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A Steady-State Impedance Model for a PEMFC Cathode
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A model for the simulation of the steady-state impedance response of a polymer electrolyte membrane(REMER) cathode

is presented. The catalyst layer of the electrode is assumed to consist of many flooded spherical agglomerate particles surrounded
by a small volume fraction of gas pores. Stefan-Maxwell equations are used to describe the multicomponent gas-phase transport
occurring in both the gas diffusion layer and the catalyst layer of the electrode. Liquid-phase diffusigiscdigdumed to take

place in the flooded agglomerate particles. Newman'’s porous electrode theory is applied to determine over-potential distributions.
© 2004 The Electrochemical Society.DOI: 10.1149/1.1648024All rights reserved.

Manuscript submitted July 21, 2003; revised manuscript received October 5, 2003. Available electronically February 20, 2004.

In a commercial polymer electrolyte membrane fuel cell particles. The existence of a double Tafel slope on a steady-state
(PEMFC), air is likely to be the ultimate candidate gas for the cath-polarization curve due to the transport limitation by either ionic
ode due to its much lower cost compared to puge Bowever, for conduction or liquid-phase diffusion of Cand the existence of a
an air cathode, the mass-transport limitation in its gas diffusion layerquadric Tafel slope due to a combined limitation by both processes
(GDL) becomes more and more significant with the increase of op-were extensively investigated by Jaousnal?
erating current density. Knowledge of the mass-transport limitations Compared to the steady-state polarization experiment, the
in an air cathode is important to us because this electrode is the mosteady-state impedance experiment is more useful for the study of
important source of loss in an aifHPEMFC? mass-transport limitations in a PEI\_/I_I§C3.After perturbing a cell

Two common models are available in the literature for the studyfrom its steady-state operating condition by a small sinusoidal signal
of a PEMFC air cathode. They are the steady-state polarizatiorin the form of either cell potential or operating current over a wide
model and the steady-state impedance model. Bernardi ané@nge of frequency, all the processes occurring in the cell with dif-
Verbrugg@ developed a steady-state polarization model for aferent time constants are to be resolved on an impedance plot. Be-
PEMFC. In their model, multicomponent gas-phase transport wag'ause the dominating process in a PEMFC often changes with the
considered for the GDL of an air cathode, and iofgcoton) con- change of its steady-state operating condition, a better understanding

duction as well as liquid-phase diffusion of,@as considered for of the transport limitations in the cell is possible from a series of

the catalyst layefCAL). They found that the gas-phase transport impedance experiments carried out at different steady-state operat-

e . 6‘7 ~ . _
limitation in the cathode GDL caused a limiting current in the cell. "9 Surrent densities. Springet al."" developed a steady-state im
In their work, the cathode CAL was assumed to be completelypedance model for an air cathode, where the multicomponent gas

flooded. This assumption was also adopted by a later work ofifansport in the GDL and the liquid-phase diffusion of @ a
Springeret al. who carried out an extensive study of the influence 100ded CAL as well as the ionic conduction over there were taken
on cell performance of the multicomponent gas transport in the GDLINto account. Dl.Je to the assumption of a floodgd CAL in their w.o.rk,
and the ionic conduction as well as the liquid-phase diffusion of O the overestimation of the product of the diffusivity and the solubility

in a flooded CAL of an air cathode. Even if a model with the flooded of O, in the liquid phase was again not avoided.

CAL assumption was generally able to explain the eXperimentaltheTcTeeng%eﬁwtgri g]; Eahlsstg%rk-slfattg ?n):teenddaﬂigume'oglélsfcv)vroéf ;(i)r cath-
data, the product of the diffusivity and the solubility of, @ the P oy p .

liquid ph fimatadr lain this. Sori tall ode. Gas-phase transport is assumed to occur in both the GDL and
d phase was overestimateclo expiain this, springeetal.” e cal (see Fig. 1). The cathode CAL is assumed to have many
suggested the existence of @lffus_lon along_graln bOF’“da!“eSf N flooded agglomerate particles, inside which thgréduction reac-

the flooded CAL. Another explanation for their overestimation is the tion takes place. Outside the ,flooded agglomerate particles are gas

presence of gas pores in the cathode CAL. Consider that gas-pha?)eore& Similar to Springeet al.’®® steady-state impedance model,
O, transport is much faster than liquid-phase t@ansport. Even if

liquid water transport is not considered in this work. Even if it is

the volume fraction of gas pores in the cathode CAL is expected ey that with the increase of operating current density, the volume
be a small number under operating conditions, a CAL having gasaction of gas pores in either the GDL or the CAL decredsese

pores can suppogrt a much higher operating curren‘t than a floode xpect that a constant value of this parameter is maintained during
CAL. Pisaniet al” modified Bernardi and Verbrugge’s steady-state gach steady-state impedance measurement.

polarization modéland considered the coexistence of three phases,

gas phase, liquid phase, and solid phase in the cathode CAL, where Mathematical Model

the solid phase was assumed to consist of many cylindrical particles . .

extending from the GDL side to the polymer electrolyte membrane _Multicomponent gas transport-The multicomponent gas trans-
(PEM) side. Both the liquid-phase diffusion of,anside the flooded ~ PO't In a porous media such as the GDL and thegC.A'- of a PEMFC
cylindrical particles(radial direction)and the multicomponent gas- cathode is described by the Stefan-Maxwell eqution

phase transport outside the flooded cylindrical partiGesal direc- n

tion) were considered. Their modified model was used satisfactorily Vx = 1 (XN — xN;) [1]

to fit the experimental steady-state polarization data found in the ' R
literature. In the steady-state polarization model of Jaceteal.?

the existence of gas pores in the cathode CAL was also conS|dere(3\.,herexi is the mole fraction of gas componentix is the gradient

In contrast to the work of Pisarét al.2 the solid phase of their . .
) . vector ofx;, nis the number of gas componentg, is the total gas
cathode CAL was assumed to consist of many spherical agglomerate . . . .
concentration,N; is the flux of gas component i, and; is the

effective binary diffusion coefficient related to a free stream binary
diffusion coefficientD] by

i<Tj+i CaDjj
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Figure 1. lllustration of the cathode for
a polymer electrolyte membrane fuel
cell.
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whereg is the volume fraction of gas pores in the porous media, andrather than in the vapor form. Moreover, the total amount of water to
p is the Bruggeman coefficient, assumed to be 0.5 throughout thidbe removed out of a cell includes not only the amount produced by

work, to account for tortuosity effeét. the G, reduction reaction assumed to follow a form
If a PEMFC and its two gas humidifiers are controlled at the
same temperature, the isothermal and equilibrium water vapor satu- 0, + 4H" + 4" — 2H,0(l) [3]

ration conditions are very likely to hold over the entire cell. If the

gas pressures of a cell are well regulated, the isobaric condition ig,; ais0 the amount of water vapor dragged along with thel&
also valid in the gas pores of both the GDL and the CAL of the on the cathode side and the Hux on the anode sideSimilar to
cathode. Unless it is mc_en_tiont_ed ot_herwise, all the above _condit_ion%q_ 2, one can derive a flux of water vapor on the anode)sTdus
are assumed to be satisfied in this work, and the one-dimensionglyysion is also valid for an air cathode, which can be seen from
gas transport is considered to be vaie Fig. 1). the water vapor fludNy, given by Eq. 3 of Springeet al.’s work®

For an Q cathode, only two components,@nd water vapor, For an air cathode, the gas phase is usually treated as a ternary

exist in the gas phase of either the GDL or the CAL. Because a 9ag, ¢iom and @ N,, and HO have to be considered simultaneously
flow is always saturated by water vapor and the isobaric condition in; . . . .
Eq. 1. A differential material balance on,@ the porous region

the gas phase is maintained throughout, the partial pressure as w : .

