch. Rat. Mech. Ana].159(2001) 229-252

Bulk Water
and Cations

Hydrophobic
backbone

Phase functionz) = 1 liquid pore,y =
—1 hydrophobic backbone.

Pull the Lagrangian deformation of the elas-
tic polymer back into Eulerian coordinates
and solve a “seemless” PDE for fluid and
elastic polymer.

The acid groups dissociate only in the bound- _;
ary layer—1 < ¢ < 1. |
Protons congregate only in the “bulk” water,

v = 1.

2—4 nanometers ~ /Anions and
Bound Water

x = x(X,t) Eulerian deformation in terms of Lagrangiah
V=X Local velocity.

_ Oz - :
F = X Deformation gradient
Evolution equation for deformation and indicator function

F,+v.VF = (Vv)F ¥ =1 +0v.Vp =0



Elastic Energy

Due to cross linking the membrane deforms elastically odiQ@nhanometer length scales
Stress-strain energy densiy (F'). The membrane is incompressibiilst F = 1, Net uptake of
water results in volume expansion (swelling). The PiolacKhoff stress tensor

ow

OF;;

Small deformations of the hydrophobic domain= I + E with || E|| < 1.
DW = DW(I)(I + E) + C(E) + o(|| E||)

(DW)ij =

The Cauchy stress tensor is given by

o°W
C(E)jr = s Ei
8Fi18ij
The presence of residual stressP3/V (1), can be induced by pretreatments of the membrane, such
a boiling, but in general we assume they are zero.



Interfacial Energy Density

Smooththe Phase Function

U (x) =ne* ¥ = S{ P(y)en (g) dy

Interfacial energy dominates at 0.5-5 nanometer lengalesc
I("vbe) — "-'sz(tPe) - O‘A("vbe)

r Elastic modulus of the polymer backbone, distinct from the e
fective moduli which characteri?ay

a Energy density coefficient for the interface, proporticieethe
acid group molar density.

Square of mean curvature

1 2
H = [e[Ag— (2= Dy do

Q



Surface area ;
— 2 2 2
A= e IVt + @2 - 1) de

The length scale controls the thickness of the hydrophobic-hydrophiliogigion region.
The variational derivative

5% — e[K’Azf’vbe + aAQ;be] - %[’4’(31#62 - 1)A¢6 + KA {(Qrbez - 1)"106} + a("vbez - 1)¢e]‘|‘
Y2 —1)(3¢2 - 1).

Competition between positive contributions from curvatoalances against the negative (curvature
enhancing) contributions to interface formation seledength scaldy = 1/kg = \/%for phase
separation.



Force Balance

The balance between elastic, electrostatic, and intedffances drives the flow

p(1) (v + 0.Vv) + VT = V- (u(®) Vo) + (C_ — C;)Vort
XmV « (WFT) + g%v«p

xi = 3(1— ) liquid indicator
Xm =1—Xi membrane indicator
p = XiP1 + XmPm  density

1= X1 + XmMm  ViSCOSity
73 pressure conjugate to incompressibility

V.ev=0
C_(v¢.) = 4a(1 — v.)? anion charge density

The electric fieldp couples to the flow through the ion densities from Poissomqsa&on
cC_—-C,
Az

V. (e(®)Ve) =

The Debye lengtlA is roughly0.5 — 1 nanometer.
Dielectric consk varies from 2 to 80.



Proton Transport

Where are the protons and how do they flow?
Hydrogen bound networks, Grotthuss mechanisms, vehitalasport

Approach 1 Empirical valence-bond models (extended Hckel type
model) in which a series of N valence-bond states

|Po), ..., | Pn_1) are introduced to describe (empirically) the
chemical bonding patterns that can result from the redgtivi
Determine pico-second time-averaged charge densiti€s, of
cations given the shape of the phase-separated domainsand d

tribution of C_ anions.

Approach 2 Brute force: Insert a potential” (v») which is supported on the
|1»| < 1 region. This serves to “localize” the cations within

the bulk channel domains while accounting for pinchingefe
when channels get narrow.

F
8t0_|_ + V . (—D_|_VC_|_ I ED-I-C-Fqu I V/(’(p)V’(pe) — —8tc_

Total charge is conserved — protons are produced by creafionerface and rapidly are pushed
into the channels at high water content.



Model Properties

The Chan-Hilliard type equation

0E(W)
ow

smooths so tha¥ represents a volume fraction of phases.

\Ilt—|—’U'V\P:A

The key advantage of smoothing the phase function is that &stain separation of phases while
permitting interactions between phases.

Consider a Toy Model
\Ilt —|— v-VV¥ = 0
v+ Vrm = —%%I—G)V\IJG
Vv =20

Since the phase velocity is divergence friee area of the level sets @f is conserveghowever the
amount of interface can grow or shrink. The governing eguatconserve phases.

