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We study the isothermal hydrogen adsorption and reaction at the E-TEK electrode of a polymer electrolyte
fuel cell with a Nafion 117 membrane by impedance spectroscopy at 30°C. We find that the impedance
diagram must include a Gerischer phase element. Constant phase elements are not sufficient to describe the
experimental data. This means that an adsorption reaction takes place in combination with surface diffusion
of hydrogen in the carbon layer located before the platinum surface, separate from the charge transfer step at
the platinum particle surface. We are not able to distinguish between molecular or atomic hydrogen diffusion
on carbon. We predict and find that the relaxation time of the adsorption step is independent of the applied
potential. Water may also enter rate-limiting steps in the electrode reaction, but its role needs further clarification.

1. Introduction

Electrochemical impedance spectroscopy (EIS) is an experi-
mental technique that can separate phenomena with different
relaxation times, and is thus useful for determination of rate-
limiting steps at electrode surfaces.1 It has been widely used,
also in studies of rather complicated three-phase contacts.2,3 Such
contacts are typical for fuel cell electrodes.

Most polymer fuel cell electrodes consist of a porous matrix
of carbon black that allow gas diffusion up to the catalyst (Pt)
particles. The carbon layer is up to a few hundred micrometers
thick.4 The gas will eventually react at the catalyst, which is
also in contact with the proton-conducting membrane electrolyte.
This contact is often enhanced by adding a membrane polymer
solution to the catalyst layer, as described for instance in the
Experimental Section. A complicating factor is the required
presence of water in the membrane.2,5

Impedance studies on fuel cells have mostly concerned rate-
limiting processes in the complete cell.2,6,7 The cathode, or the
oxygen electrode, will then dominate the spectrum. We shall
study the anode of the fuel cell, the hydrogen electrode in a
cell with two identical hydrogen electrodes. Recent impedance
studies of this electrode have been motivated by the need to
understand the CO tolerance of this electrode.8,9 As a back-
ground for such studies, it is important to have a good
understanding of the elementary steps concerning hydrogen
alone. Also, with the present discussion on the mode of
hydrogen adsorption in carbon nanotubes,10 it is interesting to
see if impedance studies can provide information about the role
of carbon in the anode reaction.

The aim of this investigation is to give experimental and
theoretical support to the first step in the anode reaction. We
shall see that this must include a reversible reaction (the
adsorption reaction) followed by diffusion of the adsorbed
species to the site where the charge transfer takes place. The
adsorption reaction takes place in a layer with a thickness
estimated to be∼200µm, located around the Pt particles. Such

an adsorption reaction has earlier been allocated to the Pt particle
itself; see, for example, the work of Chen and Kucernak,11 who
studied insulated Pt particles.

Various methods have been used to establish a theoretical
background for the impedance of a porous electrode. The porous
electrode model, e.g., Weber and Newman,12 consists of a
network of normal and charge transfer resistors. Taylor expan-
sions around point values of nonlinear equations for reaction
kinetics have long been used to find the impedance.1,6,13

Gomadam et al.7 derived impedances for composite electrode
models, which treat the composite electrode as a superposition
of two continuous phases; one phase is a pure ion conductor,
and the other phase is a pure electronic conductor. The fractal
structure of these materials can also explain the typically
depressed semicircles.14

Pugazhendi et al.3 divided the heterogeneous region into bulk
parts and surfaces, and treated the surface as a two-dimensional
system according to the method of Gibbs,15 with surface
properties integrated out to give excess variables. The excess
energy dissipation at the electrode (or the excess entropy
production) of the surface was used in the derivation of the
surface impedance. We shall use this method, which is always
in agreement with the second law of thermodynamics.

The aim of the study is then, from a chosen model, to first
predict an impedance spectrum of the anode. We shall next use
the obtained relations to obtain properties of the electrode from
experimental results. We shall see that the experiments give
support a reaction-diffusion step as the first step in the electrode
reaction. We report findings for a common membrane electrode
assembly, namely, the E-TEK electrode with 0.5 mg of Pt/cm2

and a Nafion 117 membrane. It is common to assume that the
rate-limiting process in the electrode backing of the anode (as
well as the cathode) is diffusion in the gas phase.2,6,8 The good
fit of the data that we obtain to a Gerischer phase element
indicates that the reversible adsorption reaction of hydrogen to
carbon black along the pore walls and the subsequent diffusion
along the surface to the catalyst plays a more important role
than has been assumed previously. Gerischer phase elements
have been observed for porous electrodes before, but only in
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the solid oxide fuel cell.16,17 The results do not discriminate
between molecular or atomic adsorbed hydrogen.

The paper is organized as follows. We derive the impedance
of the hydrogen electrode using a two-layer model in sections
2 and 3. The first layer is that of the porous carbon layer
supporting the catalyst particles, the so-called adsorption-
diffusion layer. The next layer is the surface layer of the catalyst,
where the charge transfer reaction takes place. The experiments
and the results, which confirm this model, are described in
sections 4 and 5 and discussed in section 6.

2. The Electrode Reactions

Our theoretical model uses the fact that only a small part of
the platinum particle has an interface with the gas in the pores
so that only a few active sites are accessible directly from the
gas. To reach most of the active sites on the Pt surface, the
hydrogen molecules must first adsorb to one of the surfaces
involved (the gas-carbon, the gas-membrane, or the gas-Pt
surface), and then move to the rest of the Pt surface by diffusion
along the mentioned surfaces. They arrive at the active sites
after passing some three phase contact lines. Hydrogen mol-
ecules cannot go directly to the contact line from the gas phase.
This would lead to an infinite velocity of the gas close to the
contact line, which is impossible. Early adsorption on a surface
is therefore crucial for the hydrogen to reach most of the active
sites on the Pt surface. As the area of the Pt surface that is
accessible to the gas is only a fraction of the porous carbon
surface, we have assumed that the absorption and/or desorption
on the walls of the pores is the dominant process in our
description. As we shall document, this process is (relatively)
slow.

