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Study of lonic Conductivity Profiles of the Air Cathode
of a PEMFC by AC Impedance Spectroscopy

Qingzhi Guo,2* Maria Cayetano Yu-min Tsou,>** Emory S. De Castro®**
and Ralph E. White®***
aCenter for Electrochemical Engineering, Department of Chemical Engineering,

University of South Carolina, Columbia, South Carolina 29208, USA
De Nora North America, Incorporated, E-TEK Division, Somerset, New Jersey 08873, USA

A characterization of the ionic conduction of the active layer of a polymer electrolyte membrane felEMiFC)cathode by ac
impedance measurement at open-circuit potential conditions was conducted. Porous electrode theory was used to derive a compact
equation,a®d,/ay? + a In f(y)lay X ad,/ay — RIf(y)(1 + jQ)d, = 0, to solve for the impedance response of a cathode at
open-circuit potential conditions. This equation includes a paranigtéine ratio of an ionic resistan¢evaluated at the active
layer/membrane interfageto the total charge-transfer resistance of the active layer. The influence of an assumed ionic conduc-
tivity distribution profile f(y) on the error in the estimation of total double-layer capacitance of the active layer from the
=1/(Z,,w) VS. Zze plot was also investigated in this work. The increase of ionic conductivity in the active layer of an air cathode
with an increase in the ionomer loading was revealed from both impedance data and surface area measurements. A nonlinear
parameter estimation method was used to extract the ionic resistance from the high-frequency region of the impedance data at
open-circuit potential conditions. The assumed ionic conductivity distribution profile in the active layer was found to vary with
ionomer loadings.

© 2003 The Electrochemical Society.DOI: 10.1149/1.1612502All rights reserved.

Manuscript submitted January 13, 2003; revised manuscript received May 12, 2003. Available electronically September 17, 2003.

The transport ability of protons to catalyst sites is greatly en-rous electrode as the superposition of two continua, one represents
hanced by impregnating a proton-conducting ionomer in the catalysthe matrix phase and another represents the electrolyte phase. Even
active layer of the cathode of a polymer electrolyte membrane fuelif a third phase, a gas phase, might also exist in the active layer for
cell (PEMFC)? The function of a proton-conducting ionomer such at least some air cathodes, we elected not to include this phase in our
as Nafion® is to provide an ionic path for proton migration from the present model based on the assumption that there is a uniform con-
membrane/active layer interface to the catalyst sites. centration of Q in the gas phase of the active layer. This assumption

Recently, Lefebvreet al? investigated the ionic conductivity is very likely to hold for the impedance response at open-circuit
profile inside the active layer of a cathode for a PEMFC by ac potential(OCP)conditions. For simplicity, a one-dimensional model
impedance spectroscopy. In their work, they first operated a cell atS considered here. This treatment is justified for the impedance
0.5 V until a steady-state current was obtained. Then, they fed niStudy as supported by the work of Springgral*
trogen to the cathode to replace, @nd measured the impedance  Cyclic voltammetry(CV) was used in the literatute for thein
response at 0.95 Vs. the H, anode after current interruption. A situ measurement of thg active surface area of a gas diffusion ellec-
transmission line equivalent circuit model was used to treat the poirode (GDE) by measuring the hydrogen adsorption and desorption
rous active layer of the cathode. The capacitarseesistance plot ~ charge on the Pt surface. The measured surface area from CV tests is
in their work showed that the curve first rose linearly with the in- correlated with the capacitance results found from the impedance

crease of the real component of impedance response, and then wefgta.
up nonlinearly before stopping at one fixed point. At the stopping Model Development
point, the capacitance value was related to the total double-layer o S .
capacitance of the active layer. They also observed that the higher 1€ ionic conduction in the electrolyte phase of the active layer
the ionomer content in the active layer, the steeper the slope of th€f an air cathodésee Fig. 1)s given by*®
linear part of the curve. ad,

In their work, they considered a cathode with nonpolarizable i, = —k— [1]
nature; the gas fed to the cathode was replaced by nitrogen after a X
steady-state operation, and double-layer charging was the only way o L o L
for charge transfer across the catalyst/electrolyte interface. A cas¥herei2 is the ionic current density is the effective ionic conduc-
where the electrochemical charge-transfer reaction is occurring toliVity, @ is the electrolyte phase potential measured with a hypo-
gether with the double-layer charging, which is true for a cathodethetical G reference electrode placed locally, ands the spatial
fed with air or G, was not considered in their work. In the present coordinate. The gradlent of a concgntrathn cell potential, which is
work, we seek to extend their work to include the charge-transferélated to the partial pressure variation of i@ the gas pores, mul-
reaction. We carried out impedance measurement on a system whefPlied by k should also be included in Eq. 1, according to New-
air was fed to the cathode and developed an impedance model fdhan's convention to dgfme the electrolyte phase _potentlal_, since the
this condition, where both the charge-transfer reaction and double€!€ctrolyte potential difference between two arbitrary points mea-
layer charging are important. Since the transmission line equivalenfured by using two ©reference electrodes should be able to reflect
circuit model is inconvenient to treat some parameters, such as thi'e potential of a concentration céThis gradient term is neglected
ionic conductivity considered in this work which value changes with N€re based on the assumption that this partial pressure is most likely
spatial coordinate, we decided to use Newman’s macroscopic porou® P& uniform under OCP conditions. o
electrode modélfor the present system. This model treats the po- ~ COnservation of charge in the active layer is giveri by

aiz 8((1)1 - cbz)
— =a|4Fj, + Cy———— 2
ox In di ot (2]
* Electrochemical Society Student Member.
** Electrochemical Society Active Member. . . . .
*** Electrochemical Society Fellow. whereCy is the double-layer capacitance of the active layer per unit
2 E-mail: white@engr.sc.edu surface area of the catalyst Pt including not only a contribution from
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polymer electrolyte membrane gas diffusion layer of cathode od 2
— =0 atx=0 [7]
active layer of cathode airtvapor aX
ﬂ and
ad, | | -
— = — atx=
aX K

wherel is the total current density applied to the cell dnid the
thickness of the active layer.