¥ flows according to the incompressible projection of the l&gzed energy gradient.

As an illustrative example consid&i( f) = ||V f||32, then
U, =0 [(Ane x ¥)(Vne * )] - VI
where¢ is the divergence free projection.

“Mesa’s of phase interacting through tails like cheerioatilog in milk”



Open Questions

In what contexts does the energy
(V) = kH*(P,) — . A(T,)
possess minimizers?

If there is no driving force, thein = 0 and one may view the steady form of the force balance
as an Euler-Lagrange equation for the total energy

where bothF' and are known in terms of the deformation mag X) from an “unstressed”
reference configuration to the minimizer, and

V = [|e(¢pe) Vo|*dw
Q
is the contribution of the induced electric field to the eerg

Can the electric field coupling be expressed in a closed foameasonable level of approximation?

Does this energy have minimizers, what are the appropratstaints? What structure does the
minimizing set possess?



Catalyst Layer Mixture Models

(a) Structural Picture

carbon grains

Pt nhanoparticles

GDL

secondary pores

Figure 1

(b) Single Agglomerate

50 nm

bulky ionomer
(proton conductor)

ionomer molecules
(binder)

ideal reaction spot



.
o

model 3% O2
08 o exper.5% O, |
> 07 v exper.3% O2 ]
(9]
F06
)
Z 057
T) ~
S 04t N

— — —model 5% O2

03F|70°C A=l
30psig S
0.2 | 70/80% RH an/cath \:\:{
0.1 ' : : : ‘ '
0 02 04 0.6 08 1 12

cell voltage V
o 2 o =
W

o o
)

Polarization curves at (top left) Two differen,@onc. (top right) two channel RHs (bo ttom
left) 6 channel RHs with equal anode and cathode RH (bottght)rb anode RHs with cathode
RH=80%. Joint work with Akeel Shah/John Stockie/G. S. Kimadvb-scale models can fit

~

current density Alem®

100% RH

W O
O
(e}
N
=
)

70% RH

60% RH

50% RH

0 02 0.4 0.6 08 1 12
current density Alem’

data but cannot guide development.

cell voltage V

= = =model 100% RH

0.9 A exper. 100% RH
08 model 70/80% RH an/cath |
’ < B exper. 70/80% RH an/cath
0.7
0.6
0.5
04
0.3
1
02 N
N
0.1 ‘ - - - A
0.2 04 0.6 0.8 1 1.2
current density Alem?
1 ; : ;
cathode RH = 80% |
081 RH_=100%
0.6 / RH =90% |
04 [ J \/
N
RH =70% N
a \
02
RHa =60%
0 ; ; ; ; ‘
0 02 04 0.6 0.8 1 12

current density Aler?




Catalyst Layer Models

Preparation Models: Resolve 5-50 nanome-
ter scale of the ionomer/electrolyte and carbon
AN APPROXIMATE MODEL FOR MASS TRANSFER wiTH SUPpPort mixing process which fixes the catalyst
REACTION IN POROUS GAS DIFFUSION ELECTRODES ngnoscale structure. Validate against SAX ex-
M.B.Cu * 1
Department of Chemical Engineering, University ofr(,;;inecticut, Storrs, Connecticut 06268, U.S.A. perl ments (And re Lee) . .
Performance Models: Determine the impact
Abstract—An approximate model for reactant mass transfer in fuel cell electrodes has been formulated Of the CatalySt |ayer StrUCtu re On heat and maSS
which considers gaseous diffusion in the hydrophobic Teflon phase, diffusion across a thin clectrolyte . . . . .
film at the surface of the catalyst phase, and internal diffusion with first order reaction in the transport, |nC|Ud|ng generathn Of ||qU|d Water
elecgolyte-ﬁlled catillyst phase. An analyucal snolutlon is presented which 1pd1gates the_ fraction of . . .
o st comeentiationt shoule llow 5 mare- quanttative cuaration o ot e wnir €QIONS and ionomer swelling
processes in fuel cell electrodes. . .
Degradation Models: Include additional reac-
tions for carbon corrosion, Pt dissolution with

accompanying phase change.

(Revised version received 16 December 1974)

In a 500 nanometer cube, track phase domains for carbonmenaas, liquid.
Include interfacial energies (surface tension), van deal$ateractions, elastic en-
ergy, electrostatic interactions, to provide a force bedéamodel for the mixing,
phase change, transport and reaction which resolves daiva sonanometer length-
scale.



Preparation Models
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Carbon support is comprised of 30-40 nanometer carbon bbackcles with 5-10
nanometer Pt catalyst inclusions decorating the surface.

Carbon particulates naturally congregate into 150-25@meater agglomerates due to
residual charges and surface interactions.