In our model, we assume that hydrogen gas is absorbed
continuously along the pores in the carbon matrix:

The adsorption reaction is labeled “ad”, and a refers to the anode.
Hydrogen proceeds to diffuse along the pore surface to the
platinum catalyst, located between the porous carbon matrix
and the cation exchange membrane. During the diffusion
process, some of the hydrogen desorbs to form molecular
hydrogen in the gas phase again. This reversibility in the
adsorption-desorption reaction is characteristic of a system that
leads to a Gerischer impedance. The reaction for chemisorption

will lead to the same type impedance.
Most reports assume physisorbed gas molecules, so we

proceed with model ad-1 and assume that the adsorption has
first-order reaction kinetics in both directions:

We use a course-grained description in which both concentra-
tions are given in moles per cubic meter. The concentrationcH2

g

is the gas concentration in the pores times the porosity of the
carbon layer. The course-grained concentrationcH2

a is the
surface excess concentration in moles per square meter times
the surface area of the pores per unit of volume in inverse
meters. The constantskH2

a and kH2

d are rate constants of the
reaction. The reaction

takes place at the metal surface, denoted s, e.g., Chen and
Kucernak,11 if not before, cf., eq ad-2. In the Volmer mecha-
nism, the surface atom in active sites on the surface of the
platinum dissociates into protons in the membrane and electrons
in the electronically conducting carbon matrix:

The charge transfer reaction is labeled ct. A recent discussion
of the relevant sites on Pt, which are active in the reaction, is
given by Chen and Kucernak.11

In summary, we have a model where adsorption takes place
in a reaction-diffusion layer located before the catalyst surface,
while charge transfer takes place at the metal particle surface,
i.e., at the catalyst surface. The thickness of the carbon matrix
in the experiment is on the order of 0.2 mm, while the thickness
of the catalyst layer is on the order of 0.01 mm. In the theory
given below, we use a continuous model for the carbon matrix
while it is sufficient to use a sharp interface for the catalyst
layer; see Kjelstrup et al.13 for further explanations.

The reaction Gibbs energy of the adsorption reaction is

We assume equilibrium in the reaction (ad-3), giving the relation
2µH

s ) µH2

a (x)0) between the chemical potential of hydrogen
just before the surface and the chemical potential of atoms at
the surface. Herex ) 0 indicates the position of the catalyst
surface. The hydrogen gas in the experiment has a constant
(independent of position and time) pressure, leading to a constant
µH2

g . The bulk anode is located at negativex values and the
membrane at positivex values. In our coarse-grained description,
transport takes place along a coordinate normal to the surface
of the membrane. All variables are then independent of
coordinates parallel to the surface.

To describe the electrochemical processes at the surface, we
need the change in Gibbs energy at the surface, due to the neutral
species:

For the total electrode reaction, we then have

We can take the catalyst surface to be electroneutral, by
choosing its thickness such that the adsorptions (in moles per
square meter) of protons,ΓH+, and of electrons,Γe-, are equal.
Each excess proton near the metal surface therefore forms a
dipole with an excess electron in the metal surface. We define
the adsorption of the dipoles by

The chemical potential of the dipoles formed by adsorbed
proton-electron pairs at the catalyst is given by Bedeaux and
Kjelstrup:18

A superscript m indicates a property of the membrane. The

1
2
H2(g) f

1
2
H2(a) (ad-1)

1
2
H2(g) f H(a) (ad-2)

r(x,t) ) kH2

a cH2

g - kH2

d cH2

a (x,t) (1)

1
2
H2(a) f H(s) (ad-3)

H(s) f H+(m) + e-(a) (ct)

∆rGad
s (x,t) ) 1

2
[µH2

a (x,t) - µH2

g ] (2)

∆nGct
s (t) ) -µH

s (t) ≡ - 1
2

µH2

a (x)0,t) (3)

∆nG
s ) ∆rGad

s (x)0,t) + ∆nGct
s (t) ) - 1

2
µH2

g (4)

Γp(t) ≡ ΓH+(t) (5)

µp
s(t) ≡ µH+

s (t) + µe-
s (t) ) µH+

m (x)0,t) + µe-
a (x)0,t) (6)
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chemical potential of the dipoles is

where Γp
0 is the standard excess concentration of adsorbed

dipoles,γp
s is the activity coefficient, andµp

s,0 is the standard
chemical potential.

One often refers to the layer in front of the metal surface
containing the protons as the double layer and the excess
electron density of the metal surface as the charge density of
the surface. Our above description clarifies that these two layers
in combination are electroneutral and form a dipole layer. The
polarizationPs we find (cf. eqs 9 and 11) is nothing else than
the polarization due to the double layer, and thecp

s used in eq
11 is the capacitance of the double layer.

The charge transfer reaction (eq ct) increases the number of
adsorbed dipoles, while the electric currentj decreases it;
therefore

where rct
s refers to the reaction rate andF is Faraday’s

constant. The surface polarization in the direction normal to
the surface is equal to the dipole concentration times Faraday’s
constant,F, times the average distance,ds, between the charges

With a constantds, it follows that the surface polarization and
the adsorption of dipoles depend on each other. By eliminating
Γp from eq 12, we obtain

The surface polarization divided by the surface thickness gives
the surface potential difference times the capacitance of the
dipole layer,cp

It is common to assume that there is equilibrium for water across
the pore channel, across the catalyst surface, and into the
membrane. We shall also use this assumption in our first
calculation.