To make this model general, the second term in Eq. 6 provides
the possibility thak is a function ofx, i.e., the spatial position in the
active layer. This is very likely to be true for the case where the

Nafion ionomer solution is sprayed onto the active layer to enhance
its ionic conduction. The amount of Nafion ionomer in the active
layer is expected to vary with position after the desired total amount
of Nafion is applied. Since& is the effective ionic conductivity in
this model, both the porosity and tortuosity effects are already taken
into account in this parameter.

It is convenient here to define at any location of the active
layer of a cathode as the product of an effective ionic conductivity
carbon particle loaded with Pt Ko, evaluated at the interfacial conditions between the active layer
and membrane, and a distribution functiigx/I), which is assumed

Figure 1. Schematic illustration of a cathode for the polymer electrolyte t0 Satisfy 0< f(x/l) < 1.« is considered to have the largest value
membrane fuel cell. Ko in the active layer ak = .
For the impedance study under OCP conditions, a sinusoidal per-
turbation of small amplitude, either in the form of current or poten-
Pt but also a contribution from its carbon suppdr, is the matrix t]al, is applied to the cell. The response to thg pe.rturbatlon, WhICh. is
phase potentiah is the active surface area of Pt per unit volume of inear due to the nature of a small perturbation, is measured to find
the active layerj,, is the wall flux of G on the catalyst Pt surface the_ |mpe_dance response of _the system. After substltu_tlon of each
(the carbon surface is assumed here to be inerttce@uction), 4 variable in Eq. 6-8 by a time-independent term, determined at OCP

) : ) . ndition I ime- nden iation term n cancel
is the charge required for the reduction of one mole gf@owing conditions, plus a time-dependent deviation term, we can cance

: . ; some time-independent terms in a way similar to a previous Work.
a simple overall electrochemical reaction such as Eq. 3 As a result, Eq. 6 yields

agglomerate gas channel

electrolyte phase

+ ~ ~ ~
O, + 4H" + 4e— 2H,0 3] 02D, aInfdl) ad, a . 0 d,
- 2 T Tax ox | Ruxg fOun | P2 T ReCary
and 4j, is assumed to be related to a general Butler-Volmer  9X 10
equatiori® to describe a complicated kinetics under OCP conditions -0 [9]
. . aNF(P; — dy) anF(®; — ®y) ~
4Fj, = o) eX — RrRT |~ ex T RT where®, is the deviation of electrolyte phase potential from a value

at OCP conditions, anB,. is the charge-transfer resistance
(4]
RT RT Cie
ionF itnF Co

tc

- . 10
where a, and o, are the transfer coefficients for the anodic and [10]

cathodic processes, respectively, of the rate-determining step,
the molar amount of electrons transferred per mole of reaction of th%hereco is the concentration of dissolved,@ the liquid electro-
rate-determining step, anig is the exchange current density linked |yte close to the catalyst surface at OCP conditions and is assumed

to to be uniform in this study. Equation 10 is obtained from the linear
c form of Eq. 4.(Responses are linear to the perturbajion.
o= jrefl Similarly, boundary conditions 7 and 8 yield
o =lo| ¢ . [5]
rei ~
e =0 11
wherec is the concentration of dissolved,@n the liquid close to ox atx = [11]
the catalyst surfaces,¢ is the reference value of it, ari@Ef is the
exchange current density evaluateccgt. and
Similar to Lefebvreet al.’s transmission line mod@ljf one is ~ ~
restricted to the discussion of a cathode where the electronic resis- 9D, I
. S ; — = — atx =1 [12]
tance is negligible, the matrix phase potentla] does not change X Ko

with position. If it is also assumed not to changed with time, a

combination of Eq. 1 and 2 yields where1 is the deviation of current density from a value at OCP

2%, dlnk o, a (D) conditions. The impedance response of the porous cathode can be

- e Lz i ST B calculated by
) + o X + " 4Fj, + Cy P 0 [6]

Dylyo — Doy B,y
. 3 7 = 1|x 0 2|>< | _ 2|x | [13]
subject to boundary conditions I |
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Whereavl, the deviation of matrix phase potential, is zero due to the 32&)2 alnf(y) aci)z R L

assumption of a constant solid-phase potential. =t v m(l +jQ)®, =0  [24]
A dimensionless analysis is carried out on Eqg. 9, 11, and 12 to ay y y Y

yield

To find the dimensionless impedance response of the cathode,

62&)2 dlnf(y) a(iDZ Ilkg 1 [, a(iDZ which isti)2 rRe j(i)z m evaluated ay = 1, one may collect the real
+ ———= ——— | P, + RCy——| =0 Y
ay2 ay  ay Re/(al) f(y) | 72 teed o) T components and imaginary components of Eq. 22-24 and let them
[14] be equal to zero separately. The real and imaginary parts of the
A actual dimensional impedaneof a cathode can be calculated by
"2 g aty=o0 [15] = -
ay y Zpe= —Pore aNd Zjyy = — Dy, aty =1 [25]
Ko Ko
and For the case where is uniform inside the active layer of the
a(i>2 R cathode, the second term in Eq. 24 vanishes and a simple analytical
oy =i aty=1 [16] solution is availablgsee Appendix)
. z coth VRVL + jQ)
wherei is the dimensionless deviation current density and related to 1/kg - JRVI+jQ [26]

