Carbon Corrosion Induced by Partial Hydrogen Coverage

T. F. Fuller™® and Gary Gray"

* GT Center for Innovative Fuel Cell and Battery Technologies
Georgia Tech Research Institute
and

® School of Chemical and Biomolecular Engineering
Georgia Institute of Technology Atlanta, Georgia

A two-dimension model of carbon corrosion induced by the partial
coverage of hydrogen on the anode is presented. In proton
exchange fuel cells, this degradation mode is caused principally by
two mechanisms: 1) blockage of hydrogen from a portion of the
anode under steady-state conditions, and 2) transitioning between
the off state and a normal operating state. Whereas, corrosion of
anode supports because of insufficient fuel is well known,
corrosion of the cathode supports under these conditions is less
well understood and likely a larger contributor of degradation than
commonly expected. Under certain conditions the overpotential in
the cell may reach values greater than 1.5 V.

Introduction

Durability Challenges

In addition to cost and efficient hydrogen storage, overcoming degradation is a
principal barrier to the broad acceptance of fuel cells to the market. Four major
degradation modes are experienced in proton exchange membrane (PEM) fuel cells.
These are 1) chemical degradation of the membrane, 2) dissolution and migration of
platinum catalysts, 3) contamination of the membrane electrode assemblies (MEA’s)
from impurities in the air and fuel streams, and 4) corrosion of carbon supports. Whereas
increasing attention has been placed on the first three, less has been reported in the
literature on the corrosion of carbon supports for PEM fuel cells.

Knowledge of how present materials behave in order to design systems that
mitigate degradation mechanisms is essential, but more important, is understanding so
that one may guide the development of new materials. Through detailed models of the
chemistry and physics of the degradation phenomena, one may more intelligently look
for new materials that offer lower cost, better performance, and longer life.



Carbon Corrosion

In low-temperature acid fuel cells, noble metal catalysts are typically supported
on high surface area carbon in order to increase the utilization of the catalysts. The
standard potential for corrosion of carbon is 0.207 V, well below typical potentials seen
at the cathode of fuel cells.

C+2H,0=CO,+4H" +4e" 0.207 V (1)

Although thermodynamically unstable, slow kinetics allows the use of carbon in low-
temperature fuel-cell applications. Corrosion of carbon occurs by three modes: 1) normal
operation of a fuel cell, 2) fuel starvation, and 3) partial coverage of hydrogen. The first
instance, is managed by limiting the temperature and potential of the cell. For instance, in
phosphoric acid fuel cells, which operate near 200 °C, rapid corrosion of carbon supports
will occur at low current densities or open circuit. Typically, supports may be graphitized
to provide additional resistance to corrosion. Nonetheless, the time at potentials above
about 0.8 V must be minimized. In contrast, PEM fuel cells operate closer to 80 °C, and
at these temperatures corrosion of carbon is low even at open circuit.

The second common type of corrosion occurs through abnormal operation of the
cell, and is colloquially referred to as “fuel starvation.” In the bipolar configuration the
current through each cell is identical. If one cell has insufficient fuel to support the
current, carbon can corrode to support the current above that provided by the fuel. In this
case, the normally operating cells drive current through the cell without enough fuel.
While common in cell stacks, this may also occur in laboratory single-cell tests where the
fuel cell is electrically connected in series with a power supply. Here the potential of the
anode continues to rise as the fuel is consumed, once above 0.207 volts, corrosion of the
anode carbon support will occur to supply protons to support the current. The slow
kinetics requires that a large overpotential be imposed to provide the current. With fuel
starvation, the cell potential will decrease to a value well below normal and often will go
negative. Therefore, this mode of carbon corrosion is relatively easy to detect by
monitoring individual cell potentials or groups of cells. The best mitigation is careful
cell-stack design and controls to ensure uniform fuel distribution, but a combination of
software and hardware are effective in limiting the damage if fuel starvation occurs.

Partial hydrogen coverage

The third mode of carbon corrosion is caused by non-uniform distribution of fuel
on the anode and crossover of oxygen through the membrane separator. This mode has
only recently been discussed in the literature.' Because it is difficult to detect, it is likely
that this mechanism is more prevalent than generally realized. It is our objective to
elucidate further the fundamentals of this mechanism and develop tools to identify the
susceptibility of designs to this mode of degradation.

