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stacks. Low gas flow rates at low current
densities are also difficult to control.
However, the use of large active areas is not
straightforward on a laboratory scale due to
the difficulty and cost of fabrication and the
greater magnitude of the total current. Higher
currents not only require larger and more
expensive electronic loads to dissipate the
current, but also pose problems for techniques
such as impedance spectroscopy, where the
bandwidth may be restricted under high load.

Some compromise is also required in the
selection of membrane thickness. Relatively
thick membranes should generally be used for
catalyst durability tests. This results in a
decrease in the level of performance but is
necessary to minimise the likelihood of
membrane failure during the timescale of the
test. Preparation of MEAs is critical and
should follow an accepted protocol that
ensures reproducible performance.

Control of environmental variables

Tight control of environmental variables is
essential to enable valid comparison between
tests. It is important to control the following
variables for both anode and cathode:

- Endplate temperature

- Humdifier temperature
- Inlet gas temperature

- Back pressure

- Qas flow rate

For single cells air cooling is generally
sufficient to dissipate the heat generated at
higher loads. The use of a large fan capable of
generating relatively uniform air flow over
the whole cell is recommended. Accurate
control of heating and cooling cycles is
critical to the stability of environmental
conditions. In that context regular calibration
of control thermocouples and accurate tuning
of proportional integral derivative (PID)
controllers is strongly advised.

Commercial fuel cell test stands are widely
available. However these are relatively

expensive and are often over-engineered for
applications such as durability testing. Hence
it is sometimes more cost effective to design a
bespoke testing system to meet the particular
needs of a test programme. The minimum
requirements for such a system are typically
as follows:

- Mass flow controllers

- Gas humidifiers

- End plate heating/cooling
- Inlet gas line heaters

- Back pressure controllers
- Electronic load

These components can be controlled either
manually or by software. The use of software
control is usually necessary for dynamic test
protocols. Commercial fuel cell test stands
usually come with their own in-house
software, but it is also relatively easy to
control such systems using bespoke software,
e.g. in Visual Basic.

Gas humidifiers are required because the
proton conductivity of Nafion is dependent on
water content. If dry gas is used the
membrane will rapidly dehydrate, particularly
at low current densities, leading to failure.
Most humidifiers consist of a heated stainless
steel vessel filled with deionised water,
through which the inlet gas is bubbled. The
temperature of the water is generally referred
to as the dewpoint. Dewpoint selection is
dependent on the desired relative humidity
level; for a well-humidified cell the dewpoint
should be within a few degrees of the cell
temperature. If the dewpoint is higher than the
cell temperature condensation will occur and
could lead to electrode flooding. Conversely,
if the dewpoint is too low dehydration of the
membrane may cause the performance of the
membrane to suffer. Careful heating and
thermal insulation of the tubing between the
humidifier and the fuel cell is required to
avoid condensation. It is recommended that
the dewpoint of the inlet gas is accurately
calibrated using a Peltier mirror or similar
probe. In-situ mapping of temperature and
humidity in PEMFCs is the subject of
ongoing research at NPL.



Cell conditioning

Before starting a test, the environmental
conditions should be stabilised. Generally this
involves allowing the cell and humidifier
temperatures to reach their set values before
commencing flow of fuel (hydrogen) to the
anode and oxidant (air) to the cathode. Heated
gas lines should be used to control the
temperature of the gases at the inlets. Here the
control thermocouple should be located as
close as possible to the fuel cell gas inlet.
Thermocouples used to measure gas
temperature should be as small as possible to
minimise errors due to the thermal mass of
the thermocouple. If pressurisation is
required, care should be taken that the
differential pressure across the membrane is
maintained well below the value where it will
rupture (this i1s more critical for thinner
membranes). Conditioning is then performed
to hydrate the Nafion membrane and active
layers of the electrodes and typically consists
of operating the fuel cell at constant load for
several hours (often overnight). The load
should be high enough to generate adequate
water at the cathode but not so high that
flooding occurs. When reporting the results of
fuel cell tests, details of environmental
conditions and conditioning should be
included.