I and its amplituddl| by
T This also agrees with Eq. 13 of Springer's wdtk.
i= — [17] For the case where is nonuniform, we resort to a numerical
1] solution. Three functionsf(y) =y, f(y) = y% and f(y) = y*
are arbitrarily chosen to represent different nonuniformities of the

and wherey is the dimensionless coordinate and related iy ionic conductivity distribution inside the active layer. A numerical
" algebraic and differential equation solver in Fortran called GNES is
y= - [18] used to solve our equations in each case, where a three-point finite

| difference is used to approximate each derivative variable. To speed
R up the numerical calculation, we took advantage of the banded
and whereb, is the dimensionless deviation of the electrolyte phasestructure of the Jacobian matri%.

potential and related t&)2 by Experimental

~ D, Handmade V2-ELAT® gas diffusion electrodes with a Pt loading
by =—— [19]  of 0.48 mg/cr (20% Pt on carbonfrom the E-TEK division of De
- — Nora North America, Inc., were used as both the cathode and anode.
Ko

Teflon is typically used in the active layer to manufacture an ELAT
. ) i _which helps form hydrophobic gas pores in the active ldgee Fig.
The dimensionless impedance response of a PEMFC cathode i) pifferent amounts of Nafion ionomer, ranging from 0.33 to 1.13
mg/cn? (dry weight), were sprayed onto the active layers of both the
[20] cathode and anode in our study. Similar to Lefebeteal.’s model
/o [ and experimental setdpthe cathode is our working electrode and
the anode fed with pure Hs used as both a counter and a reference
where Z is the actual dimensional impedance and normalized byelectrode. AC impedance ar situ cyclic voltammetry were con-
I/kq to yield a dimensionless impedance. ducted with a Gamry PC4/750 model DHC2 potentiostat. The area
The conversion of Eq. 14-16 to the frequency domain yields  of all tested ELAT electrodes is 1.0 émA porous current collector
was used to allow both an even distribution of gas flow and good

z _ (I)2|y:l

9°D, N aInf(y) 9@, /o 1 . = electronic contact with the electrodes.
av? d 9y Re/(al f_(1 T IR Cq) Pz = 0 Before the start of a test on a sample, the fuel cell was operated
ay y y w/(al) f(y) ample, : p
[21] at 0.6 V on a 60 A fuel cell test statigiruel Cell Technologies, Inc.
- for 20 h to reach its steady-state operating current. The cell tempera-
ad, ture was controlled at 70°C as well as the vapor saturation tempera-
W =0 aty=0 [22] ture for both the anode and cathode. The back pressures for the
anode and cathode were set to 2.5 and 3.0 atm, respectively. The air
and and H, feedings were controlled at a flow rdi& standard tempera-
~ ture and pressuyef 220 cm/min.
D, Before the formal CV measurement was initiated, the air feeding
W =1 aty=1 [23] on the cathode side was switched tg (Mapor saturated), and then

the fuel cell was cleaned by scanning for 100 cycles froth01 to

whered, is a complex variable in the frequency domain and equal 1-63 V (vS-H, anodejat a scan rate of 100 mV/s once the operating

. - . . L~ current reduces to a negligible value. This step brings the Pt surface
to the summation of a real paft g and an imaginary paitPzim: {5 a constant state. For comparison purposes, two scan rates, 50 and
j is V=1, andw is the angular frequency. 100 mV/s, were used in a formal CV measurement, where the cell

We identify three characteristic groups for the cathode from Eq.potential was scanned from 0.04 to 0.55 V for 50 cycles. The back

21, a conductivity distribution functiofi(y), a dimensionless angu- pressures for both the anode and cathode were set at zero in CV
lar frequency) = R,.Cqyw, and a ratio, to be represented Ry of studies.
an ionic resistancé/ky to a charge-transfer resistan&g./(al). After the CV test, the back pressures of two electrodes were
This ratio can be also interpreted as a dimensionless exchange cuswitched back to the cell's operating values, and the operating of the
rent density according to Newman’s notatfofor clarity, Eq. 21 fuel cell at 0.6 V with air feeding was resumed for 30 min to allow
can be rewritten in a compact form the stabilization of the ionic conductivity profile. Then, the operation
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Dimensionless real part of impedance Z /(i) Figure 3. Dimensionless peak angular frequency with the change of the
ratio R of ionic resistancel(k) to charge-transfer resistangg./(al).
Figure 2. Dimensionless impedance simulation of a fuel cell cathode for a
uniform ionic conductivity distributiorj f(y) = 1] with the change of the
ratio R of an ionic resistance to charge-transfer resistance.
that predicts an exact semicircle on a Nyquist plot. The 45° line in
the high frequency region, which is typical of a porous electrode,
of the cell was interrupted by disconnecting the electronic load, anddoes not exist for a planar electrode. Moreo¥ey, the product of
the cell was allowed to stabilize at 0.95(the current was zerdpr R, Cqi, andow,, is always equal to unity for a planar electrode.
2 min before the impedance measurement was conducted. It waShis parameter provides us with an indication as to what extent the
assumed that the ionic conductivity profile remained unchangedporous electrode deviates from a planar electrode. It is obvious from
within a short time after interrupting the cell's operation. The per- the ), values in Fig. 2 that a large deviation from a planar electrode
turbation amplitude used in the impedance measurement was set atifzhavior exists for the case suchRs= 10 and 100. Figure 2 also
mV in a potentiostatic. mode, and the frequency was scanned fronyhows that the dimensionless impedance respai¢bk,) de-
100,000 to 0.01 Hz with ten points per decade. creases with the increase Rf This justifies our use of the,Hnode
as the reference electrode if both the anode and cathode have similar
I/ky and f(y). The R value for the anode is much larger than the
Model analysis—Equations 22-25 indicate that the shape of ac- cathode due to its very small charge-transfer resistance. Because a
tual impedance response is determined only by the paraietece  |argerR value gives a smaller impedance response, the impedance
the distribution functionf(y) is known. The simulated impedance response of a whole cell is predominately contributed from that of
response of a porous electrode with a uniform conductivity distribu-the cathode.
tion [f(y) = 1] is presented in Fig. 2, where several cases with  To understand the influence of the conductivity distribution pro-
differentR values are compared. All the curves start from a 45° line file on the porous electrode behavior, one may comphyeralues
in the very high frequency region of the Nyquist plot. As the fre- among different cases. To find the numerical values of this param-
quency decreases, all the curves become nonlinear and finally bergter, we ran the impedance simulation of a porous electrode, as-
downward until the imaginary parts of impedance go to zero. Whensumed to have a fixed functidify), with the change of rati® and
Ris very small, for exampl® = 1, a semicircle is formed with the  gglved forQ,. The results are shown in Fig. 3. For a uniforn
decrease of frequency after the 45° line, and there is an obviougjistribution in the active layer, there are two distinct regions, sepa-
transition from the 45° line to the semicircle region; wtieis large,  rated almost by a vertical line in betweBi= 2 andR = 8. When
for exampleR = 10 or 100, a highly depressed semicircle is formed R < 1, the ionic conduction is fast enough to allow the porous
after the 45° line instead. The transition from the 45° line to the gjectrode to behave like a planar electrode. However, wRen
depressed semicircle region does not exist. To demonstrate the na; 20, the maximum imaginary part of impedance occurs: afign
ture of the impedance Ic_)op Clearly,_ two _semicircles with their Ce_ntersvalue ’73.2% higher than that of a planar electrode. In a narrow range
!ocatt_ed on the real axis and the!r heights equal to the maximum f2 < R < 8, there is an abrupt transition between the above two
imaginary parts of the S|mu|atgd |mpedance loops for the cases o egions. For a nonuniform distribution,i.e., a linear distribution
R=1 an_d .10 are als_o drawn in Fig. 2. For comparison purpose, E)[f(y) = y], three regions are clearly identified and the transition
characteristic dimensionless angular frequeiLy, at which the from one to another is smoother than the case with a uniform dis-

