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Abstract

One- and two-parameter numerical optimization analyses of the cathode catalyst layer of the PEM fuel cell were investigated with the
objective of optimizing the current density of the catalyst layer at a given electrode potential. Catalyst design parameters, such as Nafio
content, platinum loading, catalyst layer thickness and porosity, were considered. Numerical analysis shows that there is a global, optime
solution for each one-parameter optimization. A global, optimal solution also exists for two-parameter optimizations. The optimal solution
and the surface of the local current density as a function of two design parameters are given for each two-parameter optimization. Th
numerical analyses provided here are useful in the design of cathode catalyst layers.
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1. Introduction the chemical species (typically hydrogen and oxygen) in the
gas channels and porous GDLs, proton and electron trans-
Proton exchange membrane (PEM) fuel cells are promis- port through the catalyst electrodes and membrane, water
ing candidates for next generation power sources. Theytransport in different phases through catalyst layers, GDLs
have received much attention in recent years due to theirand the membrane, and heat transfer. Among these different
“zero-emission” quality and relative high power density. A components and different transport processes, the transport
PEM fuel cell generally consists of a membrane electrode processes in the cathode catalyst layer play a significant role
assembly (MEA), sandwiched between two bipolar plates in the performance of the PEM fuel cell because this is the
that allow the introduction of separate reactant gases. Theregion where the rate limiting chemical reaction takes place
MEA consists of a proton conducting electrolyte mem- and potential power is wasted. Therefore, research on cath-
brane sandwiched between two porous gas diffusion layersode performance has been very active, and many models
(GDLs) which have been coated on one side with a thin have been proposdd-5].
catalyst layer: it is often prepared from a mixture of catalyst  Commercialization requires that the fuel cell achieves its
dispersed on carbon black, polyelectrolyte, and a hydropho-best performance at the lowest cost. Optimal PEM fuel cell
bic agent. Hydrogen gas diffuses through the anode GDL to performance should be: the highest power output, highest
the anode catalyst layer and is oxidized to protons. Concur-fuel efficiency, while maintaining reliability and durability,
rently, the electrons travel through the electrical circuit to the and at the lowest cost. Assuming that adequate water and
cathode where, in the presence of protons that have diffusecheat management can be achieved, optimal performance will
through the membrane, they reduce oxygen that has diffusedstrongly correlate with an optimized cathode catalyst layer.
through the cathode GDL to the cathode catalyst layer. Optimization by experimerj6—8] is time consuming and
Many different transport processes occur in different re- costly compared to numerical optimizatif$10], in partic-
gions of the PEM fuel cell. These include mass transfer of ular, when more than one variable is involved. On the other
hand, the numerical optimization method is inexpensive and
can yield global optimization because many parameters can
* Corresponding author. Tel:1-604-221-3068. be systematically varied. Qi and Kaufmg8] investigated
E-mail address: simon.liu@nrc.gc.ca (Z. Liu). experimentally the effects of Nafion content and platinum
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Nomenclature

A specific reaction surface area per volume of the catalyst layercm
Ao catalyst surface area per unit mass of the catalyst (chh g

co, oxygen concentration in the catalyst layer (molch

cng reference oxygen concentration (molc

c* oxygen concentration at the interface of the GDL and the catalyst layer (md)cm
Do, bulk diffusion coefficient of oxygen in electrolyte (érsr 1)

Do,cepL  bulk diffusion coefficient of oxygen gas (Ge?)

Do, N diffusion coefficient of oxygen in Nafion (chs 1)

Do,.w diffusion coefficient of oxygen in liquid water (chs™1)

Dgﬂ effective diffusion coefficient for oxygen through the catalyst layer4sm)
Dg‘i’GDL effective diffusion coefficient of oxygen in GDL (chs™1)

E open circuit voltage (V)

F Faraday’s constant (C niot)

igef reference exchange current density (A&h

1(X) proton current density at x (A cnf)

lo current density at a given electrode potentigl (% cm—2)

ltot total current density in the catalyst layer (ATR)

Ko, Henry’s law coefficient (dimensionless)