Agglomerated carbon is mixed with an aqueous polymer alcsbloition forming the
catalyst ink.

How does surface wettability of carbon support/viscosftpaymer impact polymer in-
terpenetration?
How should the external forces be optimized to mix “well’?



Preparation Model Details

Key ldeas

Don’'t track interfacesintroduce a phase functiotr which takes three distinct val-

Don'’t Impose BCs ues{vs, i, 1%, C R?. to indicate whethet)(x) is solid,
lonomer, or gas.

All Eulerian Elastic deformation is naturally Lagrangi@nt it can be pulled
back into an Eulerian framework — write awolutionequation
for the elastic deformation tensor.

Interfacial Energy e — interfacial length scale

s P

| V.ev=0
| ve= [ (Y5 vy,

= =

e

| | Vi + v.Vp = 0,
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Elastic Energy

The motion of the material is described by the deformatiop ma= = (X, t), giving the location
a of Lagrangian particleX at timet.

Material velocity v = T,
Strain of solid phase F;; = g—gé,
Incompressibility def’ =1,

Strain-Energy function W = W(F),
Piola-Kirchhoff stress tenso( DW),; = %,
tJ
Evolutionfor F', compatibility between deformation and velocity,
Fi+ (v.VF) = (Vv)F.

Inter-particle attractivity

Agglomeration driven by residual charges/weak surfacellmghmodeled by a van der Waals po-
tential

N(x) = k;; ((a:k féw)M (z —ﬁwk)N)

wherex;, is center of k’'th carbon support and points inside particléek.




Force Balance for velocity

The mixture flows in response to body forces, elastic, iat@al, and electrostatic energy

0Z,
01e

Body force driving mixing  f

Indicator function for phase px,

Pressure 7r, conjugate to incompressibility
Density p = psXs(T) + pixi(T) + pgxy(x)
Viscosity p= psXs(x) + pixi(x) + pgxg(x)

p(vi +v.Vv) + Vr — V- (u(h) Dv) + —Vep+ x: (V- (DW(F)FT) + VN ) = pf



Performance/Degradation Models

Upscale material properties to Macroscopic transportmpatars

Material properties  Carbon support size, Surface wettgbihter-particle attrac-
tivity, Volume fractions

Macroscopic trans-Electronic and Protonic conductivities, Effective Pt sigd

port parameters area, Oxygen transport limitations, corrosion rates

Understand the dependence of macroscopic parameters catingeconditions: liquid water for-
mation, ionomer swelling, oxygen starvation

Include transport and reaction of scaléfs= (Uy,...,U,,) including oxygen,
dissolved oxygen, protons, heat, liquid water, vapor
Reaction generates change of phase volumes, particulguid |

Change of Phase
The phase functiowp

Has four distinguished valugap,, 1,, 15, ¥} C R3.
Takes on a continuum of values, but will still be non-smooth
Introduce the volume fraction of phape

1 'Qb — '(ppv
V. —
»(¥) {0 Y =Yg, q £ P
and is linear i, so thatV; 4+ V, + V; + V; = 1 everywhere.




Local molar conc. of phageis given byc,, = ~,V,(4) and satisfies the conservation law
N,
Oicp + V - (vep) = kX_jl R, (U,)sk

N, reactions with rate#;, and stoichiometric constasf for phasep.

Scalar transport

The phase functiow fixes the local transport parameters. Solve

OU; +V - (vU; + [D(U,$)VU])) = ¥ Re(Us9)s]

D Maxwell-Stefan, Poisson-Nerst, Ideal gas Law
Ry, Oxygen reduction, Carbon corrosion, Hydrogen oxidation,
Liquid-vapor phase change
Interfacial transportHenry’s law, water uptake into ionomer, incorporated asrint
facially supported reactions as opposed to BCs!

Validation

Cyclic Potential Sweeps

AC impedance

SAX experiments
Post-mortem carbon corrosion



Carbon Corrosion — Micron scale

Brian Wetton, G.S. Kim

Oxygen Reduction/Reverse Oxygen Reduction (0) , +@p"+4e” = 2H,0,
Hydrogen Oxidation/Hydrogen Evolution (h) o= 2pt+2e,
Carbon Oxidation (c) C+250 — 4pt +4e + CO,

Common Electrode potential, for reaction r=0, h, c, at afeatbode

Ea/c — Er,ref + N’r(Coa Ch) + nfr(ir)v

‘/cell — Ec - Ea — RQIa
. . 1 — o) Fn,
by = Urgref {exp <aTT:F1.Zh) — exp (_( }%T? L )} s

. . F
Small current 2, = (% e ——| Nr

Large currentn, = St In; b
r

Each reaction competes to provide the local curiént)
I(x) = ic.(x) 4 to(x) + tn(x)

Oxidation reactions (producing electrons} > 0 andn > 0,
Reduction reactions (consuming electronskx 0 andn < 0



Kinetic Parameters

Reaction Nerst Tref o
Carbon Ox. (c) - 0.207V|1.136 x 10~° A/m? 0.324
Hydrogen Ev. (h) | Ci5/ = 10029 | 0 nn = Rpin R;, = 0.10Q-cn?
Oxygen Red. (0) c”ff — 40. 9;‘;01 1.28V | 9.3 x 1074 A/m? 1.0
Rev. Ox. Redz, > 0 - Mo = Roi, R, = 0.01Q-cm?