imaginary impedance reaches its maximum, was also indicated on ., . _ .
each curve. It is known for a planar electrode that by using a simplet”bu“on' WherR < 0.1, forf(y) =y, a planar electrode model is

; v
equivalent circuit consisting of parall&,. andC elements to con- acceptable for treating the porous electrode. Wher 10/, the

sider both the charae-transfer and double-laver charaing processeRi2nar electrode model works again, due to the fact that the very low
o 9 5 Y gng p ignic conductivity, compared to relatively fast kinetics, makes the
we can model its impedance responsé?by

charge-transfer reaction and double-layer charging occur predomi-
nately at the interface between the electrode and membrane. When
0.1< R < 10/, the value for},,, first, rises with the increase &,

then reaches a plateau with a value around 1.7, and finally decreases
[27] with the increase oR. The other two nonuniform distributions have

Results and Discussion

1 Re 1 Q

z= TR, + jCqo 1+jQ 1+92th_
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Figure 4. Comparison of deviations of the predictions of porous electrode
impedance from those of planar electrode impedangg, is evaluated at
Q = 0 andZ, is evaluated af) = ,.)

Figure 5. The dimensionless capacitance of the cathode with the change of
dimensionless real part of impedance for a uniform ionic conductivity distri-
bution[f(y) = 1].

similar behavior to the linear one except that the onsets of they the increase oR but following a nonlinear pattern. This is the

middle region move to even lowét values and the plateaus of the yegion where the planar electrode theory works again. However,

middle region becomes narrower. _ - _only the catalyst surface at the interface between the active layer and
Another way to look at the influence of ionic conductivity profile \ambrane is utilized.

on the porous electrode behavior is shown in Fig. 4. It is known that  g55ed on the model of a fuel cell cathode with an infinitly large

the impedance response of a planar electrode on a Nyquist plot is a, e of charge-transfer resistar@@npolarizable), Lefebvret al?

exact semicircle, which starts from the origin, with its center located, ;nd that the observed capacitance of a porous electrode, inter-

on the horizontal axi&? Therefore, the span of the whole impedance preted from a—1/(Z,) Vs. Ze plot, first increases with the |n

loop on the horizontal axis is simply the charge-transfer resistance ' ! . ) )

and the height of the curve is one half of that. The vertical axis infrzgﬁstfng%?gf(i?er g‘:cgﬁégansgnﬁge% fL?r|1|tci)IV\; Egcﬁ#]ge:rs‘t)ggﬁ;ﬁ%ﬁd

Fig. 4 displays a height or span difference, normalized by the height . .
or span predicted from a planar electrode, between the porous elec- 1/(Zym) andZg, do not change witlo]. The increase of observed

trode and the planar electrode. The horizontal axis displays the ratig@Pacitance witlZg, can be explained by the gradual penetration of
R. In general, the porous electrode behavior is more and more unlik&ni¢ conduction to the active layer with time. If the percentage
that of a planar electrode with the increaseRofFor each conduc- contrlbutlor_l to the total double_—layer_ capacitance from the catalyst
tivity distribution, the height of an impedance curve always deviatesPt Surface is assumed to be uniform in the active layer, the observed
less from the prediction by a planar electrode model than the span of 1/(Zim®) gives us an indication of how much catalyst surface is
the real part. This can be explained by the contribution from ionic accessed. Our extended model of a fuel cell cathode predicts a linear
resistance, which is real, to the impedance span on the horizontdf9ion, & nonlinear region, and the appearance of a ramp, followed
axis. WhenR is very small(left lower section, different ionic con- by the shooting up behavior of 1/(Z,,) to infinity. These were
ductivity distributions lead to different deviations of the porous elec- demonstrated clearly fd&R = 1 in Fig. 5, where otheR values for
trode from planar electrode behavior, and the uniform and lineara uniformly distributed< profile were also considered. The vertical
distributions cause smaller deviations compared to nonlinear onesxis displays a dimensionless capacitance of the porous electrode,
At intermediate large values @®, the deviation of the impedance Which has an ideal value of 1, 10, or 100 for the same valuR iof