3. Electrode Impedance

3.1. Variables in the Oscillating Field. Impedances are
measured as a function of the frequencyω of the alternating
potential, in the presence of a constant applied potential. The
cell under investigation is symmetric, so we consider the
potential difference between the anode and the center of the
membrane:

The potential difference between the center of the membrane
and the cathode is the same. We can disregard the contribution
to the emf of the two hydrogen electrodes. They are equal and
opposite, and in the total cell potential, they cancel each other.
Each contribution is then the sum of the potential difference

across one surface and half the membrane:

The electric current similarly has a dc and an ac contribution

In the membrane, which conducts by protons, one has

The corresponding relation for the potential differences across
the surface is derived below.

The surface polarization can also be written as the sum of a
stationary and an oscillating contribution

For the dc and ac contributions torct
s , this gives the following

using eq 14

3.2. Adsorption-Diffusion Layer in Front of the Catalyst.
The time dependence of the concentration of hydrogen at
positionx in the anode is given by

where

is the coarse-grained diffusion flux (in moles per square meter
per second) of molecular hydrogen along the surface of the pores
in the carbon matrix to the catalyst surface atx ) 0 andDH2

a is
the diffusion constant (in square meters per second). Equilibrium
in the adsorption reaction gives, using eq 3, the equilibrium
concentration of adsorbed hydrogen

The rate coefficients may depend on the state of the surface,
whether it is polarized, and on the pressure. The constant
hydrogen pressure in the pore gives a constant gas concentration,
cH2

a , and therefore also a constant value forcH2,eq
a . We use linear

kinetics for the adsorption-desorption reaction. As we will
discuss in subsection 6.3, the level of adsorption of hydrogen
is well below saturation, so linear kinetics is appropriate for
this reaction. We introduce the deviation from the equilibrium
concentration

Equation 18 then becomes forδcH2

a

µp
s ) µp

s,0 + 2RT ln(γp
sΓp/Γp

0) (7)

d
dt

Γp ) rct
s - j

F
(8)

Ps ) dsFΓp (9)

rct
s ) 1

F(j + 1
ds

d
dt

Ps) (10)

Ps

ds
) FΓp ) cp

s∆sφ (11)

∆φ ) ∆φdc + ∆φac exp(iωt) (12)

∆φdc ) ∆sφdc +1
2

∆mφdc and∆φac ) ∆sφac + 1
2

∆mφac (13)

j ) jdc + jac exp(iωt) (14)

∆mφdc ) rmjdc and∆mφac ) rmjac (15)

Ps ) Pdc
s + Pac

s exp(iωt) (16)

rct,dc
s ) 1

F
jdc andrct,ac

s ) 1
F(jac +

iωPac
s

ds
) (17)

∂cH2

a (x,t)

∂t
) -

∂JH2

a (x,t)

∂x
+ 1

2
kH2

a cH2

g - 1
2
kH2

d cH2

a (x,t) (18)

JH2

a (x,t) ) -DH2

a
∂cH2

a (x,t)

∂x
(19)

cH2,eq
a ) cH2

g
kH2

a

kH2

d
(20)

cH2

a (x,t) ≡ cH2,eq
a + δcH2

a (x,t) (21)

∂δcH2

a (x,t)

∂t
) DH2

a
∂

2δcH2

a (x)

∂x2
- 1

2
kH2

d δcH2

a (x,t) (22)
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For a dc electric current, eq 22 reduces to

The solution is given by

where we used

We see from eq 24 thatδcH2,dc
a is negative whenjdc > 0 and

positive whenjdc < 0.
When the thicknessd of the carbon layer is smaller than

x2DH2

a /kH2

d , one should use the fact that the diffusion flux when

x ) -d is zero. One must then replace exp(xxkH2

d /2DH2

a ) with

cosh[(x + d)xkH2

d /2DH2

a ]/cosh(dxkH2

d /2DH2

a ) in eqs 24 and 28
and make a similar replacement in eqs 31 and 33. This implies
that the mass transport at low frequencies will be reduced
compared to the expressions given. The further analysis is not
affected.

We use

for the chemical potential of hydrogen, whereµH2

a,0 andcH2

a,0 are
standard values. To linear order inδcH

a this gives

By introducing eq 24, we obtain

The total Gibbs energy change over the whole layer becomes

∆rGad,dc gives a contribution to the surface potential drop via
δµH2,dc

a (x)0).

The ac contribution tocH2

a (x,t) is also small. Equation 22
together with eq 19 therefore reduces to

The solution to eq 30 becomes

where the relaxation time in the adsorption is

We used eq 20 in the last equality. The constantA in eq 31
must be determined from the boundary condition whenx ) 0.
The resulting contribution to the chemical potential, cf. eq 27,
due to the ac current is

The contribution due to a small dc current has already been
given as the second term on the right-hand side of eq 28.