. . . i of the air cathode gives
as the mole fraction of ©does not vary with time and spatial
coordinate. In this case, the flux of gaseoys 8, is driven only 9X 1 9Ng
by convection. The possible contribution iy, from the diffusion Ca®i w19z +ijo [4]
mechanism disappears due to the absence of a concentration gradi- :
ent of O,. From Eq. 1, we find that there is a water vapor fiy

dragged along with an Oflux whereg; is the volume fraction of gas pores in the porous region i,
x is the mole fraction of @, jo is the accumulation rate of On the
N, = w N [2] gas pores and equal to the molar rate gfdding to the gas pores
WT1-w © from the flooded agglomerate particles per unit volume of the po-

rous region i, andz is the spatial coordinate normalized by the
wherew is the mole fraction of water vapor. Equation 2 reveals that thicknessl; of the porous region i.
water vapor moves in the same direction gs @s a result, we can A differential material balance on Nin the porous region i
conclude that water is removed out of a PEMFC in the liquid form yields
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ay 1 9Ny Under a steady-state operating condition of a PEMFC, Eq. 5
Ca®j T 9z (5] yields a uniformNy in the gas pores of the entire cathode. After
! applying an overall material balance o M the CAL, we find
wherey is thg mole fraction of M qnd Ny is its flux. Ny =0 [13]
A summation of Eqg. 4 and 5 yields
X +y) a1l — w) 1 9(Ng + Ny) ) with which Eq. 10 is simplified to the first-order differential equa-
Cobi — o = Cc®i — ¢ T Tz + Jo tion
(6] Bi+ BX X [ [14]
— =
Under the assumption that the air flow in the porous region i of a (B = X)(Bs + BX) 92 4F ¢ "Doncs/ls
cathode is always saturated by water véptbre value ofw is fixed
at all times and Eq. 6 is simplified to where an overbar is used for a variable to indicate a steady-state
operating condition. Equation 14 can be used to findhe steady-
9(No + Nn) =il [7] state mole fraction of @, in the GDL at the steady-state operating
9z current densityl .

S - . After applying Eq. 13 to Eq. 12 for the CAL, we can obtain a
from which it is not difficult for one to conclude the existence of simplified second-order differential equation

a uniform combined flux of @and N, in the GDL wherejo = 0.

If we assume that there is no flux of either, @r N, going to By + BoX %X By + 2B1BoX + BAX% [ 9X|2

the PEM;**® we can integrate Eq. 7 over the entire CAL where (8, — %) (B, + B,x) 922 " (B1 — X)%(Bs + 3232(3_1

jo # 0 and find the uniform combined flux of Cand N in the o

GDL - “lole [15]
¢ PDonCa/l e

1
No + Ny = *'cf jodz (8]
0 whereB, = B1B3 — BoB1* + B1B2B3.

where the subscript ¢ represents the CAL. Under a steady-state op- If the value qfx at th? GDL |nIe_t 'S k_nown, Eq. 14 can be
eration condition. we have integrated analytically to yield a solution ®fin the GDL(see Eq. 5

of Ref. 6). To findx in the CAL from Eq. 15, we need two boundary

1 I conditions. One boundary condition can be specified by
le| jodz= = (9]

0 4F ﬂzzo,c = ﬂzzl,B [16]

whereF is the Faradaic constant ands the operating current den- 1, (3 advantage of the analytical solutiorah the GDL(Eq. 5 of
sity of a PEMFC. A negative sign is assigneditm our model for et @) Another boundary condition can be found by considering

the discharging process. ; 3,6
By using Eqg. 1 and 8 and following a procedure similar to that zero flux of Q going to the PEM
explained in Springeet al.'s work® we can findNy in the GDL X
from - =0 [17]
1. 9z z=1,c
ls 1] —lfgiodz

‘PémD%NCG/'B 17 X) After substituting Eg. 10 into Eq. 5 and applyingy/dt

= —9x/at, we have a differential equation that can be used to find

the dynamic response ofin the GDL. During an impedance ex-
[10] periment on a PEMFC, a small sinusoidal signal in the form of
either operating current or cell potential is usually applied to the cell
under a steady-state operating condition. Due to the slight perturba-
tion to the operating condition of the cell, linear responses are ob-
tained. If any state variablég., x, in a dynamic model equation is
written to be the sum of a steady-state tesm,and a sinusoidal
deviation termRe &e/®!),® we can obtain a linear differential equa-
tion for the GDL in the frequency domain in terms of deviation
variables such &%

—————Ny = —
‘PéerDgNCG Bi1
B+ Boxox
B3+ Box oz

where the subscript B represents the GOR; = 1 — w, B
= Dwn/Dow — 1, andBz = 1 — w + wWDon/Dow -
Equation 7 can be integrated from the GDL/CAL interface to any
spatial coordinate in the CAL to yield a combined flux of ©and
N,
1

z
No + NN = _ch deZ-l- ch deZ [11]
0

° Bit BX 0 | PolBs— By X  VAF 0%
Y N S TR T P T T
which varies from-1[3jodzatz = 0 to zero az = 1 in the CAL. Bs + Box 0z (Bs + B2X)” 92 ¢ PDonCa/lp) 02
By using Eqg. 1 and 11, we can findy in the CAL from {32(33 - By ﬁ_ (E)z(ss — B,)B,2
I 1 {—ugjodyr Icféjodz(B (Bs + BXx)? 02° 9z) (Bs + BX)°
TR0 ~ NN T 5o TP 0 17X -
¢: "DonCs B1 ¢¢ "Donca/lc - Biogjw - _3_7 |J<l)jodz (18]
N B1 + Baxdx [12] 5 "Donle’ 9z ¢5 PDonCe/ls
Bz + Box oz

where a tilde is placed over a variable to indicate the deviation
Equations 8 and 10 to 12 are valid at all times. They are very@mplitude from a steady-state value of this variable. It is noted that

useful for a dynamic model of an air cathode such as a steady-statall the deviation variables such &snd] o are frequency-dependent
impedance model. complex variables.
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After substituting Eq. 12 into Eq. 5, we have a differential equa-  Another boundary condition can be found by assuming that the

ti(_)n_that can be used to find the dynamic responseic_)fthe C_:AL. ~ concentration of the gaseous, Outside an agglomerate particle is
Similar to the procedure to get Eq. 18, we can obtain a differentialalways in equilibrium with the concentration of the dissolveddd
equation for the CAL in the frequency domain the agglomerate particle surfdce
By + BoX 9% Bo(Bs — By) dX  —l/4F + 1 [%jodz clr-1 = ceHx [24]
+ Box 022 +Bx2az  @lPD? .
Bs+ Po (Bs + B2X) ¢c Donce/le whereH is Henry’s constant.
a% lcj_O Bo(Bs — By) 92X Once the concentration profile of the dissolvegifside an ag-
X — + — lomerate particle is found, we can calculatEj4, the reaction
0z ¢c PDoNCG/lc (Bs + BX)* 9z g P 14

current per unit volume of the CAL, by integratingdFkc over all
the agglomerate particles per unit volume of the CAL

(a_x ?(Ba — BUB3 _ Biedo
9z) (Bs+ BX)°  ocPDYYIG

Br—X . ax—lJEodz + | JEodz
eI Docolle 10T 92 ¢l Yo/l

afio = 2 %043 [ Carkerzar
¢ 4nRY3 7,

+

[19]

1

—12F(1 — cpc)f kcr?dr [25]
0

Three boundary conditions are required to solve Eq. 18 and 19.