span on the real axis is proportional to the deviation of the imped-this order if the porous electrode behaves like an ideal planar elec-
ance height on the imaginary axis. To explain this, let us consider drode. This can be made clearer by rewriting the dimensionless
situation wherexy, a, and| are held constant. In this case, the 9roup

increase oRvalue is only caused by the decreasé&qpf As a result

f the d f the total charge-transfer resist&qdéal), th /o 1 ko 1 t R

of the decrease of the total charge-transfer resist&ydéal), the = =

actual observed resistance from the charge-transfer process also de- ZimoRCa Zimo Rl(al) alCq Zime alCq 28]

creases. However, the decrease of the actual resistance from the

charge-transfer process is slower than the increase[of the de- where —1/(Z,,») is the capacitance in the actual dimensional form

crease oR,:/(al)], and every 100 times change Bf;/(al) causes é_nd is expected to cancel the teatCy in the ideal case. To under-

only ten times the decrease of the observed charge-transfer reSistand the appearance of a ramp as well as the shooting up behavior
tance, according to the results for Fig. 4. This has a similar effect to PP P g up

reducing the active layer thickness with the increasR @hore and of —1/(Zm) with the increase ofg. as predicted by our extended
more catalyst surface on the gas-backing side becomes not utiliZN°d€l. it is helpful to start from considering the situation for a
able). As a result, both height and span deviations display a similaP/anar electrode. From Eg. 27, we can derive an equation for
linear relation with the change d&®. When we have a very large ~U(Zno)

value of R (right upper section except for uniform ionic conduc- 1 1402
tivity distribution, the deviation curves of the imaginary impedance - = ——Cy [29]
go to a plateau, whereas those of the real impedance still increase Zimo 0?
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R~ %ol ) Figure 7. The ratio of observed capacitane€l/(Z,,») to the total capaci-

) . . tanceal Cy with the change of the dimensionless real part of impedance for
Figure 6. The capacitance 1/(Z,n) for a planar electrode with the change  gifferent conductivity distribution profiles and differeRtvalues.
of real part of impedance responag,.

finding the turning point, whereas an error in finding the total sur-
face area is unavoidable for nonlineardistributions due to the
difficulty of locating the turning point. FoR = 1 under uniformk
distribution, although one is still able to find an accurate estimation
quencies, which can be seen from Fig. 6. The gradual increase gef the total catalyst surfac_e area, there is some trouble in estimating
—1/(Z,,) with the increase oZg, (or the decrease ab) in the correctly the othertlhre.e dlSt!‘IbutIOﬂS: Things are even poorer for the
im Re gases where the ionic resistance is very large compared to the

ramp region can be explained by the increasing branching of curren . X
to the charge-transfer reaction, and the shooting-up behavior can peharge-transfer resistance. Not all of the catalyst surface area is ac-

explained by the ceasing of double-layer charging current at cessible for botlR = 10 and 100, regardless efdistributions. For

— 0. A value of the double-laver capacitance larger than the trueexample, it is impossible for us to measure the total catalyst surface
: btained f 1(Z Yf th pa b hi 9 f tt area of a cathode from the impedance response at a large steady-

one IS obtained from- (. me) if there is branching of current to state operating current. In this case, the overpotential driving force

the charge-transfer reactioithe use of-1/(Z,y) to calculate the i make charge-transfer resistance very small, or consequently the

double-layer capacitance implies that the double layer charging iz yajue very big. We also observe from Fig. 7 that for a fixed value

the only way for charge transf¢mll the —1/(Zyyw) Vs. Zze plots  of R, the slope of each curve in the nonlinear region slightly de-

predicted from our extended model are basically similar to Lefebvrecreases with the increase of nonuniformity wofdistribution. This

et al.’s finding$ in the very high frequency region, where no current can pe probably explained by a decreased value far any spatial

goes to the charge-transfer reaction, due to the existence of only thggordinate with the increase of nonuniformity of its distribution.

ionic conduction and double-layer charging processes. For the casgimijar to Lefebvreet al.’s findings, the increase of the slope of an

where the ionic resistance is very small compared to the chargez (,al dimensional curve-1/(Z,w) Vs. Zge in the high frequency

transfer resistance, all the catalyst surface can be accessed by Hfear region with the increase efis also predicted by this extended

double-layer charging before the onset of the charge-transfer reacs,oqel. This can be seen from Eq. 30, assuming k is the common

tion, and a separation by a turning poiinmediately before the slope of all the curves in the linear region of Fig. 7

ramp)on a—1/(Z,,w) VS. Zge CUrve is obvious between two regions

The —1/(Z,,») VS. Zze plot begins with a value-1/(Z,,») = Cy in
the very high frequency region, followed by a ramp with the de-
crease of frequency, and finally goes up to infinity at very low fre-

with and without charge-transfer reaction current, as is shown for -1 1 1

R = 1 in Fig. 5. This provides us with a quantitative tool for the Ed ﬂ) - d(z w)

evaluation of the total catalyst surface area of a cathode. WheR the K = a \Fm® M = kaCyko  [30]
value becomes larger, the turning point is missing, which is the case (ﬁ) dZge

for R = 10 and 100. Also, the determination of the total catalyst I/kg

surface area by finding a turning point from-al/(Z,,,w) VS. Zze
plot fails because some of the catalyst surface near the gas-backingere —d(1/Z,,)/dZse is the slope in an actual dimensional
side are |na9ce53|ble even at= 0 due to slow ionic cpnductlon —1/(Z;y) VS. Zge plot, and k is a constant, which is independent of
compared with the relatively fast charge-transfer reaction. — {he jonic conductivity distribution profileR value, and the active

