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ABSTRACT: The electrodes in fuel cells simultaneously realize electric and ionic conductivity. In
the case of acidic polymer electrolytes, the electrodes are typically made of composites of carbon-
supported catalyst and Nafion polymer electrolyte binder. In this study, the interaction of the proton
conduction, the electron conduction, and the electrochemical hydrogen conversion in such
composite electrode materials was examined. Exposed to a hydrogen atmosphere, these composites
displayed up to 10-fold smaller resistivities for the proton conduction than that of Nafion membranes.
This effect was ascribed to the simultaneously occurring electrochemical hydrogen oxidation and
evolution inside the composite samples, which are driven by different proton and electron
resistivities. The parasitic electrochemical currents resulting were postulated to occur in the anode of
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fuel cells with polymer, solid oxide, or liquid alkaline electrolytes, when the ohmic drop of the ion

conduction in the anode is higher with the anodic kinetic overvoltage (as illustrated in the graphical abstract). In this case, the
parasitic electrochemical currents increase the anodic kinetic overpotential and the ohmic drop in the anode. Thinner fuel cell
anodes with smaller ohmic drops for the ion conduction may reduce the parasitic electrochemical currents.

KEYWORDS: polymer electrolyte membrane (PEM), hydrogen evolution reaction (HER), hydrogen oxidation reaction (HOR),

catalyst layer, Nafion, proton resistance

B INTRODUCTION

In fuel cells, the electrodes must be simultaneously conductive
to electrons and ions in order to promote the electrochemical
reactions.' > Furthermore, the reactants (hydrogen and
oxygen) must gain access to the catalysts, which is ensured
by the porosity of the electrodes.* ® In the case of acidic low-
temperature polymer electrolyte membrane (PEM) fuel cells,
precious platinum group metal catalysts are most commonly
employed since they show the best activity and stability for the
electrochemical conversion of hydrogen and oxygen to water.”®
To reduce the amount of such catalysts in the electrodes,
nanometer catalyst particles are used to enhance the surface-to-
weight ratio.”'® These nanoparticles are typically supported by
carbon, which promotes electrical conductivity."' In fabricating
electrodes for fuel cells, these carbon-supported catalysts are
mixed with a polymer electrolyte binder, which conducts
protons and supplies mechanical stability.'>"* Electrodes, that
are based on this combination of the catalyst, its support, and
the polymer electrolyte binder are commonly referred to as
catalyst layers.'”"* Nafion (DuPont), a perfluorinated sulfonic
acid, is typically used as the golymer electrolyte binder for the
electrodes and the PEM."*~'° With this structure of the catalyst
layers, a triple phase boundary of a proton conducting phase, an
electron conducting phase, and a porous phase for mass
transport is provided at the catalyst particles.”**"”

The aim of this study is to examine the interaction between
the electrochemical hydrogen conversion, the ion conduction,
and the electron conduction in fuel cell anodes, which is
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exemplified for the case of acidic polymer electrolyte catalyst
layers. Hereto, the resistivities for the proton conduction of
samples with equal compositions as catalyst layers for fuel cells
were characterized in a hydrogen atmosphere. In addition, the
resistivities of these samples for the electron conduction were
measured since these will be shown to be decisive parameters
for the examined interaction. In order to measure the
contributions of both conductivities in a sample separately,
we developed a novel technique that is illustrated in Figure 1.
The influence of the ohmic drops for ion and electron
conduction on the electrochemical hydrogen conversion in
catalyst layers will be discussed to lead to parasitic electro-
chemical currents in fuel cell anodes, which increase the anodic
overpotential.