Figure 1 is a cartoon that illustrates how this may occur. There are two common
occurrences. One is the transition between “off” and “on” state of the fuel-cell system.
The second is the partial blockage of hydrogen to a small portion of the negative



electrode. In both instances, the negative electrode is partially covered with hydrogen. In
the transient start-up case, one must displace the air that exists in the anode flow fields,
and a transition period exists where the anode is only partially covered with hydrogen.
This condition is prevalent during start-up and shut-down of PEM fuel cells,” A gimilar

condition may occur during shut-down particularly if the reactants compositions are not
controlled. This mechanism is particularly important for transportation applications,
where a large number of on/off cycles are likely. Over the life of a vehicle on the order of
20,000 start/start cycles as well as 1,000,000 low to high power cycles are expected. The
second example is when one portion of a fuel channel is blocked. A water droplet, for
example, may block fuel in a single flow channel.* Because of the finite permeability of

oxygen through the membrane separator, 5 significant oxygen partial pressure can exist
on the negative electrode, establishing a condition as shown in figure 1. The effects of
partial hydrogen coverage have been shown dramatically in the images depicting catalyst
layer thinning presented by Reiser et al.'
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Figure 1. Transition between on and off states showing partial coverage of hydrogen on
the negative electrode.

Model Development

Analytical

Before examining a more detailed two-dimensional model, we consider the case
where air is on both electrodes and a potential is imposed on the cell. This illustrates the
nature of the problem, although it does not elucidate the details necessary for cell stack or
system design. The configuration shown in figure 2 also represents a simple experiment
that can be conducted to illustrate the phenomenon. Two cells are electrically connected
in parallel to the external load. Cell (1) has air and fuel provided normally, and the
second cell (2) has air on both electrodes. At the positive electrode of the cell (2) oxygen
evolution or carbon corrosion may occur. At the negative electrode of cell (2) we can
expect oxygen reduction. For any reasonable potential, the current through the second
cell will be small and we may assume that the solution potential, @, is nearly constant.



O, +4H" +4e” <>2H,0 C+2H,0 = CO, +4H" +4e”
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Figure 2. Simple cell configuration to demonstrate the partial hydrogen coverage
corrosion phenomenon.

Assuming Tafel kinetics, the anodic and cathodic currents for cell (2) are set equal to
each other. If all of the anodic current is due to carbon corrosion, i.e., neglecting oxygen
evolution, then
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The script 2 refers to the oxygen reduction reaction and 1 refers to the carbon corrosion
reaction, @, and @, are the metal and solution potentials respectively, i, is the exchange
current density, and U" is the standard electrode potential. o is the transfer coefficient.
The potential of one electrode, the negative electrode, is arbitrarily set to zero.
Furthermore, the kinetics for hydrogen oxidation is assumed to be fast. The above
equation is arranged to relate the solution potential to the cell potential.
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We have introduced V, =" ; #" ¥, that is the measured cell potential. Or alternately we
can express the overpotential for carbon corrosion as a function of the cell potential.
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which shows that the overpotential is directly proportional to the cell potential. Thus in
order to eliminate carbon corrosion, the cell potential may be limited during the transition
from air to fuel, and this is the basis of recent patents published.

Figure 3 shows the potential in solution (lower curves) and the overpotential for
carbon corrosion, 1! = ®, —®, —-0.207, (upper curves) as a function of the total cell
potential, V_, for both normal fuel cell operation and for the condition of partial hydrogen



coverage. It is evident that at what are nominally normal cell potentials, about 1 V, the
overpotential for carbon corrosion can be much larger than expected for the partial
hydrogen coverage condition. For instance at a cell potential of 1 V, typical for an open
circuit condition, the overpotential under partial hydrogen coverage is equivalent to being
at 1.6 V under normal operation. At these potentials the corrosion of carbon at the
positive electrode can be significant even at low temperatures.
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Figure 3. Solution potential and overpotential for carbon corrosion under normal and
partial hydrogen coverage conditions.