_ If the dimensionless group on the vertical axis of Fig. 5 is di- |ayer thicknesd. Equation 30 reveals that the slope at any point in
;/;rj\ig ?g ttl:]: trg‘tt;ﬁawe have a plot of the ratio of observed capaci- v, high frequency linear region of thel/(Z,;w) Vs. Zee plot is

pacitangs. the dimensionless real impedance. roportional to

A plot with this interpretation is shown in Fig. 7 for four different prop “o-
ionic conductivity distributions. WheR = 0.1, a case where the Experimental results—CV was used to measure the active sur-
ionic conduction is very fast compared to the charge-transfer reacface area of each cathode after operation in a fuel cell, and the
tion, uniform and lineak distributions yield an almost 100% accu- typical voltammogram for an ELAT electrode is shown in Fig. 8. As
rate estimation of the total catalyst surface amday the method of one can observe, there are two pairs of hydrogen adsorption/
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Figure 9. Comparison of Nyquist plots of a fuel cell with different Nafion

Figure 8. A demonstration of the cyclic voltammograms of a fuel cell with loadings in the active layers of both the cathode and anode.

N, fed to the cathode side and, fed to the anode side.

catalyst surface is accessible at OCP conditions and a planar elec-

desorption peaks for each scan rate as is well known for platinumyrode theory is valid here. We also observe from Fig. 9 that the fuel
electrodes. To be consistent throughout our work, the hydrogen degell with 0.33 mg/crﬁ ionomer loading shows a higher impedance
sorption peaks were used for the determination of surface area of thghan any of the other loadings, which indicates a smaller active
active catalyst sites. To find the surface area, a baseline is first corsurface area of Pt in the active layer. One might also notice that the
structed from the tangent to the left side plateau, and then one inteincrease of Nafion ionomer loading from 0.77 to 1.13 md/cimes
grates the current difference between the baseline and two hydrogefiot necessarily lead to the decrease of the impedance of the cathode.
desportion peaké&xidation of adsorbed hydrogenver time. With We offer an explanation later.
the assumption of monolayer adsorption of hydrogen, a value of 210 The —1/(Z,,®) vs. Zg plot to interpret the measured OCP im-
uClen? was used to convert the charge to the surface 4@  pedance data is shown in Fig. 10. It is obvious that each curve
scan rates were applied for each test fuel cell to verify the reproducgisplays a similar profile, where a linear region, a nonlinear region,
|b|||ty of the CV method. The surface area results are tabulated ina ramp’ and a Shooting_up behavior are |dent|f|ed In the |inear re-
Table I. In general, the surface area of an ELAT cathode measuregions, the slope of each curve increases with the increase of ionomer
by CV increases with the increase in Nafion content. This was ex4oading, which agrees with our model prediction. The location of the
pected because more of the catalyst surface can be accessed Rymp region for each of the high ionomer loadings, 0.77, 0.91, and
protons with the increase of ionomer loading. 1.13 mg/crf, is higher than either of the two low ionomer loadings,

The Nyquist plots of the impedance response of a fuel cell atg 33 and 0.52 mg/cfn By extrapolating both the ramp region and
OCP are shown in Fig. 9, where several cases with different Nafioninear region to a turning point, we can find the total double-layer
loadings are compared. Basically, each curve in Fig. 9 displays &apacitance of a cathode. These capacitance results are tabulated in
semicircle-like pI’Ofile, even if a Sl|ght deviation from an exact semi- Table |, which shows an increasing order of Capacitance with the
circle exists for each of them. To understand the nature of all thejncrease of ionomer loading and agrees with the trend observed from
impedance loops in Fig. 9, we need to guessRhealues. If we  Cv tests. Special care should be taken in order to compare these
assign a value, 0.108 cn?, found by Springeet al.;' to I/ko and  capacitance results with the surface area results measured from CV
assign the low frequency intercept on the real axis of Fig. 9 totests. The capacitance results tabulated in Table | are believed to
Ri./(al), we find that theR value is not larger than 0.01 for each reflect the ionic conductivity profile under the operating conditions
case. Even if it is possible that we have even latdeg values, it is of a cathode, since the impedance data were collected almost imme-
unlikely for them to be larger than 10@ cn?, a value that still  diately after interrupting the operation of the cell. In contrast, devia-
makes theR value equal to 1. Now it looks to us that the total tion from the operating conditions might be reflected in the CV

Table I. Comparison of the capacitance results calculated from impedance data with the surface area results calculated from CV measurement.

Nafion ionomer loadingmg/cn?)

0.33 0.52 0.77 0.91 1.13
Capacitance —1/(Z)mw) VS. Zge plot 15.1 15.5 21.8 25.6 27.6
(mF/cnf) alCy = al/(Rw) 26.5 25.8 35.3 41.1 38.4
Surface area CV at 50 mV/s 57.4 61.9 76.2 109.5 119
(crmPlcr?) CV at 100 mV/s 61.9 71.4 90.5 114.3 128.6

Note: the surface area is evaluated as the total observed area per geometry area of the cathode.
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RCq can be calculated approximately from the relationship
3 mg;cmi Nafion loading RiCqw, = 1 and the total charge-transfer resistaigg/(al) can
.02 mg/icm? Nafion . . . .
77 mafom? Nafion loading = be read from the maximum imaginary part of impedance on the
.81 mg/cm? Nafion loadin, i i i ici
.13m§/cm Nafon loading & vertllcal axis qf a Nqust plot or thg span of the semicircle on the
% o horizontal axis. With such a situation, only the paraméter is
5 o© left, and we can estimate it from the high frequency region, where
L/
o
%
5
o