The total amount of adsorbed hydrogen molecules on the pore
surface due to the ac current is

The ac contribution to the reaction rate for the adsorption
reaction is then given by

The corresponding reaction rate for the charge transfer reaction
is given by

The ac contribution to the reaction Gibbs energy of the
adsorption is

where we used eq 40. By eliminatingA in eq 44 using eq 43,
we find

iωδcH2,ac
a (x) ) DH2

a
∂

2δcH2,ac
a (x)

∂x2
- 1

2
kH2

d δcH2,ac
a (x) (30)

δcH2,ac
a (x) ) -A exp[xx kH2

d

2DH2

a
(1 + iωτad)] (31)

τad ) 2

kH2

d
)

2cH2,eq
a

kH2

a cH2

g
(32)

µH2,ac
a (x) ) RTδcH2,ac

a (x)/cH2,eq
a

) - ART

cH2,eq
a

exp[xx kH2

d

2DH2

a
(1 + iωτad)] (33)

nH2,ac
a ) ∫-∞

0
δcH2,ac

a (x) dx ) -Ax 2DH2

a

kH2

d (1 + iωτad)
(34)

rad,ac
s ) -kH2

d ∫-∞

0
δcH2,ac

a (x) dx ) -kH2

d nH2,ac
a ) Ax 2DH2

a kH2

d

1 + iωτad

(35)

rct,ac
s ) 2JH2

a (x)0) ) Ax2DH2

a kH2

d (1 + iωτad) )

(1 + iωτad)rad,ac
s,a (36)

∆rGad,ac)
1
2
[µH2,ac

a (x)0) - µH2,ac
g ] )

1
2

µH2,ac
a (x)0) ) - ART
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a

(37)

0 ) DH2

a
∂

2δcH2,dc
a (x)

∂x2
- 1

2
kH2

d δcH2,dc
a (x) (23)

δcH2,dc
a (x) ) -

jdc

Fx2DH2

a kH2

d
exp(xx kH2

d

2DH2

a ) (24)

2JH2

a (x)0) ) rct,dc
s ) rad,dc

s ) jdc/F (25)

µH2

a (x,t) ) µH2

a,0 + RT ln[cH2

a (x,t)

cH2

a,0 ] )

µH2

a,0 + RT ln(cH2,eq
a

cH2

a,0 ) + RT ln[cH2

a (x,t)

cH2,eq
a ]

) µH2,eq
a + RT ln[cH2

a (x,t)

cH2,eq
a ] (26)

µH2

a (x,t) )

µH2,eq
a + RT ln[1 +

δcH2

a (x,t)

cH2,eq
a ] ) µH2,eq

a + RT
δcH2

a (x,t)

cH2,eq
a

(27)

µH2,dc
a (x) ) µH2,eq

a -
jdcRT

FcH2,eq
a x2DH2

a kH2

d
exp(xx kH2

d

2DH2

a ) (28)

∆rGad,dc) µH,dc
s - 1

2
µH2

g ) 1
2
[µH2,dc

a (x)0) - µH2,dc
a (x)-∞)]

) -
jdcRT

2FcH2,eq
a x2DH2

a kH2

d
(29)
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where

With chemisorption of atomic hydrogen at the surface (reaction
ad-2), the corresponding equation becomes

where the diffusion coefficient, the reaction coefficients, and
the equilibrium concentration at the surface now refer to atomic
hydrogen, cf. eq ad-2. These are impedances of a Gerischer
element, and we shall see that experimental results for the
hydrogen electrode of the fuel cell fit well to such an element,
while a Warburg element or other elements can only be fitted
with larger inaccuracies or do not describe the measurements
at all. The expressions show that the impedance becomes smaller
as the equilibrium adsorption of the hydrogen to the pore surface
in the carbon matrix becomes larger. The two impedances differ
in their dependence on this concentration.

3.3. Charge Transfer Reaction at the Catalyst Surface.
Consider next the catalyst surface, or the interface between the
membrane and the adsorption-diffusion layer in the electrode.
The excess entropy production rate of this surface,σct

s , con-
tains the information about the surface dynamics. For isothermal
conditions, the contribution due to the alternating field is18

The D in this equation is the displacement field, andε0 is the
dielectric constant of vacuum. The equilibrium displacement
field is zero for free charges (Deq

s ) 0). The displacement field
is given by D ) -ε0∆sφac/ds. Using eq 17 for the ac
contribution, one obtains

The theory of nonequilibrium thermodynamics prescribes that
the force and the flux are related by

whereFct
s is the resistivity of the charge transfer reaction. The

electrochemical reaction rate is normally not related to its driving
force by a linear relation. In this experiment, the alternating
contributions to the forces are small ((5 mV), however, so we
can use a linear theory. Also, it is likely that the combination
of the two terms on the right-hand side of eq 42 is smaller in
absolute value than one of the terms. The adsorption-diffusion
layer has an impact on∆sφac, through the chemical potential of
hydrogen atoms at positionx ) 0. The resistivity is independent
of the driving force, but can depend on the temperature and the
polarization induced by the dc field.

The dc contribution to the excess entropy production rate is
found using the relationsω ) 0 andjdc ) Frct,dc

s . This gives

For small dc currents, the linear law is thus

which is exactly the same as that for the ac current (eq 43).
3.4. Surface Impedance and Surface Properties.The

impedance of the catalyst surface is defined as

Adding eqs 38 and 43 gives

where we used the fact that the chemical potential of the
hydrogen gas is constant, cf. eq 4. It furthermore follows from
eqs 10 and 11 that

By combining eqs 46-48, we obtain the impedance of the
surface

Whenω f ∞, we see that

In the experiments presented here, we measure the response of
two identically made electrodes and a membrane electrolyte.
When a dc current is passing the cell, one electrode will be a
sink for hydrogen while the other will be a source for hydrogen.
The impedances of the two electrodes are the same, however.
Both electrodes therefore give the same contribution to the
measurement, also when the electrodes are polarized. In terms
of the measured impedance,Zcell, and the membrane impedance,
Zmem, the impedance of one electrode is then

The membrane impedance is found from eq 49 by taking the
limit of Zcell for ω f ∞. The results that are calculated forZs

from eq 51 can be fitted to eq 49 using eq 39 forZad.
With the heterogeneous catalyst surface, one may expect a

nonideal contribution to the impedance. A constant phase
element (CPE) shall thus be used, rather than a capacitance in
parallel with the resistance. The CPE is defined by its imped-
ance:

The phase angle of the CPE is constant and independent of the
frequency. WhenRct ) 1, Tct ) cp

s. The more depressed the

∆rGad,ac) -ZadF
2rct,ac

s (38)

Zad ) RT

2F2cH2,eq
a x2DH2

a kH2

d (1 + iωτad)
(39)

Zad-2 ) RT

F2cH,eq
a x2DH

akH
dcH,eq

a (1 + iωτad)
(40)

Tσct,ac
s ) -jac∆sφac + iωPct,ac

s (D - Deq
s

ε0
)

ac
- rct,ac

s ∆nGct,ac
s

(41)

Tσct,ac
s ) -rct,ac

s (∆nGct,ac
s + F∆sφac) (42)

∆sφac +
∆nGct,ac

s

F
) -Fct

s Frct,ac
s (43)

Tσct,dc
s ) -jdc(∆sφdc +

∆nGct,dc
s

F ) (44)

∆sφdc +
∆nGct,dc

s

F
) -Fct

s Frct,dc
s ) -Fct

s jdc (45)

Zs ≡ -
∆sφac

jac
(46)

∆sφac +
∆nGac

s

F
) ∆sφac ) -(Fct

s + Zad)Frct,ac
s (47)

Frct,ac
s ) jac + iωcp

s∆sφac (48)

Zs )
Fct

s + Zad

1 + iωcp
s(Fct

s + Zad)
(49)

Zωf∞
s ) 0 (50)

Zs ) 1
2
(Zcell - Zmem) (51)

ZCPE) 1

Tct(iω)Rct
(52)
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semicircle is, the lower the value ofR. We define the relaxation
time

The limiting behaviorω f 0 gives

The fit of the experimental results to the theoretical expressions
gaveY0 andτad in the following expression forZad:

where the relaxation timeτad ) 2/kH2

d (see eq 32). According to
eq ad-1, the relaxation time is constant. According to eq ad-2,
the corresponding relaxation time depends on the square root
of the hydrogen concentration in the gas phase, whereτad )
(2kHcH,eq)-1 ) 2xcH2

g kH2

a kH. The admittance is, with adsorption
of molecular hydrogen, eq ad-1:

and with adsorption of atomic hydrogen, eq ad-2:

We see that knowledge of the diffusion constant for the
hydrogen molecule (or atom) along the pore enables us to
calculate the concentrations of the adsorbed species from the
equation given above. The admittance may depend on the
applied potential if the kinetic constants and the adsorption
depend on this parameter.

4. Experimental Section

4.1. Membrane-Electrode Assembly.The electrodes in this
study were both E-TEK gas diffusion electrodes (Elat/Std/DS/
V2) with 0.5 mg/cm2 Pt loading and 20% Pt/C. The electrodes
were sprayed with a 5 wt %Nafion solution to give 0.6 mg/
cm2. The cell membrane and electrode assembly (MEA)
consisted of two such electrodes separated by a Nafion 117
membrane. The membrane was pretreated using a standard
procedure, as described for instance by Møller-Holst.19 The
mechanical pressure over the MEA was 4.2 bar, controlled by
a pneumatic cylinder. The same hydrogen pressure of 1 bar was
used on the two sides.

The MEA’s were tested in a test station developed by Møller-
Holst19 and Vie.4 The fuel cell was a circular single cell with
an active area of 4.91 cm2. The fuel cell housing was made of
stainless steel (SS-316) and was supported by two pistons (SS-
316). At the top of the pistons, there were flow fields in a
serpentine pattern. The pistons also served as current collectors
and thermostats. They contained heating elements. Thermo-
couples in the cell housing measured the temperature in the
electrode backings. The temperatures were controlled by a PID
controller (Eurotherm 2408) to 30.0( 0.1 °C. The cell voltage
was measured between the tops of the pistons.

Care was taken to always use new MEA preparations, as a
certain aging effect was observed if the same MEA was used
for more than 30 experiments. It has been shown that, for
instance, agglomeration of Pt particles takes place over time

when the system is under stress,20 with the important effect that
the available surface area is reduced.

4.2. Gas Humidification System.The hydrogen gas (99.999%
pure from AGA) was humidified at 80°C outside the cell,
making sure that the gas and MEA were always saturated with
water. The gases were humidified in a gas-humidifying system
developed by Vie4 before entering the fuel cell. There are two
humidifiers, one for the cathode and one for the anode. The
temperatures of the humidifiers were controlled independently
of one another.

The dry gas entered at the top of the humidifier tank and
was preheated in a heating coil. The gas was then bubbled
through a glass sieve and finely dispersed into an 800 mL
internal container filled with water at a given temperature. The
small internal container was placed in a larger 10 L tank also
filled with water. This outer container was heated by an electrical
heating tape. This ensures a stable temperature of the gas. The
humidified gas left the humidifier at the top of the internal
container and entered next the fuel cell system. Saturation of
the gases at the given temperature can then be assumed. The
humidifying temperature was always higher than the cell
temperature to prevent the MEA from drying out when electric
current was passing through the cell. A gas flow of 20 mL/min
prevented problems with condensing water. This flow rate did
not pose any limitations on the observed spectra; see, however,
Kim et al.,9 who studied CO adsorption and found flow rate
effects at low gas flow rates.

4.3. Impedance Measurements (EIS).The impedance of the
cell described above was measured at 30°C for five different
applied potentials. The applied potentials were 10, 20, 30, 50,
and 60 mV. These potentials gave all the small current density
required for validity of the theoretical derivations.