In-situ voltammetry

A polarisation curve (a plot of potential vs
current density) is the most accepted measure
of performance of a fuel cell. Performance
may be expressed in terms of output current
density at a fixed potential (e.g. 0.6 V),
maximum power output, or kinetic parameters
may be calculated after correction for ohmic
drops. The performance depends primarily on
the activity of the cathode -electrocatalyst
layer, the quality of material components and
the flow rate, pressure and purity of the
reactant gases. The best performance is
obtained when pure oxygen is fed to the
cathode, but in most practical systems air is
used. The nitrogen in air acts as a diluent and
as a result the performance of Hy/air fuel cells
suffers from both open circuit losses and mass
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transport limitations relative to Hy/O, fuel
cells. By pressurising the gas on the cathode,
substantial gains in performance may be
obtained. However the ecnergy cost of
compressing the gas means that there is an
optimum pressure beyond which it is not
economically feasible to increase the
performance any further.

Measurement of polarisation curves at
periodic intervals during durability testing
yields information on the rate and timescale
of degradation. Comparison of polarisation
curves obtained with air, pure oxygen and
helox (21% oxygen in helium) on the cathode
may be used to shed light on degradation
mechanisms. Helox gain is defined as the
difference in performance between helox and
air and is associated with oxygen diffusion
limitations. Oxygen gain is defined as the
difference in performance between oxygen
and helox and reflects oxygen permeability
losses. When switching between gases on the
cathode, the switching valve for the gases
should be located as close as possible to the
test stand to minimise switching time.

When changing load during measurement of a
polarisation curve, adequate time should be
allowed for the system to reach steady state.
For most PEMFC single cells this should be
of the order of a few minutes. Ideally this
involves plotting the potential in real time and
establishing a criterion for attaining a steady
state, e.g. < 1 mV change in potential over a
defined period of time. In general, when using
oxygen on the cathode the time taken to reach
steady state is shorter and the noise level
significantly lower than when air is used.

Unless a separate reference electrode probe is
mmserted into the cell, all potentials are
generally measured relative to the anode. This
is acceptable since pure hydrogen is typically
used on the anode, but problems may arise
with some gas mixtures such as reformate. It
should be noted that even with pure hydrogen
there will be a correction for temperature and
pressure. Following sufficient purging with
nitrogen, hydrogen may be supplied to the
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cathode to act as a reference electrode if the
anode is under investigation.

Measurement of electrochemical active
surface area may be carried out by carbon
monoxide (CO) stripping voltammetry. Here
CO is fed to the electrode, which is held at the
adsorption potential for a period of time (~ 30
min). The bulk CO is then removed by
purging with nitrogen. Stripping
voltammograms are then measured and
correlated with the electrochemical active
surface area, ensuring that complete oxidation
of the adsorbed CO has occurred.

Current interrupt measurement

The ohmic losses in a fuel cell may be
isolated by the current interrupt method. The
principle behind this technique is that the
ohmic losses vanish much faster than the
Faradaic overpotentials when the current is
interrupted. The fuel cell is operated at a
constant current before the measurement and
a voltage transient 1is recorded upon
interruption of the current, as shown
schematically in Fig. 1. The ohmic losses
disappear almost immediately and the
Faradaic overpotentials decay to the open
circuit value over a longer timescale. It is
therefore important that the data acquisition
for the voltage transient is as rapid as possible
mn order to adequately separate the ohmic and
activation losses. An oscilloscope is generally
required for such measurements.

Potential

. :[O.ZV

Time

Figure 1 Typical current interrupt
measurement for single cell PEMFC.

Current interrupt data are generally used to
correct polarisation curves for ohmic drop,
which is usually dominated by the resistance
of the Nafion membrane. A Tafel plot (log of
current density vs potential) may then be
generated in order to determine kinetic
parameters such as exchange current density
and Tafel slope.

Test protocols

Much of the early work on durability testing
of PEMFCs focused on long term constant
load testing. It 1is well established that
PEMFC electrodes exhibit a slow decay in
performance over time (typically quoted in
puV/h) due to coarsening of Pt nanoparticles,
which reduces the active electrochemical area
of the electrode. An important issue
associated with long term testing is reliable
and continuous supply of power and reactant
gases. The wuse of Uninterruptible Power
Supply (UPS) is highly recommended.
Similarly, a continuous supply of gas may be
achieved with the use of gas generators or
manifolded gas cylinders, which avoids
undesirable interruptions to tests when
changing individual cylinders.

Dynamic testing is becoming increasingly
common as test methods are developed which
are more representative of service application.
The dynamic test protocol shown in Figure 2
and detailed in Table 1 may be used to
evaluate the effect of a fluctuating load on the
performance of a single PEMFC. This
protocol was developed by the US Fuel Cell
Council to mimic the load demand in
automotive applications [3]. The DTP cycle
runs for 300 seconds at an average of ~ 20%
power. The 100% power point is determined
based on the results of an initial power
calibration curve. Ideally the gas flow rates
should be changed prior to each load change
if the test stand is capable of this without
operator intervention.
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Table 1 USFCC dynamic test protocol.