B EXPERIMENTAL SECTION

Hot-pressed composite samples consisting of Nafion binder and
HiSpec9100 (Johnson Matthey) carbon-supported platinum fuel cell
catalyst were examined in this study. The procedure of producing the
samples is discussed in the Supporting Information. Figure 1 shows the
setups used to characterize the proton and electron conduction of
these samples. In order to determine the electrical resistivities of the
samples, these were embedded into a plate capacitor geometry, and the
direct current (DC) resistance was measured (Figure 1C). To avoid
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Figure 1. Schematic illustrations of the setups A—D used for the
measurements. In setup B and D, the sample holders with the probes
were immersed in a hydrogen atmosphere. Further information on the
experimental setup is given in the Supporting Information.

electrochemical reactions of ambient gases in the samples, which
would give rise to ionic conductivity, the measurements were
conducted in an inert nitrogen atmosphere. When the samples were
polarized in terms of their ionic charge, the measured current was
attributable solely to their electrical conductivity. Reference measure-
ments in the form of setup A (Figure 1A) were conducted, where the
resistances of the apparatus, contacts, and cables were measured. The
resistance of a sample R; was then determined by

R;=R, - R, (1)

where R, denotes the resistance of the probe measurement (with the
sample) and R, the resistance of the reference measurement (without
the sample). The resistances of the cables of the apparatus included
both R, and R.. By including the sample geometry, the resistivity p of a
sample was determined by

*d ()

where d denotes its thickness and A its area. The conductivity equals
the inverse resistivity.

To measure the proton conductivity of the composite samples, the
same plate capacitor geometry as employed for the measurement of
the electrical conductivity was used. However, the samples were hot-
pressed between two Nafion NR212 proton exchange membranes
(Figure 1D). In addition, these membranes were covered with fuel cell
catalyst layers as electrodes. The electrically insulating membranes
between the electrodes and the samples prohibited electron
conduction through the probes, which are in the case of the proton
conduction defined as the assembly of the electrodes, the membranes,
and the samples. In a humidified hydrogen atmosphere a DC current
applied to the electrodes led to proton permeation through the probes.
Hydrogen was thus oxidized at the anode (+)

H, — 2H" + 2¢~ (3)

while protons were reduced at the cathode (—) via the reversed
reaction pathway. While the measurements were being taken, the
conditions of an operating fuel cell were simulated in terms of
temperature and relative humidity. In order to verify the absence of
electric shorts between the electrodes, the DC resistances of the
probes were measured in a nitrogen atmosphere to be infinite, as
discussed in the Supporting Information. Gas diffusion layers of
carbon on each side of the plate capacitor were used for electric
contacting of the samples and uniform gas distribution. The ohmic
drops at the probes were measured using direct currents (DCs), while

the resistances of contacts, wires, and the carbon papers also
contributed. These additional contributions were determined using
reference measurements, where resistance of the same setup without
the sample was measured (Figure 1B). The resistances of the samples
were determined using eq 1. A detailed discussion of the equivalent
circuit diagram for DC and alternating current (AC) measurements,
the setup, the sample production, and the experimental realization can
be found in the Supporting Information.

B RESULTS AND DISCUSSION

In the following, measurements of electron and proton
resistivities of composite samples which consist of Nafion
binder and HiSpec9100 (Johnson Matthey) carbon-supported
platinum fuel cell catalyst will be presented. These composite
samples had a Nafion content of either 28, 33, or 38 wt %. As
discussed in the Supporting Information, these values were
positioned around the optimum Nafion content for PEM fuel
cell catalyst layers that was reported in the literature. The
measured resistivities of the samples to protons will be
discussed and correlated with parasitic electrochemical currents
that are caused by the electrochemical hydrogen oxidation and
evolution inside the samples. Finally, the occurrence of these
parasitic electrochemical currents in the anode of fuel cells will
be postulated and discussed.