The impedance spectra were recorded using a PAR 263A
potentiostat and a Solartron 1260 FRA. Z-plot software from
Scribner Associates, Inc., was used to run the experiments.
Measurements were made in a two-electrode setup. The imped-
ance was obtained by sweeping over the frequency range from
10 kHz to 10 mHz, recording 12 steps/decade for each constant
applied potential. An amplitude of 5 mV was used. In our
experience, amplitudes larger than this can make a significant
change in the spectrum. This is noteworthy, since many
investigations are done with an amplitude ofg10 mV8. The
current density that corresponded to a particular applied potential
was recorded before and after the impedance measurement, to
check if the cell was stable. Results were discarded if the current
density changed by more than 5%.

4.4. Cyclic Voltammetry (CV). The reproducibility of each
cell’s performance was also investigated by cyclic voltammetry.
Voltammograms were recorded with the PAR 263A and
CorrWare software (Scribner) for the same cell as in the
impedance experiments. The reference side of the system was
then fed with hydrogen gas, while the working side contained
nitrogen gas, also 99.999% pure (AGA). Voltammetry experi-
ments were carried out before and after every series of
impedance measurements. The scan rate was 50 mV/s, and the
applied potential varied between 0.04 and 1.5 V. The temper-
ature was 30°C. One such voltammogram is shown in Figure
1. It did not change by more than 5% from the start to the end
of the series of EIS experiments.

We determined the integral under the curve between the
boundary values of 0.4 and 0.05 V, subtracting the constant
basis value of 14 mC/cm2, believed to be due to the electro-
neutral layer of H(ads).21 The integration was done with Z-View
(Scribner), giving an adsorption of protons of QH (mC/cm2 )

τct ) (TctFct)
1/Rct (53)

Zωf0
s ) Zωf0,ad+ Fct (54)

Zad ) 1

Y0 xτad
-1 + iω

(55)

Y0 ) 4F2

RT
cH2,eq

a xDH2

a (56)

Y0 ) F2

RT
cH,eq

a x2DH
a τadkH

dcH,eq
a ) F2

RT
cH,eq

a xDH
a (57)
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23 mC/cm2 or 2.4× 10-7 mol/cm2). This charge was converted
to a surface area, using as a basis the adsorption of a hydrogen
monolayer on bright Pt (210µC/cm2 of Pt21). For the Pt content
used here (0.5 mg of Pt/cm2), the result was 22 m2 of Pt/g of
Pt. Ciureanu and Wang8 found an electrochemical surface area
of 14 m2 of Pt/g of Pt in a similar calculation for a surface with
a larger Pt loading, while Springer et al.20 found 24 m2 of Pt/g
of Pt for new MEAs, similar to ours.

These tests all mean that the surface conditions did not change
significantly for the series of measurements that were performed.
This also means that our MEA can be compared to similar
MEAs documented in the literature, and that they therefore
appear to be typical for the polymer electrolyte fuel cell anode.

5. Results

The EIS experiments are represented by Figures 2 and 3 and
Table 1. The spectra are given as Nyquist plots ofZcell according
to

A typical EIS for a cell with unpolarized, new MEAs is shown
in Figure 2a (left curve). The spectrum of a cell with an applied
dc potential of 50 mV is also shown (right curve). Figure 3
shows the difference between the first and the 30th experiments
in an unpolarized cell, i.e., the aging effect of the impedance.

The spectra were fitted as described in section 3.4, and the
derived variables are given in Table 1. The variation in the
variables of the spectrum with applied potential is seen in detail
in this table.

6. Discussion

The first conclusion to be made is that the high-frequency
intercept with the real axis in Figure 2 is remarkably constant
in all spectra recorded; it is 0.50( 0.02 Ω cm2 in Figure 2a,
and does not vary by more than 5% between the samples that
have been investigated. The value, which is the resistance of
the Nafion 117 membrane in the cell, is in good agreement with
results reported in the literature5 for the same membrane and
25 °C. The reproducible value can be taken as experimental
support for a reproducible sample preparation method. We can
thus expect the same agglomeration level of catalyst particles,
or fractality in the materials, between the samples that were
investigated. The absence of inductance is also a good sign.
Therefore, despite the complicated heterogeneous structure of
the electrode, we believe that the observations reflect real
electrochemical processes, rather than instrument artifacts.

6.1. Gerischer Element.Our most interesting experimental
finding is the low frequency semicircle in the impedance
diagram. We find that this can only be fitted in a meaningful
way to a Gerischer phase element. A fit to a Warburg impedance
is not possible, as such an element does not turn to the axis,
but continues at a 45° angle. The behavior seen in Figure 2 is
in sharp contrast to results for the hydrogen oxidation reaction
on Pt electrodes in acid solutions, a reaction which is diffusion-

Figure 1. Cyclic voltammetry results for the cell in Figure 2. The
working electrode compartment contained pure N2, and the scan rate
was 50 mV/s.

Figure 2. (a) Impedance spectrum of a cell with two identical, new
hydrogen fuel cell membrane electrodes and a proton-conducting, water-
filled membrane. The electrodes are E-TEK assemblies, and the
membrane is Nafion 117. The hydrogen gas saturated with water has
a pressure of 1 bar, and the cell temperature is 30°C. The applied
potential is 0 (left curve) and 50 mV (right curve). Lines represent the
fitted data. (b) Last arc magnified for the unpolarized electrode. (c)
Last arc magnified for the 50 mV experiment.

Zcell ) Z(Re)cell + iZ(Im)cell (58)

Figure 3. Impedance spectrum of an unpolarized cell with two identical
hydrogen fuel cell membrane electrodes and a proton-conducting, water-
filled membrane. The electrodes are E-TEK assemblies, and the
membrane is Nafion 117. The hydrogen gas saturated with water has
a pressure of 1 bar, and the cell temperature is 30°C. To the left is the
impedance of a new MEA, and to the right is the same MEA after 30
experiments. Lines represent the fitted data.