2D steady-state model

Figure 4 shows the region that is modeled. In contrast to figure 2, the electrolyte
now connects the two regions together. The metal potential of both the positive and
negative electrodes are still assumed to be constant. At positive electrode, oxygen
reduction, oxygen evolution, and carbon corrosion are treated. At the negative electrode
hydrogen oxidation or oxygen reduction are treated depending on the reactant available.



The rates of electron-transfer reactions are described with the Butler-Volmer
equation;
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Figure 4. Region that is modeled.
Concentration of reactant species, surface area, €tC. are included in the exchange current
density. For the corrosion of carbon, only the oxidation reaction is considered.
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Where " | is the metal potential and @, is the solution potential measured with a
hydrogen reference electrode. The reduction and evolution of oxygen are given by
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For this first model, the concentration is assumed constant. Transport in the membrane
separator has been described previously.”
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Equation 9 reduces to ohm’s law if concentration gradients are neglected. The chemical
potential of water has been assumed constant for these results. The potential difference
between the electrodes will provide the boundary conditions, and kinetic expressions for
an arbitrary number of reactions will determine the reaction rates and fluxes as a function
of electrode potential and reactant composition. For the reduction of oxygen at the
negative electrode, we add a limiting current to the kinetic expression. If the diffusion of
oxygen in the membrane is limited, then the current may be limited by the availability of
oxygen rather than the kinetics for carbon corrosion or oxygen evolution.
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These equations are solved numerically.

Results

Figure 5 shows the potential in the solution under conditions of partial hydrogen
coverage. Here the hydrogen oxidation reaction is assumed to be infinitely fast and the
activity of water uniform. For the normally operating portion of the cell (left side), the
potential decreases across the separator, indicating that current flows from the anode to
the cathode. For the lower right region, that is the portion of the negative electrode that
does not have access to hydrogen, any oxygen that permeates through the membrane is
reduced. We have assumed a sharp transition between hydrogen and air (see the dashed
vertical line). A large current then flows through the membrane across this line. Near the
transition, the current is limited by the permeation of oxygen through the separator. As
one moves farther from the transition region, the solution potential drops and eventually
current flows from the positive electrode to the negative electrode, i.e., current reversal.
As demonstrated in the one-dimensional idealized model shown earlier, the solution
potential will drop until the carbon corrosion current equals the oxygen reduction current.
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Figure 5. Solution potential in the membrane under partial hydrogen coverage.



As indicated earlier, partial hydrogen coverage may exist during the start/stop
transition or due to blockage of fuel access at steady state. These data are for steady state.
Preliminary results suggest that the size of the blockage may need to be large (> 2 mm) to
reduce potential of the electrolyte substantially. This is primarily because the electrical
conductivity of the separator is good (about 0.1 S/cm) and it has been assumed that the
permeability of oxygen through the membrane is small.

Figure 6 is a cartoon of how water may block access of hydrogen to part of the
negative electrode.
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Figure 6. Possible scenario for blockage of gas access due to a water droplet.

This susceptibility to this form of carbon corrosion will be higher under any of the
following conditions.

1. higher cell potential: as seen in equation 4 the overpotential for carbon
corrosion is proportional to cell potential.

2. lower conductivity of the ionomer: For a fixed size of blockage, as the
conductivity of the electrolyte drops, the the gradient in potential increases and ohmic
losses increase.

3. larger region of partial hydrogen coverage: For small blockages of fuel, the
potential in solution will not decrease significantly

4. more rapid kinetics for carbon corrosion: although more rapid kinetics will
result in a higher solution potential, the net effect will be increase carbon corrosion.

5. greater permeability of oxygen through the separator: The more oxygen
available on the negative electrode, the larger the current and the greater the potential
drop.

Finally, it should be noted that increased electronic conductivity of the separator plates
and gas diffusion media will exacerbate this condition. This effect contrasts that seen
with “fuel starvation,” where good electronic conductivity allows current to redistribute
around local areas without sufficient fuel. Therefore, lowering the conductance of bipolar
plates is not likely to be an effective mitigation.
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