At the inlet of the GDL, we hav& = 0 obtained by assuming the \yherej, is the molar rate of @reacted per unit volume of the CAL.
existence of a fixed mole fraction of,Cat the GDL inlet. At the  \ye can also calculatg, by finding the flux of Q@ across all the

CAL/PEM interfacg,e we haveX/dz = 0 due to zero flux of @  gyrface area of agglomerate particles per unit volume of the CAL
going to the PEM-3® At the GDL/CAL interface, we have

14p . 14p - = L- (P°411-R2 _sl+pDa_C
e8| _ % X [20] Jo= | 4mr33 ™ )| TR, ar
lg dz| _ le az| _
z=1B z=0,c e™Pac
= =3(1 -~ ¢d 7 37 [26]
which is obtained from the continuity of \flux over there. a r=1

To summarize, Eq. 14 and 15 are used to find the steadysstate
profiles in the GDL and the CAL, respectively, of an air cathode.  Under a steady-state operating condition, the time derivative
These steady-state profiles in the cathode are required by Eq. 18 term in Eq. 21 vanishes, and an analytical solutior @ available
and 19 to findX profiles. (see Appendix A). After applying the solution ofto Eq. 25 or 26,

. o we can find
Overpotential distributior—In the cathode CAL, gaseous,O

has to dissolve in the liquid phase on the surface of a flooded spheri- _
cal agglomerate particle before the, @eduction reaction takes 4Fje = 4Fjo = —12F(1 — ¢ Rz
place. The dissolved LOreacts on the catalyst sites along with its
diffusion toward the center of an agglomerate particle.

A differential material balance on the dissolved i@ the liquid X HegX 1

phase of an agglomerate particles gfves

ac  &¥PD 1 9  ac

ey B B [27]

&t RZ r2or ( ar) ke [21]
wherek is related to the steady-state overpotenijaby

where ¢ is the concentration of the dissolved, Or is the radial _
coordinate normalized by the particle radiRg, € is the volume = Iret 1— m o8
fraction of the liquid phaséncluding the hydrated Nafion ionomer n 4FCref( e)ex b [28]

in the agglomerate particl® is the diffusion coefficient of @in a

free liquid stream, andt is a reaction rafe If we substitutec = T + Re@eY), x = X + Re{e/*"), and

. m =7 + Re@eY into Eq. 21-24, we can obtain a differential
I ref (1 s)exp( _E) [22] equation in the frequency domain in terms of deviation variables

K= ——
4Fcref

m
p =0 [29]

e™D 1 9 , T
r ——
ar

o , . RZ 2o >—(k+18w)~0+k?

wherei ¢ is the exchange current density of thg @duction reac- Ra reor

tion per unit volume of the Pt/carbon composite in the agglomerate

particle at a reference {oncentratiort,, b is the Tafel slope, and  subject to boundary conditions

7 is the overpotential of the agglomerate particle. It is assumed that _

v is uniform inside each agglomerate particle but varies with the a_C

spatial coordinate. ar
One boundary condition can be specified for Eq. 21 by consid-

ering the existence of a symmetigeprofile in a spherical agglom- Bl = cgHX [31]

erate particle

=0 [30]

r=0

An analytical solution o is available(see Appendix A), and we

=0 [23] can obtain the deviation of the CAL reaction currerfj4, in the
=0 frequency domain

Jac
ar
r
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~ 81+PD
4AFj. = —12F(1 — @C)?CGHYX

a

-1
il
b
[32]
We can also obtain the deviation of the accumulation rate oinGhe gas phasg., in the frequency domain
. 1+P
jo= —3(1 - ¢o) R2 CHX % [33]

a

For an air cathode, Eq. 32 and 33 are both required for the calculation of impedance responses, while only Eq. 32 is necessary for an O
cathode. For an DcathodeX is equal to zerdx is uniform across the cathodéAs a result, Eq. 32 can be further simplified to

~ l+PD
4Fj. = 12F(1 — @C)?CGHY

o | 3

[34]

In the above analysis, the liquid-phase diffusion of @ a Keif 0Pr  KegRT 9 INX
icle i i ip= ——F——— + [35]
flooded agglomerate particle is modeled. The reaction currents, 2 I, oz 4F1, oz
4Fj.and 4], as well as the accumulation rates of @ the gas

- ~ . wherei, is the electrolyte curren is the electrolyte potential
phase,jo andjg, are solved analytically to be related to the local 2 m ®. yie p

) _ ~ o measured hypothetical referencg faced right outside the surface
mole fractions of @, X, andX, and to the local overpotentiald,  of an agglomerate particl® is the universal gas constarftis the
andm, whose distributions are discussed as follows.

absolute temperature, ardy is the effective ionic conductivity of
The modified Ohm’s law for the polymer electrolyte, which is the electrolyte.

assumed to be present only within the agglomerate partises The definition of the electrolyte potentid}, by using a refer-
Fig. 1), of the CAL of an air cathode givEs ence Q electrode allowdJ, the theoretical local equilibrium poten-
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tial of a cathode measured with a reference électrode, to equal X
zero. The calculation of the cathode overpotential is then simplified O RT d X
to — = [45]
az|_ 4F 9dz |__
z=0,c z=0,c
nI(I)l—CI)z—U:(I)l—‘I)z [36]
. . . . . and
where®, is the solid-phase potential assumed to be uniform in the
CAL. The cathode potential in reference to a standard hydrogen o |
electrode placed at the CAL/PEM interface can be calculated by I = [46]
2=1c  eff

®, = (E+ n)|z:1,c [37]

. I . . For an Q cathode, neithex norX is the variable to be solved
whereE is the equilibrium potential of the Oreference electrode in - ¢, tharefore Eq. 43 to 45 can be simplified to

reference to a standard hydrogen electrode and can be calculated by

the Nernst equation Py I
A T=r3
, RT 2T g e [47]
E=Egt -——=In(Px) [38]
4F s |
T] Cc ~ .
) ) ) — = —[4F + jo(l = ¢J)(1 — &)Cqylm] [48]
where E% is the standard potential of the, @eference electrode in az° Keff bdet ¢ el
reference to a standard, H¢lectrode andP is the total cathode gas ~
pressure. m ~ 0 [49]
Conservation of charge in the CAL is governed-by z|,_,.
T3z 4Flet (- (1 — S)Cmﬁ [39] The impedance respongeof an air cathode under a steady-state
¢ operating condition can be calculated by finding the transfer func-
where Cy is the double-layer capacitance per unit volume of the tion
Pt/carbon composite. Both the catalyst Pt and its carbon support are -
: RTX
supposed to contribute B . _ —Z 47
A combination of Eq. 35, 36, and 39 yields S I _ (E + )lperc _ 4F X —1c (50]
P _ Ll 4Fjd. + (1 1 Cyl on RT4%Inx T T T
02 Ko Jele + ( P £)Cy <ot 4F 972
[40] For convenience, we sétto be unity in our impedance calculation.
subject to boundary conditions Then, Eq. 50 is simplified to
am RT 9 Inx ~ RTX
— = — [41] Z= D= (—: +7 [51]
9z|, . 4F oz |, F X 2=1c
and For an Q cathode, the impedance response at a steady-state
o | operating condition can be calculated by
s = K—C| [42] -
z=1.c eff Z= q)l|z:l,c = :ﬁ|z:1,c [52]
where zero @ gas flux going to the PEM is implicitly applied. Numerical solution—The calculation of the impedance response

Equations 40-42 are valid for an air cathode at all times. Under a0f @ PEMFC cathode under a steady-state operating condition re-
steady-state operating condition, no current goes to double-layefiuires the knowledge of steady-state profiles of the variables of

charging and Eq. 40 is simplified to interest. Therefore, these profiles are also part of our calculation in
order to obtain the steady-state impedance response of a cathode.

% le — RTa%InX For a differential equation such as Eqg. 18 involving some com-

02 K_eﬁ‘”:le'c T 4E 922 [43] plex variables, even if its numerical solution can be handled in the

complex domain by some numerical solvers, our available solver
only allows its numerical solution in the real domain. Therefore, Eq.

subject to the boundary conditions similar to Eq. 41 and 42 exce " .
) y q I018 has to be split into two equatichs

thatm is replaced byn, X is replaced by and| is replaced byl .
The substitution ofy = 1 + Re(@™"), je = j + Re(e™) + B.X %% (Bs — By) X =

andx = X + Re(e") into Eq. 40 yields a differential equation in Ba n BZY 6256 2 B2 Bj %12 PP o T

the frequency domain in terms of deviation variables Bs * B2 (B3 + B2 ¥ onte/le

xﬂm{wﬁ_ (iﬂw
o _ e, RT’ (?) 9z (Bs + BX)* 9z 9z] (Bs+ 2% |77¢
— = —[4Fjd.+ jo(1l — 1-8)Cilm] — — !
922 Keff[ Jele + jol( @) £)CalM] 4F _622 B1oge - _a_YM .
[44] eg" PDQYIE2 ™ 97 ¢t PDYcoll

subject to boundary conditions and
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Table |I. Parameters used for the impedance simulation of a PEMFC cathode operated at 70°C.