L thickness of the cathode catalyst layer (cm)

LepL thickness of the GDL (cm)

Mpt catalyst mass loading per unit area of the catalyst layer (¢f¥m

n number of electrons transferred in cathode reaction

Po, oxygen pressure (atm)

R gas constant (J& mol—1)

T temperature (K)

Vo given electrode potential (V)

X coordinate (cm)

%N mass percentage of Nafion to the sum of Nafion and solid particles
%Pt mass percentage of platinum catalyst on the support carbon black
Greek

ac cathodic transfer coefficient

Oa anodic transfer coefficient

EN volume fraction of the Nafion in the catalyst layer

£s volume fraction of solid catalyst particles in the catalyst layer

ey volume fraction of the void space in the catalyst layer,

£GDL porosity of the GDL

n overpotential (V)

ON bulk conductivity of Nafion (S cmt)

os bulk conductivity of solid catalyst (platinurt carbon) (S cm?)

PPt mass density of the platinum (g ci¥)

oC mass density of the carbon black (gt

ON mass density of Nafion (g cnd)

aﬁlﬁ effective conductivity in Nafion (S crt)

ol effective conductivity in solid catalyst particle (S ch)

loading on cathode performance individually and concluded mum, not global. They did not discuss what values the opti-
that 30 wt.% of Nafion content andZD + 0.05 mg/cn? of mal Nafion content and platinum loading would be in order
platinum loading were the optimum values to obtain the best to obtain the best cathode performance when both Nafion
performance when 20% Pt/C catalyst was used to make thecontent and platinum loading are variables. Boyer ef9al.
cathode. The reported best performance of 30 wt.% Nafiongave a set of equations to optimize the thickness, catalyst
or 0.20+ 0.05mg/cnt Pt loading seems to be local maxi- loading and Nafion content individually when only one mass
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transfer process was significant, and the numerical analysiscatalyst layern the number of electrons transferred in the
and the experimental results were compared. Marr and Li oxygen reduction reaction, atlis the Faraday’s constant.
[10] performed a numerical analysis to optimize the perfor- Dgf;, the effective diffusion coefficient for oxygen in the cat-
mance of cathode and indicated that optimal ionomer con- alyst layer is evaluated by applying series resistance model
tent as well as an optimal void fraction exists regarding the [10] to effective diffusion of oxygen in Nafion and liquid
change of the local current density with ionomer content or water:

void fraction. In their calculation, the effective diffusion co- en+ev &N n ev ?)
efficient of oxygen in catalyst layer is estimated by applying Dgﬁ o Dgﬁ N Dgﬁ w
2 25 25

the Bruggeman relation to the combination of ionomer and
water in which the bulk diffusion coefficient is calculated WhereDeo‘;f_’N and Deofzf’w are the effective diffusion coeffi-
based on a series resistance model. cients of oxygen in Nafion and liquid water, respectively,

This work focuses on the numerical optimization of the anden andey are the volume fractions of Nafion and void
cathode catalyst layer with respect to one or two of the space in the catalyst layer, respectively.
four design parameters: Nafion content, void volume frac- According to the model assumption that the catalyst layer
tion or porosity, thickness and platinum loading, by means of is fully flooded and the void space in the catalyst layer is
the one-dimensional “macro-homogeneous” mgdel0]. completely filled with water, the effective diffusion coeffi-
Isothermal and steady state assumptions are assumed. Oxyeients of oxygen in Nafion and water can be evaluated re-
gen diffusion is described by Fick’s law. The effective dif- Spectively using Bruggeman relation:
fusion coefficient of oxygen in catalyst layer is estimated peff —p 3/2

e . . . O,.N = POy,NéEN (3a)

as follows: first applying the Bruggeman relation to Nafion 2
and water to obtain the effective diffusion coefficients of and
oxygen in_Nafion and water, respe(_:tivel_y, a_nd then using a Deofzf,w _ Doz,we\s/z (3b)
series resistance model. Proton migration in catalyst layer
is described by the Ohm'’s law, and electrochemical kinetics Where Do, n and Do,,w are the bulk diffusion coefficients

are described by the Butler-Volmer equation. of oxygen in Nafion and water, respectively. .
The oxygen concentration in the catalyst lay&s,, is

restricted by following boundary condition:
2. Mathematical model for the catalyst layer co,(x =0) =c* 4)

wherec* is the oxygen concentration at the GDL/catalyst
layer interface. Applying Fick’s law for oxygen diffusion
in the GDL, and solving the resulting equation, yield the
following expression foc*:

A schematic diagram of the cathode catalyst layer is
shown inFig. 1L Oxygen diffusion through the catalyst layer
is assumed to be due to its concentration gradient, and there
fore the oxygen concentration distribution is governed by

Fick's law: N 1 [ Po, TtotLGDL 5)
c = — — T
deo, _ 1(x) = Irot @) Ko, \ RT  nFDE" .o/
- eff
d nFDg, where Po, is the oxygen pressurd®? the gas constanil

the temperaturel.gp. the thickness of the GDL, anfo,

is Henry’'s coefficient (dimensionless) for oxygen gas dis-
solved in liquid water and can be evaluated from the empir-
ical relation[3] as

where co, is the concentration of oxygen in the catalyst
layer, x the coordinatel(x) the proton current density in the
catalyst layer,liot = I(L) the total current density in the

1 666

Ko, = —exp| —— + 141 6

0 = o0~ + 141) ©
— < DY op, is the effective diffusion coefficient of oxygen in
—> < GDL and can also be calculated by Bruggeman relation:

H' 3/2

0, —> < DeOf;GDL = DOz,GDLSG/DL ()

— < where Do, cpL is the bulk diffusion coefficient of oxygen
—>| Catalyst1 <— i i
GDL atalyst layer Membrane gas antkgpL is the porosity of the GDL.

Applying Ohm’s law to both the proton and electron trans-
port yields the governing differential equation for the over-
potential,n, in the cathode catalyst layer:

dn 11 1
-— = (oﬁ + ?) I(x) — o?hm (8)

— L —>
—> x

Fig. 1. The schematic diagram of the catalyst layer. dx N 0s S
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where o,?,ﬁ and agﬁ are the effective proton conductivity space volume fractions(), Pt loading {:pr) and catalyst
of Nafion and electronic conductivity of the solid catalyst layer thicknessl(). Since PEM fuel cells are usually oper-
particles (carbon-supported Pt), respectively, and estimatedated in a specific voltage range, the objective of this opti-
from the Burggeman relation to account for the porous nature mization problem is to maximize the current density at a
of the cathode catalyst layer: given voltage.

eff 3/2 9 Denoting the current density generated in the catalyst
ON = ONEN ©) layer aslg at a given electrode potentidp, the general op-
Ggff _ 0582/2 (10) timization problem can be stated as

whereoy andos are the bulk proton and electronic conduc- Maximize  lo (17a)

tivities of Nafion and solid catalyst particles, respectively. ity respect taen, sy, L andmpy, and subject to
es is the volume fraction of the solid catalyst particles in the

catalyst layer and is given Ht0]: O<en<1 (17b)
1  1—%Pt\ mpy 0<e 1 17
(=2 T IR 11 w < (17¢)
°° (ppt " %P ) L -

. O<es<l1 a7d)
wherepp; andpc are the mass densities of the Pt and carbon

black, respectively; %Pt represents the mass percentage oand

Pt catalyst supported on the carbon blagk; is the Pt mass

loading per unit area of the catalyst layer. eNtew tes=1
The sum of the Nafion volume fractiony(), the void

space volume fractione() and the solid catalyst particle

volume fraction £s) is equal to 1:

(17e)

wherees is given byEqg. (11)

The weight percentage of Nafion to the sum of Nafion and
solid particles, denoted by %N, is usually used to measure
eN+ev+es=1 (12) the Nafion content in the electrode and can be calculated

from the volume fraction as
PNEN
PNEN + (1/%PY(mpt/L)

>> (13) wherepy is the mass density of Nafion in liquid water.
When one parameter varies and the rest three are fixed, we
have four one-parameter optimizations corresponding to the
four parametersey, ev, L andmpy, respectively. When two
of the four parameters vary and the other two are fixed, there
are six two-parameter optimizations. In this paper, we will
discuss the one- and two-parameter optimization problems
to optimize the catalyst layer performance.