TABLE 1: Fit of Experimental Results for the Fuel Cell
Hydrogen Electrode in Figure 2 According to Section 3.4a

∆φdc (mV) Fct (Ω cm2) Tct (sRct/Ω2) Y0 (s1/2/Ω cm2) τad (s)

0 0.063( 0.002 0.14( 0.02 210( 30 6
10 0.072( 0.003 0.13( 0.02 190( 20 8
20 0.076( 0.003 0.12( 0.01 170( 20 8
30 0.081( 0.003 0.12( 0.01 160( 20 8
50 0.084( 0.003 0.11( 0.02 130( 10 8
60 0.087( 0.004 0.10( 0.01 120( 10 8

a Electrodes are E-TEK, Elat/Std/DS/V2, 0.5 mg of Pt/cm2, 20 g of
Pt/C, impregnated with 0.6 mg of Nafion/cm2 (5 wt % solution). The
membrane is Nafion 117. The cell temperature is 30°C, and the
hydrogen pressure is 1 bar. The applied potential refers to the whole
cell. The fits gave all a Nafion membrane area resistance of 0.51(
0.01 Ω cm2, andRct ) 0.61 ( 0.02.
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controlled.22 Similarly shaped arcs have been seen before,9,16

but only Gonzales-Cuenza et al.16 have used a Gerischer element
in their interpretation (for a porous solid oxide fuel cell
electrode). A Gerischer element has not previously been reported
for this electrode.

Alternative circuits were tried like the Randle’s circuit and
the same circuit with CPE. When fitted to a Randle’s type circuit
with two CPE, the last arc gave anR value of 0.50( 0.02, a
clear indication of a Gerischer type element. None of the
alternative fits had the accuracy we found when a Gerischer
element was used (around 10% in the fitted variableY0; see
Table 1). Self-similar (fractal) surfaces have a depressed
semicircle; however, it is symmetric unlike the Gerischer.14,23

In addition, we found studying the aging of the cell that the
Gerischer element was unchanged in the experiments (Figure
3). The layer in front of the catalyst is thus not aging, in
agreement with the view that aging involves agglomeration of
Pt particles.20 We therefore have confidence in the conclusion
that the electrode mechanism must include a step which involves
adsorption combined with diffusion. We proceed to discuss
possible relevant models in subsection 6.3.

For comparison, Ciureanu and Wang8 obtained anR value
of 0.7 for the second arc in their spectrum. They found that
this arc depended neither on the gas flow rates between 20 and
1200 sccm nor onω-1/2, and allocated the arc to hydrogen
adsorption at the Pt surface. In our view, their evidence is not
conclusive for such an allocation; see also the discussion below.

In their study of the whole fuel cell, Paganin et al.2 also found
a low-frequency arc at 10 mHz, where we see our second arc.
These authors allocated the arc to water diffusion, because it
depended on the membrane thickness. This allocation cannot
be correct, since such a phenomenon would give a more
Warburg-like behavior. Furthermore, the fractal nature of the
material can explain a depression like the one described by a
constant phase elements, but it cannot explain a Gerischer
element.

As a remaining possibility, we discuss the possibility that
the present Gerischer element be allocated to reaction and
diffusion on the membrane side of the electrode surface. On
the membrane side, a reaction must involve charged or polarized
species (protons and water). Such processes are not expected
to be slow and have a relaxation time on the order of seconds,
as observed here.

6.2. High-Frequency Regime.The high-frequency regime
of the impedance diagram is, according to the theory of section
3, eq 48, related to the charge transfer step. It is immediately
clear, however, that the peak is not a perfect semicircle. In some
experiments, it appeared as one depressed semicircle, but in
others, like those shown here, a shoulder could be seen on the
right-hand side of the (depressed) peak. There is such a shoulder
in the unpolarized as well as the polarized electrode (see Figure
2).

The heterogeneity of the electrode may cause a depression
of the arc like the one we and others have observed. This has
also motivated us and others8 to fit this part of the circle to a
constant phase element. The value of the variableRct in the fit
of the diagram to such an element was 0.61( 0.02 for all
applied dc potentials (see the heading of Table 1).

The shoulder indicates that a third phenomenon is present.
We expect that water may be rate-limiting for the electrode
reaction in some contexts. We have assumed that there is
equilibrium for water everywhere, but the formation of this
equilibrium may not be so fast that this assumption is correct.
A rate-limiting role for water, which has been proposed also

by others,2,5,24 requires a revision of the theory given above.
We have chosen to postpone a detailed revision of the theory,
and focus on the implications of the Gerischer element. For the
time being, we regard the first part of the diagram in a qualitative
manner. The part reflects the charge transfer step and possibly
a proton hydration step. The relaxation times for both possible
steps are around a millisecond.

To derive system properties from the diagram, a fit was made
as described in section 3.4. NeitherTct nor Fct obtained from
this fit varied much with the applied potential (see Table 1).
The resultingτct, calculated using eq 53, is (4.6( 0.4)× 10-4

s for all applied dc potentials.Tct and Fct did vary with the
number of experiments, however (Figure 3). This may be typical
for a low-resistance electrode like the hydrogen electrode. We
shall discuss the details in this part of the diagram in a report
to come, and return now to the low-frequency part.