GDL Catalyst layer Comments
DY, 0.230 cni/s 0.230 cni/s Ref. 14 (T = 316 K, P = 1 atm)
DY, 0.282 cnils 0.282 cnils Ref. 14 (T = 308K, P = 1 atm)
DYy 0.293 cnils 0.293 cnils Ref. 14 (T = 298 K, P = 1 atm)
Ig 0.04 cm Measured on ELATs
o8 0.36 Assumed*®
p 0.5 0.5 Ref. 1
®c 0.1 Assumed™
le 0.003 cm Measured on ELATs
le/Ket 0.318Q cn? Assumed*®
irer/ (4FCre) 0.0015 s* Assumed in this work
P 0.5 Assumedi*
Cu 30 F/en? Ref. 6
b 0.0261 V Assumetf
D 6.22x 10°© c?/s Ref. 15
H 0.0277 Ref. 15
[mol/cn(l)Y[molicm®(g)]
Ra 1.0Xx 10*cm Assumed
ES 1.20V Ref. 15
& DO(T,P) = DU(T,.Py X & x (l)m
jlhm) = Ut Py P T,
By + BoX 0% Bo(Bs — By) X T/4E the steady-state polarization data and the steady-state impedance

2

response can be predicted by the steady-state impedance model con-
sidered in this work. Figure 2a shows the simulated polarization
curves of a PEMFC cathode operated under different gas pressures.
Xim One may observe that for an air cathode, each polarization curve
displays a limiting current when the electrode potential goes below
o 1S5 ndz 0.4 V. The increase of the limiting current with the increase of gas
- Bl"iy _ X _dolomdz [54] pressure can be explained by an increase of the mole fraction of O
et PDR/1g2 F® 9z o' "PDNCe /I at the GDL inlet. One may also observe that the limiting currents
predicted in this work are much higher than those reported in the
where the subscripts Re and Im represent the real part and the imagfiterature:-* However, these values are observable in a laboratory on
nary part of a complex variable, respectively. A list of all the final @ PEMFC with up-to-date technologies. On the polarization curve of
equations such as Eq. 53 and 54 to be solved for the steady-stafecathode with an air pressure of 1.0 atm, four places are marked by
impedance response of a cathode are summarized in Appendix EI!"T pllu? s;gnsawhere thedslte?dy";stat?hlmp_edantﬁeéeseﬁnses la“f3 to be
. o~ ~ = = calculated and compared later. For the air cathode, the mole frac-
\évfh(;,:ﬁet? Zz\irgt(iejr?(\)/gsri;%ﬁé?;gclﬁ,&4;] e';ean%j 4 H;;{gg ter;r;z tions of gaseous Dat the CALPEM interface are also calculated
available in Appendix C. e “Rer TIRe: im with the change of the steady-state operating current density and

A three-point finite difference method is used to approximate thethese results are presented in Fig. 2b. A comparison between these

derivative of each variable in our model equations, a Trapezoidal’stWO figures shows that a limiting current appears when the mole

rule'? is used to integrate a variable, and a general nonlinear equalfaction of gaseous Odrops to a negligible value. Therefore, the
tion solver in FORTRAN called GNES is used in our numerical mass-transport limitation in the gas pores of an air cathode is re-
calculation® It is noted that even if a banded jacobian matrix is SPOnsible for the appearance of a limiting C”,”b?‘t- )
available for the calculation of the steady-state impedance response 1hroughout this work, each steady-state impedance plot is pre-
of an O, cathode, it is not available for the calculation of the im- sented in a normalized form. Both the real part and the imaginary

pedance response of an air cathode due to the integration terms sughart of the impedance response are multiplied by the ratielofthe

Ba + Bx 0z° (Bz + B2X)” 92 ¢g*"PDCe/ls

% B2(Bs — Ba) 3277 g)z(ﬁs — BB
dz (Bs + BX)? 022 9z] (Bz + B2X)

as those in Eqg. 53 and 54. steady-state operating current densitybtdhe normal Tafel slope,
to yield a normalized impedance response. With this kind of repre-
Results and Discussion sentation, the width of an impedance plon the real axisjs di-

Parameter values.—It is assumed that the PEMEC under Studyre(:tly related to the apparent Tafe_lslope observed on a steady-state

here is operated at a cell temperature of 70°C. The base values fdiolarization curve®,|,_, o vs.In(—1), at the same steady-state op-
all the parameters used in the model are presented in Table I. Son@¥ating current density. For example, if the width of a steady-state
of them were directly taken from the literatur&41%some of them  impedance plot reads 2, a double Tafel slope is shown on a polar-
were measured, and some of them were assumed. The assumé&®tion curve. _ _
value for a parameter is obtained from the trade-off of different _Under the ambient gas pressure, the impedance responses of a
values used in the literature. For example, the volume fraction of gad’EMFC air cathode are simulated for different steady-state operat-
pores in the CAL,¢., was assigned to a value of 0.3 in Ref. 4, N9 current densities by th!s mpdé&lso called the .fuII model bet
while three different values, 0.01, 0.011, and 0.02, were used in Ref®W), and they are plotted in Fig. 3. In general, this model predicts
3. In this work, a value of 0.1 is assumed for this parameter. an increase of the apparent Tafel slope with the increase of the
steady-state operating current density. When a steady-state operating
Simulation results.—Due to the fact that the steady-state profilesondition is close to open-circuit, only one impedance loop is ob-
of the variables of interest suchasndv are part of the calculation served and the apparent Tafel slope does not deviate much from the
of the steady-state impedance response of a PEMFC cathode, botiormal valueb. When a steady-state operating condition is away
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Figure 2. (a) Simulated steady-state polarization curves of a PEMFC cath
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Figure 3. Comparison of the normalized impedance responses of a PEMFC
air cathode operated under the ambient gas pressure between the full model
and the simplified model.

from open-circuit, a second impedance loop appears and the appar-
ent Tafel slope is larger tham A limiting current is obtained when

the second impedance loop becomes much bigger than the first one
and when the apparent Tafel slope is infinitely large. Spriege
attributed the first impedance loop to the effective charge-transfer
resistance and double-layer charging and the second one to the
mass-transport limitation in the gas phase. They explained that the
effective charge-transfer resistance was influenced not only by the
interfacial G reduction reaction but also by ionic conduction and
liquid-phase Q diffusion.