Combining the proton mass balance and the Butler—\Volmer
equation gives the equation for the proton current density: %N =

dr ref [ €0y acFn aaFn
ar = Ao <cg§2f exF’( RT ) eXp( RT
whereA is the specific reaction surface area per unit vol-
ume of the catalyst Iayer'gGf the reference exchange cur-
rent densitycrgf the reference oxygen concentratiog,and

ag are the catﬁodic and anodic transfer coefficients, respec-

tively. The current density(x), should satisfy the following
boundary conditions:

10)=0; I(L) = It (14)

(18)

According to experimental dafal], the reference exchange 4. Numerical results and discussions

current density for oxygen reduction in Nafion 117 is related
with the cell temperature bj3]

igef — 10(3.507—400],/D (15)

Fig. 2 gives the comparison of the experimental d&fa
and the fitting current density at electrode potentigl=
0.6 V. The optimization shows that when the Nafion con-
tent is 0.32087 (here the other design parametersiwe:

The specific reaction surface area of the catalyst layer is re-ll.8um, ey = 0.10333,mpy = 0.332 mg/cni), the current

ILatzc;I tf(())lfg\?wlzgl.oadlngnpt, and the catalyst layer thickness, density at electrode potenti& = 0.6 V reaches its maxi-

mum or 0.93583 A/crh
A= Aom_Pt (16) Fig. 3 plots the experimental daf&8] and the fitting cur-
L rent density curve as a function of platinum loading. The
whereA is the catalyst surface area per unit mass of catalyst. highest current density is 0.71492 A/émvhen the platinum
loading is 0.21032 mg/cfwhich is very close to Qi and
Kaufman’s conclusiof8]: an optimum platinum loading is
3. Statement of the optimization problem around 020+ 0.05 mg/cn?.
The following section will discuss the numerical opti-
In this optimization problem, we consider the following mization analysis corresponding to one- or two-parameter
four design variables: Nafion volume fractiopy], void optimization problems. The parameter values (baseline data)
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0.95 Table 1
’ ) ) ) N ) ) Parameter values used in the baseline calculation
o9l F = 96485 (C mot?) Ag =112x 10* (cmg1)
{0.32087, 0.93583) R =8.315 (JK1mol?) ' =1.2x 1075 (molcm®)
~ 085} n=4 L =118x 1073 (cm)
E wc=1 LopL = 1000 x 1072 (cm)
£ osf aa=05 Vo =06 (V)
z E=123(V) en =03
‘e 075 Po, = 0.21 (atm) eepL = 0.3
2 T = 308 (K) on = 0.17 (Scnt?l)
£ o7 Do, oL = 2.396x 107 (cmPs ™) 0s=7.27x 107 (ScnTl)
E Do, N = 1.844x 1075 (cmPs™) ppt = 215 (gcnTd)
© o065 Do, w = 3.032x 107° (cn?s™?) oc = 2.0 (genid)
%Pt= 0.2 on = 2.0 (genT3)
06}l mpy = 0.332x 103 (gcm2)
0.55

0.1 0.15 0.2 025 03 0.35 04 045
Nafion content (wt%)

Fig. 2. Comparison of experimental dg8d and fitting result {o = 0.6 V). . . . . ‘ ‘ . .