-
N W O

¢ vbDOao0

0
0
0
0
1

the ramp in a-1/(Z,,») VS. Zze plot is not yet reached and the exact

o knowledge ofR,./(al) is not required due to the relative importance

° of ionic conduction and double-layer charging. This is very impor-
tant for us, because there is some difference betweeRfiéal)
values found from the maximum imaginary part of impedance and
from the span of a semicircle on the horizontal axis of a Nyquist
plot. The method of nonlinear parameter estimation was used to
extract the parametdrkg in this work by following a procedure
similar to Ref. 10. To determine the accuracy of values obtained for
this parameter, a 95% confidence intet%af*6 for (1/ko) was
found by using

(I1kg) = (/kg)e = t1_g0sSeVayV(31I) 71 [31]

N W o=

“Z, ) (F)

e
N W RO

0.01
§

4010 2 3 4567 4000 2 3 4567 qg10 2 3 4567 420 where (/xg).is the point estimate of parameték g, t; s iS the
) value oft distribution for the determination of the 95% confidence

Zge (2-cm’) interval that depends on the number of data pofisée Eq. 7.73 on
page 468 of Ref. 16)S¢ is the standard deviation for the data set
(see below),] is the Jacobian matrigsee below)," is the transpose
of J, 37J) 1 is the inverse of the product dff andJ, anda,; is a
diagonal element of the matrixd{J) ! (see p. 490 of Ref. 16). In
this work, we used the model equation

results, since the CV tests usually last a long period of time and _ _
especially since we need to cycle and condition the catalyst surface UZmw) = T(l/xo, @) [32]

before any formal CV measurement. . . . .
If an impedance response has a semicircle-like shape, we caWhere —1/(Zm) is the dependent variable, is the independent

also find the total double-layer capacitance from the equationvariable, andf(l/ko, w) has an explicit form for a uniform ionic
alCy = al/(Rw,) derived from a planar electrode theory, where conductivity distribution and an implicit form for a nonuniform dis-
w,, is the angular frequency at which the imaginary part of the im- tribution. The Jacobian matrik was obtained by
pedance reaches its maximum value ddg/(al) is the charge- [ —1UZw)]
transfer resistance read from the span of the impedance semicircle P = {W}

on the horizontal axis. The capacitance results calculated from this Ko
equation are also included in Table | for comparison purposes. As
we can see from Table |, the capacitance results found from efter evaluation of each impedance data point either analytically or
—1/(Z,w) VS. Zge plot are generally smaller than those calculated Numericall 0

from the planar electrode theory, even if either set of capacitance The estimated results dfk, for the cathodes with three repre-
results are generally able to predict the increase of capacitance witentative Nafion loadings are presented in Table II, where all four
the increase of Nafion ionomer loading. The difference between twaPossible ionic conductivity distribution profiles are also considered.
sets of capacitance results is probably due to an underestimation dkfter the estimation ol/k,, the ratioR was determined for each
alCy by finding the turning point from a 1/(Z,») VS. Zge plot. It case, and the standard square e8owas calculated from

Figure 10. The —1/(Z,w) Vvs. Zge plots of a fuel cell with different Nafion
loadings in the active layer of both the cathode and anode.

[33]

is very likely that all the cathodes have nonlinear ionic conductivity N

distributions. The access of the total catalyst surface by double-layer , 1 2 -1 -1 2

charging is not yet completed before an appreciable current has = N-14[\Zno T\ Zpo [34]
! exp pre!

branched to the charge-transfer reaction, and some more catalyst
surface is still accessible in the ramp region with the decrease of . .
To improve the accuracy of findinal Cy from a —1/(Z,) Vs. Zs where (—1/Z,,0)e, is the experimental value for the dependent
, - d , m L Re  variable, (—1/Zm0)peq IS the predicted value for it, anM is the

plot, one might want to try an inert gas feeding to the cathode. In ber of dat m Pfet AS | p Table II. the raival
this case, all the catalyst surface is accessible since double-lay umber ot data points. As 1S seen from 1able 1l, the retivalues
charging is the only way for charge transfer. or a]l th_e three Nafion loadings and aI_I the four ionic cond_ug:twny

The ionic resistanchx is a very important parameter. If we are distributions are smaller than 0.1. This consequently_ yerlfles the
able to find the value for it, a quantitative evaluation of the ionic plag?rzc(zetﬂéo?nf ?ghg;{%nogf?lzec?gr]%?r?e?tir?(t:hz c;)cr:idvlgolgsé rim-
conduction of a fuel cell cathode is possible. It might be possible to roves the h dr(F)) h?lic roperty. we expect to observe an Z arent
extract it from a simultaneous fit, together with other model param-p Wy .th th property, f th P loading. U fppt
eters, from the steady-state impedance data in a way similar to thaQecrea§e Olfico Wi € increase of the lonomer loading. LUnfortu-
in Ref. 11. Unfortunately, the greater the number of parameters to b&&tely, if we compare the values bfic, among the three ionomer
fitted in a model, the more difficult the convergence of the fitting. 102dings by assuming the same ionic conductivity distribution pro-

The OCP impedance data, measured almost immediately followin ile, this trend is not clear. To clarify this point, we have to realize
the interruption of a cell’s operation, simplifies our consideration that different ionomer loadings do not necessarily lead to the same
from a complicated steady-state model, where many parameters pldf"'c czonductlwty distribution profile. If we compare the square
a role, to a simple model such as Eq. 24, where only a few param&rror Sg among all the four ionic conductivity distribution profiles
eters are important. It is even more favorable to us to have a situafor the same ionomer loading, we find tHd) = y? has the least
tion with semicircle-like impedance spectra, since the time constantz for both 0.33 mg/crhand 0.77 mg/crhNafion loadings, whereas
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Note: S has the unit of Ecm™

f(y) = y* has the least square error for 1.13 mgfdyafion load-
ing. If we useSE as a criterion to discriminate one distribution over
another,f(y) = y? is the true ionic conductivity distribution func-
tion for two lower Nafion loadings, 0.33 and 0.77 mgfcmnd
f(y) = y“is the true ionic conductivity distribution function for the
highest Nafion loading, 1.13 mg/énif we compare thé/« results
among all the three cathodes with their ionic conductivity distribu-
tion having the least square error, the decrease of the paralheger
with the increase of Nafion loading is now obvious. The high non-
linearity of ionic conductivity distributiorf(y) found here also jus-
tifies the explanation for an error of findirdCy, from a —1/(Z,,»)
VS. Zge plot.