Resistivities of the Samples for the Electron and
Proton Conduction. Table 1 shows the measured resistivities

Table 1. Electrical Resistivities of Samples with Nafion
Contents of Either 28, 33, or 38 wt % at Room Temperature
Measured with Setup C, While Setup A Served as a
Reference Measurement”

Nafion (wt %) p (Q cm)
28 0.33 + 0.03
33 0.38 + 0.02
38 0.59 + 0.17

“The errors were determined by the standard deviation from five
different samples measured.

for the electron conduction through the samples. These
measurements were performed using setup C, while the
resistance determined by the reference measurements with
setup A was subtracted (eq 1). Morris et al.'® reported similar
values and examined the influence of temperature and relative
humidity on the electrical conductivity in detail. The Nafion
binder in the samples is an electrical insulator. Electron
conduction through the sample under direct current (DC) only
takes place with the carbon particles and the catalyst in the
samples. When the Nafion content of the samples is enlarged,
the probability that the randomly distributed carbon particles
with the catalyst are in contact with one another decreases. As a
result, the measured electrical resistivity of the samples
increased with higher Nafion contents.'®

Proton conduction in Nafion occurs in an aqueous phase
formed by water channels."”*® The hydration level of Nafion
increases with higher relative humidity of the ambient
gases.” > Figure 2 shows a decreasing measured proton
resistivity of the Nafion NR212 (DuPont) membranes
(approximately 35 um in the fully hydrated state’*) with
higher relative humidity of the ambient hydrogen atmosphere
and the resulting increased water uptake of the sam;)les, which
agrees with the values reported in the literature. 26 These
measurements were conducted using setup B. To determine the
proton resistivity of the Nafion membrane samples (eqs 1 and
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Figure 2. Measured resistivities of the proton conduction through
Nafion membranes and of samples with either 28, 33, or 38 wt %
Nafion content as a function of relative humidity at 80 °C.

2), reference measurements of the electrical resistances of the
apparatus and the contacts were performed using setup A. The
resistivity of the proton conduction of the probes with the
samples in between the Nafion NR212 membranes was
measured using setup D. Hereto, the resistance measured
with setup B served as the reference (eq 1). The measurement
error was determined by the standard deviation of five samples,
while the influence of relative humidity on the measured proton
resistivity of the samples was characterized by polynomial fits.
The fit parameters and further information on the measure-
ment procedure are given in the Supporting Information.

The samples with 38 wt % Nafion binder showed larger
resistivities for proton conduction than those with 28 and 33 wt
%. The latter samples with these lower Nafion contents had
within the measurement precision equal resistivities that were
approximately ten times smaller than those of the Nafion
membranes. Boyer et al.>” showed contrary results, where the
resistivity for the proton conduction of the catalyst linearly
increased with the Nafion content. In the setup of Boyer et al,
the samples were also embedded in between two Nafion
membranes, while hydrogen was supplied at the anode and
oxygen at the cathode. The reaction was driven by the
electrochemical potential of reactants (hydrogen and oxygen),
while the resistances of the samples were determined by
analyzing the voltage—current characteristic. Moreover, in his
setup, the catalyst layer embedded between the Nafion
membranes was sealed from the gases at the electrodes.
Accordingly, the main difference between the setup of Boyer et
al. and the setup presented in this study is that the samples
measured in this study were in direct contact with a hydrogen
atmosphere. Moreover, in this setup the electrochemical
reactions at the electrodes were driven by an applied voltage,
realizing an electrolysis cell in the form of an electrochemical
hydrogen pump.*® The different setups in the form of the fuel
cell and the electrochemical hydrogen pump led to contrary
potential distributions in the probes, which will be discussed in
the following section. Moreover, in the following section the
small resistivities of the samples measured in this study will be
ascribed to the electrochemical conversion of hydrogen inside
the samples.

Electrochemical Hydrogen Conversion Inside the
Samples. The measured sample resistivities to electrons
were at least 25 times smaller than the measured resistivities
of the Nafion membranes to protons (Table 1, Figure 2). In the
samples, the geometric restrictions of the proton conduction
and the reduced volumetric Nafion content further increase the
proton resistivities. On the basis of the results of Boyer et al.,”’