6.3. Adsorption Reaction on Pore Walls in the Carbon
Backing. A number of questions arise from the conclusion that
there is a Gerischer element in the equivalent circuit. If the data
show that there is an adsorption-reaction process present, how
sure can we be that it takes place along the pore walls in the
carbon backing and not at the Pt particles? After all, Chen and
Kuzernak11 found, using Pt on carbon as a catalyst, that an
adsorption step took place in front of the charge transfer step
on the submicron Pt particles. The carbon was not exposed to
hydrogen in this case, however. But, how sure can we be that
hydrogen diffuses as a molecule and not as an atom before it
reaches the surface? Can we understand the kinetic parameters,
which we obtain for the adsorption reaction, for one model but
not for the other? And finally, what are the possible conse-
quences of the finding?

Let us discuss the location of the reaction diffusion process
first. It is true that equations can be obtained with the exact
same form as given above, but with a Gerischer type element
valid for the catalyst surface instead as for the porous carbon
phase. We need only assume that the reaction (ad) and the
diffusion take place at a different location. The consequences
of such a shift are several, however, and we shall argue against
them below, mainly from implications for the system’s proper-
ties.

We can first observe that the relaxation timeτad is constant
with the applied dc potential in the experiments (see the last
row of Table 1). This is exactly as predicted from eq 32. This
fact alone does not favor the carbon backing over the surface
as a location for the reaction. We have therefore made the
following estimates for the diffusion constantDH2

a and the
variables that follow from knowledge ofDH2

a .
With a porosity of the electrode of 0.4,6 and a pore diameter

of 50 nm,25 the estimated surface area of the pores is 3× 10-7

m2 of carbon. The diffusion coefficient of hydrogen in the gas
phase is on the order of magnitude of 2× 10-4 m2/s.26 Is this
is scaled for the surface volume fraction (taking a surface
thickness of 0.33 nm), and a tortuosity of 7,6 this gives a course-
grained value forDH2

a of 3 × 10-7 m2/s. We find from Table 1
and eq 56 that the equilibrium concentration of hydrogen at
the surface (cH2,eq

a ) is 260 mol/m3 in the unpolarized electrodes,
and decreases to 148 mol/m3 when∆φdc ) 60 mV across the
cell. The kinetic constant (kH2

d ) follows from Table 1 and eq 32
and equals 0.25 s-1 for all values of the applied potential. A
characteristic length for the reaction-diffusion layer is then

Reducing the coarse-grained surface diffusion coefficient by a

lH2

a ) xDH2

a τad ) 1.5 mm (59)
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factor 10 will increase the concentrations by a factor 3.3 and
reduce the characteristic length by the same factor. A monolayer
of H2 corresponds to a coarse-grained concentration of∼3 kmol/
m3. The concentration we calculated above is well below this
value, which is reasonable. A characteristic length of 200µm,
comparable to the thickness of the anode backing, would
correspond to a diffusion coefficientDH2

a of 5 × 10-9 m2/s and
be close to a fully occupied monolayer.

The range of probable values can thus explain that reaction,
and diffusion takes place across a carbon layer with a thickness
characteristic for the fuel cell electrode backing (∼200 µm).
They are all too large to explain that a similar step takes place
at the metal (Pt) particle itself, because these particles are
submicron particles.25 A similar estimate for the Pt surface gives
a characteristic length much larger than the size of the particle.
We conclude that the Gerischer element cannot be understood
by reaction combined with diffusion on the Pt surface. The value
obtained by Bae and Lee27 for the equilibrium adsorption of
hydrogen molecules on a carbon molecular sieve (cH2,eq

a ) was,
for comparison, 4 kmol/m3 for 1 bar, when adjusting for a
density of the carbon sieve of 0.6 g/cm3.

If the estimates given above hold, the carbon surface plays a
more active role in the electrode reaction than hitherto assumed.
This may then have a consequence for the design of the
electrode. When the access of hydrogen to the three-phase
contact line is via the two-phase contact, and this contact can
become rate-limiting, the two-phase contact should be made as
large as possible.

The results do not give any conclusive information about the
state of adsorbed hydrogen on the carbon surface. The math-
ematical form of the impedance, eq 55, does not distinguish
between eqs ad-1 and ad-2. The relaxation time is constant in
both models as long as the concentration of hydrogen in the
gas in the pores is constant.

Most reports consider physisorption of hydrogen gas on
carbonaceous materials. Diffusion of physisorbed molecules may
be faster than of chemisorbed atoms, favoring a large value of
lH2

a like we estimate. The value of the admittanceY0 in Table 1
is sensitive to the applied potential, however. This property
depends in the first model (eq ad-1) on the concentration of
adsorbed molecules and the surface diffusion constant of H2.
In the second model, the relevant concentration is that of the
adsorbed hydrogen atoms. It is likely that the chemisorbed state
depends more on the polarization. There is some support for
hydrogen adsorption in atomic form on graphite-like forms.10

More experiments should be performed to establish relations
further. Knowledge about the surface diffusion constant will
be helpful. It may be interesting to vary the gas pressure and
the temperature. Also important is to study the role of water.
Does it play a role in the proton entering the membrane, as
indicated by the high-frequency part of the diagram?

7. Conclusion

Electrochemical impedance spectroscopy was performed on
the fuel cell electrode E-TEK, Elat/Std/DS/V2, 0.5 mg of Pt/

cm2, 20 g of Pt/C, impregnated with 0.6 mg of Nafion/cm2 (5
wt % solution). The membrane contact was Nafion 117. The
electrode was studied at 30°C and 1 bar.

We found that a Gerischer element was required to explain
the low-frequency part of the electrode impedance. The variables
that were deduced from this element support hydrogen adsorp-
tion and diffusion along carbon in front of the catalyst where
the charge transfer takes place. The data do not allow us to
make conclusions about the form of the adsorbed hydrogen. It
may be physisorbed or chemisorbed. Experiments that may
answer this question were proposed. Water may also enter rate-
limiting steps in the electrode reaction, but its role needs further
clarification.
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