The steady-state impedance model developed in this work is
largely motivated by a pioneering work of Springstral® Unfortu-
nately, there was an error associated with multicomponent gas trans-
port in their work. This error was caused by their equating the uni-
form combined flux of @and N, in the GDL to—1/(4F) instead of
the O, flux at the GDLCAL interfac€, which indicated that the
current for double-layer charging and liquid-phasg Storage was
able to contribute to the combined flux of, @nd N,. Obviously,
that is not true. To demonstrate the calculation accuracy of the im-
pedance responses with such an error, a simplified model is devel-
oped from our full model by assuming

o lai,
4Fjo = o2 = 4Fje+ (1~ 9o(1 -
Cc

am

&)Cary [55]

and the calculated impedance responses are also presented in Fig. 3.
If the simplified model can predict the steady-state impedance re-
sponses of an air cathode within an acceptable error, the integration
terms in our full-model equations can be avoidsde Eq. 53 and

54) and a banded jacobian matrix can be used to allow much faster
numerical calculations. It is seen from Fig. 3 that at high steady-
state current densities, even if the impedance responses calculated
_by both models agree in the very high and very low frequency

ode. The base value in Table | is assigned to each parameter in the moddiMits; the simplified model overestimated the impedance responses

(b) Simulated steady-state mole fractions gf & the CAL/PEM interface of

in most of the high frequency regiofinigh frequency loopsand

a PEMFC air cathode with the change of the operating current density. The!nderestimated those in most of the low frequency redion fre-

base value in Table | is assigned to each parameter in the model.

qguency loops). To understand this, we consider a simple air cathode
with an ultrathin CAL. In this case, the CAL behaves like a thin-film
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diffusion electrode, and the distributions of overpotentials and mole = :
fractions of Q in the CAL can be neglected. The normalized im- t T e
pedance response of this air cathode can be calculated by -

----- - 1=2.0 A/em?, £,=31.6 Hz
—I -1\m +E -1
b b T b

Imaginary part of the transfer function (4F/ c[ ;fodz)ll
)
b
T

—— |22 Afer?, 2=25.1 Hz

09 I
M RT X%
X|—— 1 + —=
4Fjdc + jo(l — ¢(1 — &)Cqylm 4F X1
[56]

If the dissolved @ storage in the flooded agglomerate particles is
neglected, either Eq. 32 or Eq. 33 yields

- - —1\f1 =T
4Fiéc=:4Fidc==ﬁ(1;)(EI— 55—21) [57]

7/(Tb) b
where
0.0 0.4 038 1.2
. . -
2 k' coth(\k') — 1] Real part of the transfer function (4F[C‘[ujadl)/]
1= )
Vk’ coth(Vk’) + k' — k’ coth(vk')? Figure 4. Transfer function for the deviation of the accumulation current of

0,, (4F1JEjodz)M, in the gas phase of a PEMFC air cathode under the

ePD ambient gas pressure.

WZE«TFT

a

,and | = 4Fjd, [58]

wherek; ranges from 1 to 2 and reflects the change of the apparen[:UlTOdZ
Tafel slope with the change of the steady-state operating conditio 0

for a single agglomerate particle cathode. Equations 56 and 57 can T
be combined to yield

T = jo(l = ¢J(1 — &)Cqlci
— |z = —
b (i_?Mﬂ)+jM1¢le%h

jo(l — ¢)(1 — £)Cyl,

ki 5/(Tb) ~1/b 1T o

T\RT % (g)(k__ = ) +jo(l = ¢J)(1 — &)Cql,
+ (— —— [59] 1 W/(lb)

b/ 4F ¥ [60]

In the high-frequency region, we expect that the majority of the At a small steady-state operating current density, due to the relative

perturbation current goes to double-layer chargingnthe devia-  jmportance of the sluggish charge-transfer reacéipifj b) is much
tion of mole fraction of @, has a much smaller amplitude at the

same frequency than that predicted from the simplified model,Iarger thar/(1X), and consequently Eq. 60 is simplified to
where all the perturbation current is assumed to influéndeis not

difficult for one to conclude from Eq. 59 that the overestimation of  4F| [ dz jo(l — @)(1 — &)Cqyl,
X in the high-frequency region by the simplified model leads to a = =

high estimation oZ. An explanation for the underestimationofn | ( _T) 1

the low-frequency region by the simplified model is offered later. o k_l + ol = ¢l — &)Calc

The failure of the simplified model to predict accurately the im- [61]
pedance responses of a cathode motivates our interest in finding out
how the total accumulation current of, @ the gas-phase changes, ) ) . ] )
subject to the current perturbation, with frequency. Figure 4 showswhich predicts an exact semicircular profile whose width equals
the plots of (£1./%]odz)T, the transfer function for the deviation Unity. At a high steady-state operating current denSitf/x) be-
of the total accumulation current of,On the gas phase. Interest- comes comparable f@/(1b) in the low frequency region due to a

ingly, this figure displays a transfer function profile similar to an reduced value o (X does not change much with the change of the
impedance plot in Fig. 3. When the steady-state operating currensteady-state operating current density, as is justified)laed a

density is smalli.e., —I = 0.05 Alcn?, the transfer function profile  reduced value ofy/T, and consequently the mass-transport limita-
has an almost exact semicircular shape. When the steady-state cufen of O, in the gas pores is reflected on a transfer function profile
rent density becomes high, two loops are displayed. These transfasy displaying a low-frequency loop. One may notice that the peak
function profiles can be understood by considering a similar air cath{requencies for the second loop are slightly larger than those in Fig.
ode with an ultrathin CAL(the dissolved @ storage in the flooded 3. An explanation is that the impedance response of an air cathode is
agglomerate particles is again neglegted calculated at the CAL/PEM interface, but the transfer function
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Figure 5. (a) Steady-state distribution of the mole fraction of, @ a
PEMFC air cathode operated under the ambient gas pregsyréansfer

function for the deviation of the mole fraction 0f20>"<|Z:1,C/T, on the PEM
side of the CAL of a PEMFC air cathode operated under the ambient ga:
pressure.

(4F1f]odz)T involves an integration of o over the entire CAL
and is expected to reflect a shortep @ansport path in the gas
phase.

To glean more information from the low-frequency impedance

loops predicted at high steady-state operating current densities i
Fig. 3, let us look at Fig. 5a, where the distributions of the steady-

state mole fraction of @in the gas pores of a PEMFC air cathode
operated under the ambient gas pressure are presented, and Fig.
where the profiles fo“r‘<|czl,c/~l, the transfer function for the devia-
tion of the mole fraction of @ on the PEM side of the CAL, are

Journal of The Electrochemical Societys1 (4) E133-E149(2004)

------- - Total cathode impedance, f ;=200 Hz, f,=50.1 Hz
Interfacial impedance, fp]=500 Hz, fp2= 0.1 Hz
— — — Gas transport impedance, fp=3 1.6 Hz

X

(- DZgb

Figure 6. Comparison of the normalized impedance response of a full
PEMFC air cathode operated under the ambient gas pressure with contribu-

tions from different sources. The steady-state operating current derEity
1.0 Alcnt.

shown. Even if the steady-state mole fraction of &ljacent to the
PEM drops significantly with the increase of the steady-state oper-

ating current densityFig. 5a), the transfer functioﬁ\czllcfl profile

does not change mudfrig. 5b). As a result, the size WZZLCINI
profile grows with the increase of the steady-state operating current
density. This explains that for an air cathode, the low-frequency
impedance loop increases its size with the increase of the steady-
state operating current densitsee Eq. 59).

We recall from Eq. 50 that the total impedance response of a

PEMFC air cathode includes two contributions. One is frafh,

the impedance of gas-phase transport, and another is7idman
interfacial impedance. The computer simulation of the impedance
response of a PEMFC cathode allows the separation of the total
cathode impedance into the contributions from different sources,
which is helpful for us in evaluating the relative importance of each
impedance contribution. A comparison of the normalized impedance
response of an air cathode, operated under the ambient gas pressure
and at the steady-state operating current density equal to 1.0FA/cm
with the normalized impedance contributions from the gas-phase
transport impedance and the interfacial impedance is shown in Fig.