the proton resistivity of catalyst layers with the considered
Nafion contents is at least 25 Q cm, which means an at least 40
times larger ohmic drop of the proton conduction than that of
the electron conduction through the samples (referring to
electric resistivities stated in Table 1). The potential differences
between the ionic phases and the electric phases of the samples
resulting from the different resistivities are illustrated in Figure
3. These potential differences led to the electrochemical
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Figure 3. Schematic illustration of the qualitative potential distribution
in the probes of setup D. The potential refers to the equilibrium
potential of the hydrogen-proton redox couple (eq 3) in the middle of
the sample, which is indicated by a dotted black line. The total
potential difference at the probe equals the applied voltage U, at the
probes. Red: Potential of the electric phases. Purple: Potential of the
ionic phases. Light blue area: Membranes. Light gray area between the
light blue areas: Sample. Dark gray areas: Electrodes of the

electrochemical hydrogen pump.

conversion of hydrogen within the samples, as discussed in
the following. When the potential of the electric phase is higher
than that of the ionic phase, the hydrogen oxidation reaction
(HOR) can take place at the platinum catalyst®® (eq 3). In the
case of a lower potential of the electric phase than that of the
ionic phase, the protons of the ionic phase can be reduced to
hydrogen by the reversed reaction pathway.”® This reaction is
commonly referred to as hydrogen evolution reaction (HER).

At the side of the sample which faced the anode of the
electrochemical hydrogen pump, the electric phase has a
smaller potential than that of the ionic phase. Thus, at this side
of the sample protons can be reduced to hydrogen. At the other
side of the sample, the trend for the potentials is contrary,
which means that hydrogen can be oxidized to protons. Driven
by the potential differences of both phases, the HER and the
HOR took place inside the samples. Consequently, a proton
flux and an electron current from the region of the HOR to that
of the HER permeated through the samples. This current inside
the samples is defined as the parasitic electrochemical current
I. In summary, at the side of the sample that faced the anode of
the electrochemical hydrogen pump the HER took place, while
at the anode itself the HOR occurred. This contrary trend of
the reactions is also valid for the side of the sample that faced
the cathode of the electrochemical hydrogen pump. Thus, the
proton flux and electron current that resulted by the
electrochemical hydrogen conversion inside the sample were
in the opposite direction to that between the electrodes of the
electrochemical hydrogen pump. Consequently, the current
between the electrodes I equals the sum of the current that
permeated in the form of protons through the sample Iy and
the parasitic electrochemical current
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I=1Iy4++ 1 (4)

As a result, the current that permeated in the form of protons
through the sample was smaller than the current which
permeated between the electrodes of the electrochemical
hydrogen pump.

Under current, the potential differences between the electric
phase and the ionic phase in the samples increased with higher
proton resistivities of the ionic phase, which consequently
increased the driving force for the parasitic electrochemical
currents. On the basis of the results of Boyer et al,,”” the proton
resistivity of the fuel cell catalyst layer increases with lower
Nafion contents. Thus, assuming the same behavior for the
samples measured, the ohmic drop for the proton conduction
through the samples increased with lower Nafion contents.
Accordingly, the driving force for the electrochemical currents
inside the samples increased when their Nafion content was
reduced. As a result, the samples with lower Nafion content had
probably higher parasitic electrochemical currents which
decreased the resistance measured (Figure 2). In addition,
the parasitic electrochemical current might be diffusion limited
by the concentration of hydrogen at the side of the sample
where the HOR takes place. At the side of the sample where
the HER took place hydrogen must permeate to the side where
HOR occurred in order to enable the parasitic electrochemical
current. A smaller Nafion loading of the samples might have
increased the porosity and thus led to an increased
permeability, which consequently increased the hydrogen
permeation flux through the samples. As a result, the parasitic
electrochemical currents might have increased with lower
Nafion contents and the larger hydrogen permeabilities
resulting.