Oxygen/Hydrogen cross oved = 3 x 1073 m/s,

Anode and Cathode catalyst layer conCy 4, Ch.q

Jr = A(Crq

Partial currents
Local current
Anode and Cathode potentials

— Cre)

Unknowns

Co,ca Ch,c

20,a9 th,as tc,a o,cy Th,cy Ue,e

I(x) I(x)

E an E cat




Cathode Currents Electrochemical Potentials
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Base case— Coflow

An/Cat 2.2/2.0 barg, stoich=1.2/1.B; = 1 Alcm?, Ve = 0.635V.

Small hydrogen oxidation current (2.3 mA/éon cathode due to hydrogen crossover. This
current is present at open circuit and causes the drop in@pent voltage from 1.28 to 0.95V.



Cathode Currents Anode Currents
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Partial Anode Understoich (idle)— Coflow (Reiser et. al.)

An/Cat 2.2/2.0 barg, stoich=1.1/1.B; = 30 mA/cm?, Veen = 0.845V.

Hydrogen cross-over drives cell to anode understoich. @mygeduction at anode (from
crossover) and Reverse Oxygen reduction at cathode. Etegathode pot leads to sig. carbon
corrosion. (1 mg of carbon/houré=x 10~4A).



Cathode Currents Anode Currents
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Anode Understoich — Coflow

An/Cat 2.2/2.0 barg, stoich=0.8/1.B; = 1 Alcm?, Ve = —0.575V.

Current near inlet is limited only by hydrogen mass transteranode. On cathode oxygen
reduction (at mass transfer limit) plus hydrogen evolutiéfier depletion of hydrogen, anode
and cathode pot. rise, leading to reverse oxygen red. oreahgdrogen oxidation and oxygen
reduction on cathode.



Sp? Carbon Support Development

Replace reactive Spcarbon (carbon black) with
more inert Sp (diamond)

Excellent dimensional stability and corrosion re-
sistance

Inexpensive, $2/gram

Can be made electrically conductive with Boron
doping

Bonds well to Pt

Conducting powder was prepared by coating insulating drahpmwder (8-12:m diam,

2 m?/g) with a thin boron-doped overlayer using microwave plasassisted chemical
vapor deposition. Deposition times from 1 to 6 h were evaldal he surface area of this
powder &2 m?/g) is lower than that desired for an ideal support (1G0gh

(A) before diamond deposition, (B-D) after 1, 2, 6 hours gbatgtion.
Electrical resistance measurements of the bulk powder ifmeb) confirmed that a con-

ductive diamond overlayer formed, as the conductivityéased from near zero (insulat-
ing, < 10~° S/cm) for the uncoated powder to 1.5 S/cm after the 6-h growth



Nanophase Models and Carbon Corrosion

Sp? support materials

e Where within the catalyst layer does carbon corrions occur?
e How much carbon corrosion is too much?
e How does liquid water impact carbon corrosion?

Sp® support materials

e How does the differing surface chemistry impact suppartimer mixing
and agglomeration?

e How much aggolomeration is needed to insure electronic wcindty?

e Will differing surface wetability change the interactionthliquid water?



Pt dissolution

Two principle mechanisms for Platinum loss in the catalggel have been proposed: surface
migration and Pt dissolution/reprecipitation.

Patterson [2002] suggests that Pt dissolution is a majoceamf Pt surface area loss.

Yasuda [2006] has shown that potential cycling can induaid3blution, that rates of dissolu-
tion are greatly impacted by molecular hydrogen concentiat and the location of Pt deposits
moves towards the anode with reduction of hydrogen conagortrin the membrane

(Left) A TEM image of the interface between the cathode gatdhyer and the polymer elec-
trolyte membrane of an MEA after a potential cycling test 50 cycles under a nitrogen
atmosphere (sample N-5). Potential cycling range: 0.¥&. SHE. (Right) Enlargement of
deposited Pt particles. From Yasuda et al [2006].

Include extra phase for Pt metal, and extra reactions
Pt + H,O = PtO + 2H" + 2e™
PtO + 2H" < Pt*T + H,O