%. As noticed, the cathode impedance is predominately contributed

by the interfacial impedance, and the contribution from the gas-
phase mass-transport impedance is small. Once more, let us consider
a simple air cathode with an ultrathin CAL. There are two terms in
Eq. 59, where the first one is the normalized impedance contribution
from the interfacial impedance and the second term is the contribu-
tion from the gas-phase transport impedance. Because both terms

involve X/(XT), which is related to gas-phase transport limitation,
we can conclude that the low-frequency impedance loop of an air
Rathode operated at a high steady-state current density reflects the
combined effect of the gas-phase transport limitation and the effec-
tive charge-transfer resistan¢see the first term of Eq. 59). If the
ective charge-transfer resistance is overestimated, we can con-
clude from the first term of Eq. 59 that the low-frequency impedance
loop will be underestimated. This explains the underestimation error
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Figure 8. Comparison of the normalized impedance responses of an O
F|gure 7. Companson of the normalized |mpedance responses of an a"Ca.thOde with an ultrathin CAL under different Steady state Operatlng condi-
cathode with those of anathode. Both the air flow and,Glow have the  tions. Double-layer charging is not considered.
same partial pressure of,O

7) Z \/Fcotr( \/F) -1
(_ JE—
b VK’ + jo' coth VK’ + jo') — 1
for the low-frequency impedance loops generated by the simplified
model in Fig. 3. 1+JW—<1—1—[\/Wcotr(\/—)—1]
To understand the difference between an air cathode and,an O
cathode, it is helpful to look at Fig. 7, where the normalized imped- o’
ance responses of a high pressure air cathode are compared with JF
those of a low pressure,@athode for different steady-state operat- [62]
ing current densities. It is seen that at a very small operating current
density,i.e., —1 = 0.05 Alcn?, both the air cathode and the,O where
cathode exhibit almost the same impedance profile and a normal =
Tafel slope. This indicates the absence of gas-phase transport limi- , &' "PD 63
tation. With the increase of the steady-state operating current den- © =80 R2 [63]

sity, the G cathode begins to display an increasingly apparent Tafel

slope. When the steady-state operating current is equal to 3.0°A/cm The impedance responses of the €thode under different steady-
an almost quadric Tafel slope is obtained on thec@thode, which  state operating conditions are compared in Fig. 8. One may notice
is caused by a combined Ilmltatlon from slow ionic conduction and that a semicircle-like impedance loop is indeed predicted even if
slow dissolved @ diffusion? For an air cathode, besides the in- double- layer charging is not considered. With the increase ,ofthe
creasing Tafel slope observed from the high-frequency impedancémpedance loop grows to a semicircle with its diameter up to 2.
loop with the increase of the steady-state current density, a secondowever, if we look at the dimensionless peak frequentyor the
impedance loop begins to grow and adds an extra Tafel slope. Afmpedance loop, we can find that increases with the increase of
explained above, this extra Tafel slope is the combined effect of thek’ (or the steady-state operating current densifhis behavior in-
gas-phase transport limitation and the effective charge-transfer resisticates that it is very unlikely that the diffusion process inside an
tance. In Fig. 7, the peak frequency for the high-frequency imped-agglomerate particle yields a low-frequency impedance loop since
ance loop increases with the increase of the steady-state operating peak frequency has never been observed experimentally to be-
current density. An explanation is that the charge-transfer resistanceome bigger and bigger with the increase of the steady-state oper-
decreases with the increase of the steady-state operating current deating current density.
sity and consequently leads to the decrease of the time constant for An optimization of a PEMFC cathode is usually associated with
the charge-transfer reaction and double-layer charging. overcoming one or more transport limitations, such as the mass-
One might suspect that, in addition to the high-frequency imped-transport limitations in both the gas and liquid phase. In this work,
ance loop associated with the effective charge-transfer resistancehe influences of the change of some important parameters, such as
and double-layer charging, the liquid-phase diffusion ¢fif3ide an le/keft, iref/ (AFCre), 15, @andR,, on the electrode performance are
agglomerate particle is able to yield a low-frequency semicircle-like briefly studied for an air cathode operated under the ambient gas
loop on the impedance plot of an,@athode. To evaluate this pos- pressure, and these results are presented in Fig. 9a-d. The polariza-
sibility, let us consider a simple QOcathode with an ultrathin CAL.  tion curves in Fig. 9a show that the decreasek béq¢, |5, andR,
After neglecting double-layer charging, Eq. 34 is normalized to as well as the increase of;/(4Fc, lead to the improvements of
yield the cathode performance over a wide range of operating current
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Figure 9. (a) Comparison of the polarization curves of a PEMFC air cathode operated under the ambient gas pressure. Only one parameter value is changed

at one time(b) Comparison of the normalized impedance responses of a PEMFC air cathode operated under the ambient gas pressure and at the steady-state
operating current density | = 0.05 A/cnf. Only one parameter value is changed at one tif@eComparison of the normalized impedance responses of a

PEMFC air cathode operated under the ambient gas pressure and at the steady-state operating current derisfiyd/cn?. Only one parameter value is

changed at one timéd) Comparison of the normalized impedance responses of a PEMFC air cathode operated under the ambient gas pressure and at the steady
state operating current densityl = 2.0 A/cn?. Only one parameter value is changed at one time.

densities. Moreover, the decreasd @fields a much larger limiting  the cathode performance due to an increase f(4FcCy). An
current, which is expected to be caused by the decrease of the gaexplanation for the insensitivity of the steady-state impedance re-
phase transport path. The impedance responses calculated at tBgonse to the change ifs/(4Fc,e) is available in Appendix D. In
steady-state operating current densities equal to 0.05, 1.0, and 2g. 9p-d, we also observe that the decrease of any of the other
Alcm* are plotted in Fig. 9b-d. One may notice that the increase Ofparametersl,clxeﬁ, R. s, causes the decrease of the apparent Tafel

Iref/ (4F Crer) doeS not cause any change of the steady-state impedg|he an indication of the improvement of existing mass-transport
ance response. However, one should not simply conclude thaﬁmitations

it/ (4FcCre) has no influence on the cathode performance. The po-
larization curves in Fig. 9a demonstrate clearly the improvement of Discussion.—The peak frequency for the second impedance loop
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(low-frequency regionis an important characteristic quantity, from loop is attributed to a combined effect of the gas-phase transport
which the length of the mass-transport path in the gas pores can bémitation and the effective charge-transfer resistance.
possibly determined. If the mass-transport path in the gas phase
were fixed, one would expect to observe an almost constant peak
frequency, which can be verified by evaluating Eq. 11 of Ref. 6.
However, special care must be taken before too much credit is given _ ) ) _
to this characteristic frequency. Figure 3 shows that this quantity ~The authors are grateful for the financial support of this project
decreases slightly with the increase of the steady-state operatingy Hybrid Advanced Power Sources by the National Reconnais-
current density. One explanation is the increase of the gas-phasgance OfficgNRO) under contract no. NRO-000-01-C-4368.
transport path, and another explanation is the decrease of overlap- ynjyersity of South Carolina assisted in meeting the publication costs of
ping between the high-frequency impedance loop and the low-his article.
frequency loop. )

In our previous impedance experiments on a PEMFC with an O Appendix A
cathode, we sometimes observed two impedance loops at a steady- Under a steady-state operating condition, Eq. 21 is simplified to
state operating current density larger than 2.0 Rlaspecially for a
PEMFC with a poorly humidified K anode. This low-frequency
impedance loop exhibited almost the same peak frequéercy20.0 &1 9 ( rzf) CXe-o (A-1]
Hz, even though its size usually grew with the increase of the TRZ rZor| ar
steady-state current density. If this low-frequency impedance loop is
generated from the £cathode, the validity of the model developed subject to boundary conditions
in this work may be jeopardized because this model is able to pre-
dict only one impedance loop for an,@athode. Because the liquid-
phase diffusion of @inside an agglomerate particle does not gen- aﬁ

r r=0

Acknowledgments

a

erate a low-frequency impedance loop, one might suspect that each ol =0 (A-2]

agglomerate particle is covered by a very thin liquid ffiwlso, the
dissolved Q has to diffuse across this liquid barrier before reaching
the catalyst sites. To exploit the possibility of attributing the low- Ty = caHX [A-3]
frequency impedance loop of an, @athode to the thin liquid film

diffusion, Springeret al.’s impedance solution for a planar liquid

film diffusion model is usefdl After substitutingc = C/r into Eq. A-1, we have
. n
* 1 _ _
b1+ i exp{ ;)/IF) 27C o
zZ= 5z T €0 [A-4]

. _ﬂ v
| eX;{ ;) a

from which we can write the solution & as

. n
+ i* — :
N bl 1 +1i exp{ Q/ e tani(\jw!?/D) (64]
le Vjol?/D = =
C = ¢ = ¢, sinh 55 | + c2cos 5 [A-5]
wherei* is the effective exchange current density for ther€duc- i £ -
R? RZ

tion reaction,| is the thickness of the liquid film, ani¢ is a char-
acteristic current density. After evaluating Eq. 64, we can find the

impedance peak frequendy from wherec; andc, are constants.
After applying boundary conditions A-2 and A-3 to Eq. A-5, we can find