Presumably a significant portion of Nafion ionomer sprayed on
the cathode with a total loading of 1.13 mgfcia located between
the active layer and membrane. In this case, the volume fraction of
gas pores near the interface is negligible compared to the other part
of the active layer. As a consequence, the active layer near the mem-
brane side may be very likely flooded with too much ionomer con-
centration. The dissolved &Zoncentration on the surface of catalyst
particles close to the membrane side will be unlikely to be at its
saturation value before the impedance measurement due to the in-
creased diffusion path caused by flooding. By assuming that the
kinetics of a cathode at OCP conditions follows a Butler-Volmer
equation, such as Eg. 4, the increase of charge-transfer resistance
with the decrease of surface concentration of dissolved @learly
shown in Eq. 10. This explains the results in Fig. 8, where the
impedance of a cathode with 1.13 mgfciNafion loading is not
smaller than a cathode with a lower loading such as 0.77 nfg/cm
This phenomenon also agrees with our observation made from
steady-state impedance data. Therefore, it is not always good to
increase the Nafion loading on a cathode, and an optimal amount of
the Nafion ionomer to facilitate both the ionic conduction and O
diffusion to the catalyst sites is necessary. A cathode with the opti-
mal amount of Nafion ionomer should be able to display a
semicircle-like impedance profile with minimum height on the
imaginary axis as well as minimum full span on the real axis for
both the OCP conditions and steady-state operating conditions.
(Consider that the impedance is measured at the same pojential.

Conclusions

AC impedance spectroscopy measured almost immediately fol-
lowing the interruption of operating a PEMFC is potentially a con-
venient tool to evaluate the ionic conduction performance of a
PEMFC cathode. Improvement of the accessibility of the total cata-
lyst surface with the increase of Nafion ionomer loading was ob-
served from both the capacitance results, interpreted from a
—1/(Z),w) vSs. Zze plot, and the surface area results, measured from
CV tests. By using the least square error as a criterion to discrimi-
nate one ionic conductivity distribution over another in a nonlinear
parameter fit, the true distribution can be identified, which was used
to explain our experimental observations.
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Appendix

If a uniform ionic conductivity distributior f(y) = 1] inside the active layer is
present, Eq. 24 reduces to

22D,

= = R(1+jQ)P, [A-1]
ay

subject to boundary conditions 22 and 23.
From Eg. A-1, we can write the solution fdr, as
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@, = ¢, sinhVRYL + jQy) + ¢, cosiVRYVI + jQy) [A-2]

A1449

Z impedance in complex form) cn?

Zgre real part of the complex impedanie Q cn?

by Eq. A-3 after applying boundary condition 23

= [A-3] T transpose symbol
VRVL + jQ sinh(VRV1 + Q) —1 inverse symbol
With ¢c; andc,, Eq. A-2 is updated to Subscripts
i cosh\/ﬁ RTTY Tay) » i ith data point
27 JRVI+ jQ sinyVRVL + jQ) [A4] Greek
The dimensionless impedance response of the porous electrode is a, transfer coefficient for anodic reaction
o, transfer coefficient for cathodic reaction . .
. k effective ionic resistance of the electrolyfe; * cm™~
&,2| = COt“\/ﬁvl i) [A-5] ko effective ionic resistance of the electrolyte evaluated at the active layer/
y JRVL + jQ membrane interfacial condition§,~* cm™*
®, matrix phase potential of the cathode, V
The actual dimensional impedance response is ®, deviation of the matrix phase potential of the cathode, V
@, electrolyte phase potential of the active layer of a cathode measured with a
[ | coth( \/ﬁ\/l +jQ) 3 reference @ electrode placed locally, V
zZ= K_O‘I)2|y:1 = K_o W [A-6] ®, deviation of the electrolyte phase potential of the active layer of a cathode, V
@, dimensionless deviation of the electrolyte phase potential of the active layer of a
which agrees with Eq. 26. _ cathode
i @, complex variable for the deviation of the electrolyte phase potential of the active
List of Symbols layer of a cathode
 angular frequency, rad/s
a surface area of the catalyst Pt per unit volume of the active layeicamh o, angular frequency with maximum value of imaginary part of impedance, rad/s
a;; a diagonal element of the matridJ) ~* Q) dimensionless angular frequency
¢ concentration of the dissolved,Qn the liquid electrolyte near the catalyst Q, dimensionless angular frequency value at which the imaginary part of the imped-
surface, mol/crh ance reaches its maximum
Co concentration of the dissolved,0n the liquid electrolyte near the catalyst
surface at OCP conditions, mol/ém References
Cf reference concentration, mol/ém
Cy4 double-layer capacitance of the active layer of a cathode per unit surface areal' M. L. Perry and T. F. Fullel_'J. Electrochem_. Soclas, 559(2002)_'
of the catalyst Pt, Flctn 2. gﬂégc(iéggibvre, R. B. Martin, and P. G. Pickuplectrochem. Solid-State Let®,
F Faradaic constant, 96,487 C/mol : . .
f(y) distribution function of the ionic conductivity, & f(y) < 1 3. éhﬁs Nﬁy(r;gglil)ectrochemmal System2nd ed., p. 455, Prentice Hall, Englewood
g curr.eﬁt density appllec! to the cathode, Afom 4. T. E. Springer, T. A. Zawodzinski, M. S. Wilson, and S. Gottesféldlectrochem.
_|Ideviation current density of the cathode, Afem Soc.,143, 587(1996)
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