Transfer of the Results to Fuel Cells. The measured
lower resistivities of the samples in the hydrogen atmosphere
than the resistivities of the Nafion membranes were thus far
attributed to the electrochemical hydrogen oxidation and
evolution inside the samples and the parasitic electrochemical
current resulting. In order to transfer these results to the
catalyst layers in fuel cells, the differences of the setup used in
this study and that of fuel cells must be considered in detail.
The setup D used for the measurements discussed above
consisted of an electrochemical hydrogen pump, where a
voltage was applied to the electrodes. As a result, the protons
permeated from the anode to the cathode. In a fuel cell, the
reaction is driven by the potential difference that comes from
the hydrogen supplied at the anode and the oxygen supplied at
the cathode. In both electrochemical devices the protons
permeate from the anode to the cathode. However, in the case
of the fuel cell, the anodic potential is lower compared to that
of the cathode, while the relation of the potentials between
both electrodes of the electrochemical hydrogen pump is
contrary. Consequently, the ohmic drop of the proton
conduction in fuel cells leads to a higher potential of the
protons in the membrane compared to those at the anode,
while in the case of the electrochemical hydrogen pump this
relation is also contrary. Figure 3 and Figure 4 illustrate these
trends.

The driving force for the electrochemical conversion inside
the samples was thus far attributed to the potential difference
between the electric phase and the ionic phase that originated
from the different ohmic drops in both phases. These
differences of the ohmic drops also occur in fuel cell catalyst
layers. At the anode in a fuel cell, hydrogen is oxidized, which
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Figure 4. Schematic illustration of the qualitative distribution of the
potential of the ionic phase and the electric phase in fuel cells. Hereto,
the potential as a function of the distance refers to the potential of the
protons at the side of the anode that faces the gas diffusion layer. An
enlarged section of the anode region is shown in the graphical abstract.
Red: Potential of the electric phase. Purple: Potential of the ionic
phase. Light blue: PEM. Gray: Electrodes.

means that the mean potential of the electric phase must be
higher than that of the ionic phase. However, due to the ohmic
drop of the proton conduction, the potential of the ionic phase
increases with smaller distances to the interface of the anode to
the membrane (Figure 4). As a result, when the difference of
the ohmic drops caused by the proton conduction and the
electron conduction is higher than the kinetic overvoltage of
the HOR, the ionic phase can have at least partially in the
region close to the PEM a higher potential than that of the
electric phase (Figure 4). In this region the HER thus can take
place. Accordingly, a parasitic electrochemical current inside the
anodic catalyst layer can cause exchanges of electrons and
protons between the regions where the HOR and the HER take
place. Referring to the potential distribution in the anodic
catalyst layer where these reactions can occur, parasitic
electrochemical currents within the anode are in the same
direction as the proton flux caused by the electrochemical
reaction between the electrodes. The proton flux through the
catalyst layer increases with smaller distances to the PEM, as
more of the reactants are electrochemically converted." On the
basis of Ohm’s law, a nonlinear potential distribution of the
jonic phase in the catalyst layers results,' as qualitatively
illustrated in Figure 4.

Thus far, the occurrence of parasitic electrochemical currents
as a result of the electrochemical hydrogen conversion inside
the anodic catalyst layer of fuel cells was postulated.
Normalized to the cell area of the fuel cell, the parasitic
electrochemical current I, can be expressed as the parasitic
electrochemical current density j,. In a fuel cell, the open-circuit
voltage Ugcy is the maximum voltage which can be gained by a
fuel cell” The kinetic overvoltages and ohmic losses increase
with the current density j between the electrodes and lead to a
reduction of the cell voltage U, of the fuel cell?%3!

U = Upey — 1°G + fx) - Uy + fx) = Us(j) = n°(j)

where 7* denotes the anodic kinetic overvoltage, #° the cathodic
kinetic overvoltage, Ug the ohmic drop of the proton
conduction in the anodic catalyst layer, Uy the ohmic drop
of the proton conduction in the cathodic catalyst layer, Ug the
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ohmic drop of the proton conduction in the membrane, and
Upnass the mass transport losses. In the latter equation, the
ohmic drops for the electron conduction in the catalyst layers
were neglected since these were discussed to be at least 40
times smaller than that of the proton conduction. As a result of
the parasitic electrochemical current in the anode, the proton
current that flows through the anode is larger than the current
between the anode and the cathode. Accordingly, the ohmic
drop of the proton conduction through the anode and the
kinetic losses at the catalyst increase by the parasitic
electrochemical currents. An increase of the anodic over-
potentials results. To summarize, the following conclusion can
be drawn:

e Darasitic electrochemical currents caused by the electro-
chemical hydrogen oxidation and evolution can occur in
the anode of PEM fuel cells, when the kinetic overvoltage
of the hydrogen oxidation is smaller than the difference
of the ohmic drops of the proton conduction and the
electron conduction inside the anodic catalyst layers. As a
consequence, hydrogen can be evolved at the side of the
anodic catalyst layer that faces the PEM.

e When parasitic electrochemical currents occur in the
anodic catalyst layer, these lead to an increase of the
proton flux and the electron current. As a result, the
ohmic drops for the proton and the electron conduction
in the anodic catalyst layer increase.

e The higher reaction rates caused by parasitic electro-
chemical currents increase the kinetic losses for the
electrochemical hydrogen conversion in the anodic
catalyst layer.

e As aresult of the enlarged ohmic and kinetic losses, the
parasitic electrochemical currents increase the anodic
potential and thus reduce the efficiency.

e The ohmic drop for the proton conduction in the anode
increases with thicker catalyst layers, which consequently
lead to larger parasitic electrochemical currents.

e Catalyst particles which are connected to the electrolyte
but not to the electric phase can be involved in the
electrochemical hydrogen conversion (as shown by the
samples between the membranes), which are a result of
potential differences in the ionic phase at different parts
of the surface of the catalyst particle. These electro-
chemical reactions do not contribute to the electro-
chemical reactions between the electrodes in fuel cells.
However, these catalyst particles can contribute to the
mass transport.

In solid oxide fuel cells,*>>* operation temperatures of 600—
1000 °C* realize small kinetic overpotentials for the
electrochemical hydrogen conversion even without platinum
metal group based catalyst,***” while the ionic resistance of the
solid oxide electrolyte for the oxygen ion conduction is rather
high.>®*® In the case of low-temperature alkaline fuel cells,*>*"
the hydrogen conversion at the anode can also be realized with
low kinetic overpotentials.*” Thus, in the three different types
of fuel cells (PEM, alkaline, and solid oxide) smaller kinetic
overvoltages of the electrochemical hydrogen oxidation than
the ohmic drops in the anodes can occur, which can lead to
parasitic electrochemical currents in the anode.

B SUMMARY

In this study, the resistivities of the proton conduction through
samples with the same compositions as PEM fuel cell catalyst

layers were measured in a hydrogen atmosphere. The
resistivities of the samples were up to ten times smaller than
those of Nafion membranes. This effect was explained by
parasitic electrochemical currents, which originated from the
electrochemical hydrogen oxidation and evolution within the
samples. The driving force for these reactions was ascribed to a
potential difference between the electric phase and the ionic
phase of the samples, which is caused by a smaller resistance for
the electron conduction than that of the proton conduction.
The occurrence of such parasitic electrochemical currents in the
anode of fuel cells was postulated, when the difference of the
ohmic drops of the ion and electron conduction is higher than
the kinetic overvoltage of the hydrogen oxidation reaction.
These parasitic electrochemical currents increase the ohmic
drop in the anode and kinetic losses of the electrochemical
hydrogen oxidation. A reduction of the thickness of the anode
decreases its total ion resistance and thus might decrease or
even avoid the parasitic electrochemical currents. In fuel cells
with alkaline or solid oxide electrolyte the occurrence of
parasitic electrochemical currents within the anode was also
postulated and discussed.

B ASSOCIATED CONTENT

© Supporting Information

The sample preparation, the experimental setup, and the
characterization of the experimental methods will be discussed
in detail. The Supporting Information is available free of charge
on the ACS Publications website at DOI: 10.1021/
acsami.5b02182.
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