2‘1'rfp|2
= 2.5406 [65]
cgHX
cg=—————,0¢,=0 [A-6]
By using a value of 20.0 Hz for the experimentally observed imped- ) K
ance peak frequency and a value of 6:2210 ¢ cn¥/s for D, we sinh ~Tp
can find from Eq. 65 thdt = 3.55um. To have such a thick liquid Rz

film outside each agglomerate particle, an average pore(diam-

eter)of no less than 7.um in the CAL is required. This is unlikely

to be true. Therefore, we conclude that the attribution of a low  Equation A-5 is updated with Eq. A-6 to yield
frequency impedance loop observed on gD PEMFC to the Q

cathode is not justified by the thin liquid film diffusion. The poor

water management in the PEM may be useful for explaining this ) k
low frequency impedance lodp.Unfortunately, the study of the sinh i
water management in the PEM is not covered in the present work. =
— S a
Conclusions ¢ = CoHx - (A7)
A steady-state impedance model for a PEMFC cathode is pre- rsinh PEETT
sented in this work to include the feature of multicomponent gas Rz
a

transport in the CAL. Two impedance loops are predicted for an air
cathode at high steady-state operating current densities. The high-

frequency i.mpedance loop is attributed to the effective charge- the steady-state reaction current per unit volume of the CAL4 can be calcu-
transfer resistance and double-layer charging, and the low-frequencyted by either
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1
4Fj, = —12F(1 — cpc)f Ker2dr
0

81+pD
= —12F(1 — ¢o) —5— cgHX 1
Ra
[A-8]
or
4Fj . 12F(1 )SHpD ge
jo= - D R e
¢ RE az
£1+pD -
= ~12F(1 ~ ¢9 —5— ceHX
a
K h K 1 A-9
% ST o T | [A-9]
i N
Ra Ra

For a dynamic model, substitution df= C/r and Eq. A-7 into Eq. 29 yields
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from which we can write the solution & as

o
I

sinh

il _
+ ¢4 COS + — cgHX

b co k

j —sinh
? E].+pD

R:

[A-11]

wherecz andc, are constants. After applying boundary condition Eg. 30 and 31, we can
determine

A
sinh b
C3 = CgHX ,C=0
2 k+ jew _ K M .
— - C+ coHx— 0 sinh
ar2  gl'p D ¢ p X
R2 R2 sinh| v
. 2 e D [A-12]
R:
[A-10]
sinh
sinh r sinh
T = cgHX]| [A-13]
. E10}
r sinh J=
The deviation of the accumulation rate of O] o, in the gas phase per unit volume of the CAL can be calculated by substituting Eq. A-13 into Eq. 26
. s1+F‘D -
Jo= —3(1 = ¢ ——CeHXx X [A-14]
Ra

The deviation of the @reduction current per unit volume of the CAL can be calculated by substituting Eq. A-13 into Eq. 25
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~ S1+PD
4Fjo = —12F(1 — ¢.) 5 cgHX X [A-15]
Ra
-1
il
b
Appendix B By + BoX 9% 4 Ba + 2B1BoX + B2 (fﬁ)z —jole
. N . . Th . b L n o\ o = —AFpm0 - 1
For an G cathode, the steady-state overpotential profile in the CAL is found by  (B1 — X)(Bs + B2¥) 422 (B1 — X ABs + PoX)° \ az) o PDonea /1
solving
o [B-11]
3271 le —
—— = —A4Fjdc [B-1] . "
9z K eff subject to boundary conditions
subject to boundary conditions
Xlz=0c = Xlz=18 [B-12]
d
_W‘ =0 [B-2] and
9z
z=0,c
ax
and —W =0 [B-13]
Jz
z=1.c
an le —
0—1 = K—CI [B-3] The steady-state overpotential profile in the CAL is found by solving
z=1c eff
The deviation profiles ofige and,, are found by solving e AT RT0%InX
7 = —4Flde— o [B-14]
az K eff AF 9z
9*TiRe le — ~ . i
-z - K—ﬁ[4FJevRJC — 01— (1 — &)CqylMm] [B-4] subject to boundary conditions
e
and an RT d In(X)
R 215
2~ z=0,c z=0,c
L L 4Tl + (1~ 601~ #)Caldind [B-5]
022 Kot Jemc T @ Pc €)Ldil MR and
subject to boundary conditions P |
a—j =7 [B-16]
~ ~ K
F) ) 7=0,c eff
z=0c z=0c The deviation profiles 0Xge, Xim , Mre, andT,, are found by solving
and B
B+ BaX 0%ee [ BaBs — By OX  THMF }foe
‘Whﬁ _ R -0 (B-7] By + BoX 07° (Bs + B2X)” 92 gt PDYyCo/lp) 92
az ket 0Z B )
z=1 ef z=1¢ [32(33 — By 0% (5X 2(Bs — BUB] B1ppe <
L a2 a2 Py 3 Re 1+ 0 2 Mm
The steady-state impedance responggg, and Z,,,, of an G, cathode can be (Bs + B2X)” 9z az) (Bs + B2X) 95 PDoN/lB

calculated b _ ~
Y [ |cféJ o,rdZ

Zge = ’ﬁRézzl,c and Z), = ﬁlm‘zzl,c [B'8] 2 ¢8 DONCG”B
For an air cathode, the steady-state mole fraction ppfofile in the GDL is found and
by solving
_ . _ B1 + BX 9%y Bo(Bs — B1) 3_7 1/4F Xim
Byt BoX X _ ! Bg Pt BX 07 (Bs + B2X)? 9z g "PD\Ca/ls] 92
(B1 — X)(Ba + BX) 0z 4Feg DY\ llp
N N [Bz(ﬁs - By X (3_X ?(Bs — B1BY . _ Bieso
subject to boundary condition (Bs + B2 922 9z (Ba+ B2 | @t TPDYIE2 "C
Xz=0b = Xo [B-10] _ 3 IJ%TO,Ide [B-18]
o, = .
9z 5" PDonee /g
wherexg is the mole fraction of @ at the inlet of the GDL.
The steady-state mole fraction of, @rofile in the CAL is found by solving for the GDL and by solving
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Ba(Bs — B1) 3_7_
(Bs + BoX)? 0z

Bi + BoX 0%Xpe [

—14F + 1 2] odz| 9%pe
Bs + Bx 97°

0 PDI\co/l | 9z

lio . BaBs — Bu) 9X 2( ?(Bs — BUBS’|
e PColle (Bt BX) a2 “\az) (Ba+ B |
Biocw By — X -
Trpn0 77 2 Xm T —Tipn0 lcjore
oc PDonle ¢c PDonca/le
_ X —lofTlordZ + l[For82 (B-10]
0z ‘Pcl+pDcCJ)NCG/|c
B1+ BoX 9%Kim Ba(Bs — By 9x —1/4F + 1[5j 0dz| X
Bs + BoX 077 (Ba+ BX¥? 0z o!"PDYcelle | 9z
N ldjo Ba(Bs — B1) 9% (ax ?(Bs — BuB?|
-2 = —2—==
oI PDRce /I (Bs + B2X)? 922 (B3 + B2X)
_ Bieew I B —X |
POt ST el Toim
B B_Y"cfgo,lmdz + 1o §lomdz (B-20]
9z ‘PC:HPD%NCG/IC
92 E)
0%Hre o - 5 RT | X
F = K_eﬁ[4FJe,RJc —o(l - @)1 — S)Cdllcnlm] - E 0z2
[B-21]
and
Kim
- 0%l =
aZTllm le ~ ~ T ( X )
52 - K_eﬁ[4FJe,lmlc+ o1 = ¢ = &)Caldfire = 757~
[B-22]
for the CAL. Equations B-17 through B-22 are subject to the following boundary
conditions
Xrdz=08 = 0, Ximlz=08 = 0 [B-23]
og!'? aiﬁ _ oct'P BT(Re‘ 0P Xy _ ot P Xy [B-24]
lg 0z 1B le o9z -0 lg dz 18 le oz 2=0,c
% %
—RE‘ =0, —™ -9 [B-25]
oz z=1. 9z z=1.c
X X
3 Re) B gl Zm Im
IMR RT 9Mim RT
T "oz | T 4F [B-26]
9z z=0,c 9z z=0,c 9z z=0,c 9z z=0,c
and
J | am
T]Re‘ _ _c' Nim -0 [B-27]
9z z=1c Keff az z=1.c