1.1} 1
used in analysis are given in tfl@ble 1and the polariza- § 1 |
tion curve computed using these data is showRig 4. In o
the process of optimization, the corresponding optimization 5 ol |
parameter is no longer regarded as a fixed value but as a‘é
variable, satisfying the corresponding constraint conditions. g 0.8 1

Fig. 5gives the current density at a given electrode poten- &
tial (Vo = 0.6V) as a function of Nafion volume fraction. g o7t ]
From this figure it can be easily observed how the Nafion :: o6l |
volume fraction affects the current densifig. 5 indicates S
the optimal Nafion volume fractiorgy, is 0.33619 (here 05} 1
L = 11.8pum, ey = 0.08801 andmp; = 0.332 mg/cm),
and provides a maximum current density of 0.37467 Alcm 04 o1 o2 03 02 05 06 07 08 oo

However, the asymmetric broadness of the plot indicates
that although the current density is not very sensitive to the
volume fraction near this optimal value (from 0.3 to 0.35), Fig. 4. Polarization curve of catalyst layer computed by using the baseline
it is more sensitive to larger values of Nafion content than data.

to lower values of Nafion content. For example, the current

Current density (Ncmz)

0.8 . . . . . . .
0.45 . . . . . . .
o7} l
04} ]
< 08 (0.21032, 0.71492) |
8 __ 035} ]
s 05 E (0.33619, 0.37467)
g | L 03 ]
§ z
3 o ' £ o2
s g >
5 | £
g %3 £ o2 ]
=
(6]
02 1 0.15 |
0.1 s : - - . . . .
025 03 035 04 0.1

0 0.05 0.1 0.15 02

005 0.1 015 02 0.25 03 035 04 0.45

Platinum loading m,, (mg!cmz) Nafion volume fraction g,

Fig. 3. Comparison of experimental dafd] and fitting result for Pt
loading (Vo = 0.6V).

Fig. 5. Optimal point and current curve as a function of Nafion volume
fractioney (Vo = 0.6 V).
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Fig. 6. Optimal point and current curve as a function of void volume
fractioney (Vo = 0.6V).

density drops by 10% when the Nafion volume fraction falls
below 0.23, but the catalyst layer only tolerate up to a vol-
ume fraction of 0.4 before the current density falls below
10% of the maximum.

Fig. 6 shows the change of current density with the void
volume fraction of the catalyst layer. The optimal void vol-
ume fractioney, is 0.087981 (herd. = 11.8um, eN
0.33622 andnp; = 0.332 mg/cn), and provides a current
density of 0.37467 Alcr In contrast to the case ef;, the
dependence of the current densitysgris much more sensi-
tive to lower void volume fractions than to higher. The max-
imum current density in this case is exactly same with the
value of the casey because in both cases, the volume frac-
tion of solid catalyst particles is a constant which means the
sum of the void volume fraction and Nafion volume fraction
does not change (2 ¢s), so the current density as a func-

tion of void volume fraction can be regarded as the result of Fig. 8. Optimal point and current curve as a function of catalyst layer

substitution of Nafion volume fraction by @& es — ev) in
the current density function of Nafion volume fraction.

Fig. 7shows the relationship between current density and
Pt loading. The optimal loading is 0.24365 mgfcitnere
L =118um, ey = 0.3 andey = 0.27743), and provides
a maximum current density of 0.39768 A/&nThe current
density is not too sensitive to the Pt loading near the optimal
value. A variation of aboutt45% in Pt loading, leads to
about 10% decrease in calculated maximum current.

The calculated current density is even more sensitive to
thinner thickness of the catalyst layer than to thicker one
(Fig. 8). Having a maximum value of 0.38606 A/érat op-
timal thickness 13.0972m, a variation of only 15% less

Current density | (Afcn12)

0.45

04

0351

03

025

0.2

015}

01

0.05

109
T
(0.243685, 0.39768)
0 005 01 015 02 025 03 035 04

Platinum loading m,, (mgicm’)

Fig. 7. Optimal point and current curve as a function of Pt loadimg

(Vo = 0.6V).

Current density | (A!cm"’)

04

0.38

036

0.34
032

03
0.28

0.26

0241

0.22

0.2

— (13.0972, 0.38606)

10

15 20 25 30 35 40 45
Thickness of the catalyst layer {um)

thicknessL (Vo = 0.6 V).

Current density | (A.fcmz)

than the optimal thickness, leads to 10% decrease in calcu-

lated current while a variation of 60% more than the opti-

mal thickness leads to 10% decrease. Hence, in the design

of catalyst layers, thickness needs special consideration.
Fig. 9 shows the optimal volume fractions for Nafion

Fig. 9. Optimal point and current curve as a function of Nafion volume
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and void space in the two-parameter optimization when the fraction ey and void volume fractiomy (Vo = 0.6 V).
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Fig. 10. Optimal point and current curve as a function of Nafion volume
fraction ey and catalyst layer thickneds (Vo = 0.6 V).

Nafion and void volume fractions are both taken into con-
sideration. Noting that these two optimization parameters
satisfy the constraint oEq. (17e)and this equation repre-
sents a plane in the space ef( ey, liot) when the volume
fraction of the solid catalyst particles is fixed, therefore the
current density as a function of Nafion volume fraction and
void volume fraction should be a curve lying in the spatial
plane given byEq. (17e) as shown inFig. 9. The optimal
current density (0.37467 A/cthoccurs for a Nafion volume
fraction and void space volume of 0.33646 and 0.087743,

respectively. These are identical to the optimal values de-

rived for the individual one-parameter cases showrigs. 5
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Fig. 12. Optimal point and current curve as a function of Nafion volume
fraction ey and catalyst layer thickneds (Vo = 0.6 V).

rent 0.41186 A/cri Comparing the maximum current den-
sity in Fig. 10 with those ofFigs. 5 and 8optimization of
the two-parameter problem yields better results (higher cur-
rent) than either of the two one-parameter optimizations.
Fig. 11 plots current density as a function of the
two independent variablezny and mp. An optimal
point is observed from the surface figure and is calcu-
lated by the two-parameter optimization as (0.47627 and
0.19628 mg/crf). Comparing the maximum current density
(0.44987 A/crd) in Fig. 11with those inFigs. 5 and 7the
two-parameter case yields a much higher current to the two
one-variable problems.

and 6because when one parameter is taken as optimizing  The current density as a function of void volume frac-

variable, the other varies accordingEq. (17e)in the opti-
mization of each individual one-parameter case.

Fig. 10shows the current density as a function of the two
independent variables, andL, and the corresponding opti-
mal point for the two-parameter optimization, which occurs
at (0.48184, and 17.5038mn) and provides a maximum cur-

o
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(0473270 |

e"‘.5‘:0.4. ; R T
= :
30.3. w S0 ;
‘0 II 'J:-' %. ;
§oz{ - _ﬁ%’%&m“ W
3 A ;
0l ?!Tl!l.h, %"‘%“ ““ :

0.6 G : :

1

04 s
02
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0

Fig. 11. Optimal point and current curve as a function of Nafion volume
fraction ey and catalyst layer thicknessp; (Vo = 0.6 V).

tion ey and thicknesd. at a specified electrode potential
(Vo = 0.6V) is given inFig. 12 The optimal point for £y,
L) is (0.13927, and 17.2356m) and the maximum current
density is 0.41172 Alcf

The optimal values for void volume fractiogy, and Pt
loadingmpy are 0.17616 and 0.18641 mg/&mespectively,

08, _ T
Eom  ‘j.(o.ma‘é;'6.&%;4‘1,,0;45976')‘5 :
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Fig. 13. Optimal point and current curve as a function of void volume
fraction ey and catalyst layer thicknessp; (Vo = 0.6 V).
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ing two-parameter optimization also has a global optimal
solution. Numerical analysis shows that by changing the

oxygen diffusion in a combination of Nafion and liquid
water, should be done in order to improve the optimization
accuracy.

08 P i thickness and Pt loading the catalyst layer can reach its
N'é‘ (2_23@0_04“05;‘5'.51234;) best performance compared with changin.g o.ther pairs of
e SN ey, 8 parameters. The accuracy of the optimization problem
e " EEC EaSVE B highly depends on the accuracy of the catalyst layer model,
e ' et that is, the mathematical description of the phenomena
ﬁ in the catalyst layer. Further theoretical and experimental
502 studies, for example, the characterization of the relation
a between the effective and the bulk diffusion coefficient,

V 2

60 0 0.5 m, (mglcmzl
Fig. 14. Optimal point and current curve as a function of catalyst layer REferences
thicknessL and catalyst layer thicknessp; (Vo = 0.6 V).
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