The steady-state impedance responggg, and Z,,,, of an air cathode can be
calculated by

RTXm
and Z,,, = Fx + MNim

Appendix C
After splitting ] o into a real part] o re, and an imaginary pari(j o i), Eq. A-14
is expressed as

To=Tore+ i(Gom
where
1+

Tore= ~3(1 = ¢ 57— CaHXSy
a
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_ £1+PD
Joim = =3(1 = ¢c) —z 7~ CcHXSx
a
where
X X T Nre| K’
S = (Su— 1) =~ Syt {[321— VK cottt Vi) 5 + Szz_R]
X x b Nim| K’
S = (Su— 15 + S + {[Sn — VK coth VK] 5~ - szzﬁ}
where
_ Syysinh(Syy)cosh(Syy) S12SIN(S;5)c0g Syp)
17 SiNNS? + SiNSR)? | SiNN(S,p)2 + SiN(S1)2
_ SizSinf(Syy)coshSyy) Sy Si(S;p)cogSyp)
27 sin(Sy)? + sin(S;p2  sinh(S;y)? + sin(S;p)2

where

N N

Su = S S Spp = S [C-1]
and where
, ? , EW
Km0 T T
R.2 R.2

After splitting 4F] . into a real part, & e, @nd an imaginary part(4Fje ), EQ.

A-15 is expressed as

4Ffe = 4Fjepret i (4F cim
where
_ £1+PD
4Fjere= —12F(1 — ¢o) CeHXSyy
B 1+Pp
4Fjem= —12F(1 — ¢ RZ CeHXSy2
a
where

kK'(S;— 1) + U’,SZZ’XRe_

K'Sp— 0'(Sy; — 1) % Xim

Sy = o7 =< o7 x
k'(l+ W) k’ (1+ F)
K'Sp— o' (Sy— 1
&%) + o[ VK coth VK') — 1]
1+ 7 ~
_ K™ Tire
' b
K'(S;1— 1) + 'Sy
— Yz ¥ [k’ coth k') — 1]
1+ ~
_ [ fim
' b
K'Sy— 0'(S)— 1) Kge | K'(Sp1— 1) + 0'Sp%yy
Si2 = w'? x * "2 x
K 1+W) k’(l+F)

K(S—1) +wSzz
w

P

— K'[Vk coth(Vk") — 1]

3
Y
@

w

K'Sp;; — 0'(Sy — 1)

7

o]

" + o[k coth(Vk) — 1]

1+W

w

where the expressions f&1, Si», S1, Sy,
Eq. C-1.

’ﬁ Im
7 ry [C-2]

k', andw’ are the same as those used in
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Appendix D 7o
Equation 28 can be rewritten as Jo
— T iref Ic
= — + _ - -
M bink + b lnL“:Cref(l s)} [D-1] Ig
Ny
Substitution of Eq. D-1 into Eq. B-14, B-15, and B-16 yields No
_ Ny
®ink g RTa%2InX - P
T ke e [b-2] P
R
Ra
dInk RT 4 In(x)
b = E [D-3]
oz =0,c 9z z=0,c
dlnk le—
b = —I [D-4]
9z 2=0.¢ Keff
After combining Eq. 27 and Eq. B-9 to B-13 with Eq. D-1 to D-4, we can find that

the?profile as well as the profile is uniquely determined for the same steady-state
operating current density, regardless of the changgcpf(4Fc,). To calculate the
impedance response of an air cathode, we need to solve Eq. B-17 to B-28 and C-1 to
C-2, which are directly related to thTeprofiIe instead of the value 0fg;/(4FCre) . With

an uniqud?distribution in the cathode CAL for the same steady-state operating current M

steady-state accumulation rate of @ the gas pores of the CAL, mol/c¥s
deviation amplitude of the accumulation rate of i@ the gas pores of the CAL,
mol/cnt/s

thickness of the CAL, cm

thickness of the GDL, cm

N, flux, cné/s

0, flux, cnfls

water vapor flux, crfis

total gas pressure, atm

Bruggeman coefficient, 0.5

universal gas constant, 8.3143 J/mol/K

radius of a spherical agglomerate particle, cm

normalized spherical coordinate

absolute cell temperature, K

equilibrium potential of an @electrode, V

steady-state mole fraction of,Gn the gas pores

deviation amplitude of the mole fraction of,Gn the gas pores
mole fraction of N

normalized spatial coordinate in either the GDL or CAL=0z < 1

r
T
U
X mole fraction of Q in the gas pores
X
X
y
z

Greek

volume fraction of the liquid phase in an agglomerate particle

&
v overpotential, V

steady state overpotential, V

density, we find that the impedance responskg, and Z,,,, of an air cathode are 7 deviation amplitude of the overpotential, V
independent of the change of:/(4Fc.y). This conclusion is also valid for an,O ¢ volume fraction of gas pores in the GDL
cathode. ) ) ) ¢, volume fraction of gas pores in the CAL
Further inspection of Fig. 9a reveals that the change,gf(4Fc.) causes a ke effective ionic conductivity of the electrolyte, S cih
translational movement of a polarization curve in the direction. The translational ®, solid-phase potential, V
distance can be estimated by Eq. D-1. ®, electrolyte potential, V
List of Symbols Subscripts
b Tafel slopeb = 0.0261V c CAL
¢ concentration of the dissolved,@n the liquid phase, mol/cfn B GDL
cf a reference concentration of the dissolvedi®the liquid phase, mol/cfn Re _real _part
T steady-state concentration of the dissolvediDthe liquid phase, mol/cfn Im imaginary part
T deviation amplitude of the concentration of the dissolvedrOthe liquid phase,
mollcr? References
G total concentration of a gas flowg = P/(RT), molicrt 1. T. E. Springer, M. S. Wilson, and S. Gottesfeld Electrochem. Soc140, 3513

Cq double-layer capacitance of the Pt/carbon composite, F/cm
D diffusion coefficient of the dissolvedQn a free liquid stream, cffs
Doy binary diffusion coefficient of @ N, in the gas pores of a porous media,’sn
Dow binary diffusion coefficient of @water vapor in the gas pores of a porous media,
cnPls
Dyw binary diffusion coefficient of Brwater vapor in the gas pores of a porous media,
cniéls
E equilibrium potential of a cathode, V
EOO standard equilibrium potential of an,@lectrode in reference to a standarg H
electrode(at the temperature of and the Q partial pressure of 1.0 apmV 7
f, impedance peak frequency, Hz

w

o Ul

E Faraday constant, 96,487 Clequiv.
H Henry’s constantimol/cn?(l))/[mol/cm?(g)] 8.
| operating current density of the cathode, Afcm
I characteristic current density, A/ém 9
steady-state operating current density of the cathode, A/cm 10.

|
T amplitude of the perturbation operating current density, &/cm
ier exchange current density of the, @eduction reaction per unit volume of the
Pt/carbon composite evaluatedcat;, Alcm®
i, electrolyte current, Alcth
j imaginary signy — 1
4Fj, reaction current per unit volume of the CAL, A/ém
4Fj7e steady-state reaction current per unit volume of the CAL, Alcm
4F], deviation amplitude of reaction current per unit volume of the CAL, Alcm 15.
jo accumulation rate of Qin the gas pores of the CAL, mol/cs
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