Step | Duration (s) | Elapsed time (s) | Power level (%)
1 16 16 0
2 28 44 12.5
3 12 56 25
4 16 72 0
5 24 96 12.5
6 12 108 25
7 16 124 0
8 24 148 12.5
9 12 160 25
10 16 176 0
11 36 212 12.5
12 12 224 100
13 28 252 62.5
14 12 264 0
=5 36 300 25
16 0 300 0
100 =

80

60

40

20 -

O 1 I ] I I !
50 100 150 200 250 300

Elapsed cycle time (s)

Figure 2 USFCC dynamic test protocol.
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A comparison between constant load testing
and the dynamic test protocol described above
was carried out at NPL. A Hydrogenics Test
Systems FCATS-G50 test stand was used to
control the experiments. Standard Johnson
Matthey Pt/C electrodes on Nafion 115
membranes were used at both anode and
cathode (catalyst loading 0.4 mg/cm?®). The
test conditions are listed in Table 2. The
constant load test was run for 30 days (720
hours) at a load equivalent to the average load
in the dynamic test (0.135 A/cm?). The
dynamic test was run continuously for 3815
cycles (~ 13 days). Polarisation curves in both
air and pure oxygen were taken periodically
to monitor any changes in performance. The
test conditions shown in Table 2 were
maintained during measurement of the
polarisation curves; where oxygen was used
the stoichiometry was 10.

Table 2 Test conditions.

 Cell temperature (°C) 80
| Cathode dewpoint (°C) | 79
Anode dewpoint (°C) T
Air stoichiometry 2
Hydrogen stoichiometry 2
| Cathode pressure (kPa) 204
| Anode pressure (kPa) 204

Polarisation curves before and after each test
are plotted in Figures 3 (constant load test)
and Figure 4 (dynamic test). A similar
performance loss was observed in each test,
although the shorter duration of the dynamic
test should be noted. It is evident that the
dynamic test is more severe in terms of
degradation rate. During the constant load test
the cell potential decayed from an initial
steady value of 810 mV to 760 mV over 30
days. The performance in oxygen was not so
strongly affected in either test, showing that
decline in the mass transport rate rather than
stability of the catalyst was the major factor in
the performance loss in air.

It is generally accepted that sintering of
catalyst particles is a major factor in the
reduction of electrochemically active surface

arca during fuel cell testing. This sintering
appears to be driven by electrodissolution of
platinum, the rate of which increases
significantly the closer the potential at the
cathode is to open circuit (~ 1 V). Potential
cycling close to open circuit has been shown
to have a major influence [4]. This is a factor
in the more significant loss of performance in
the dynamic test, where the cell is at open
circuit for 25% of the time. The development
of accelerated durability tests may be
envisaged wusing potential cycling and
potentiostatic tests at higher potentials.

Impedance spectroscopy is also a potentially
valuable tool in the characterisation of
PEMFC  performance. The frequency
dependence of the impedance response can be
used to separate different processes within the
fuel cell. These techniques are under
evaluation at NPL but do not fall within the
scope of this note.

In addition to electrochemical test methods, a
wide range of surface science techniques is
available for the characterisation of fuel cell
performance. These have been summarised in
a recent review [5]. Post mortem analysis of
fuel cell materials and components and
modelling of performance degradation are
required to enhance understanding of
degradation mechanisms. Electrochemical
techniques may be used in combination with
structural and chemical analysis to correlate
the performance of the cell with the material
properties of the various components.



Cell potential (V)

Figure 3 Polarisation curves with oxygen (squares) and air (circles) at the cathode before (full)

Cell potential (V)

Figure 4 Polarisation curves with oxygen (squares) and air (circles) at the cathode before (full)
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Summary

In-situ voltammetry and current interrupt measurements can be used to monitor
performance degradation in PEMFCs. It is possible to isolate the catalyst
performance from mass transport effects by using pure oxygen on the cathode.
Comparison of constant load testing with a dynamic test protocol showed that
dynamic testing is more severe in terms of degradation rate. The more
significant degradation rate in the dynamic test is attributed to potential cycling
at relatively high potentials, which may be adopted in accelerated durability
testing.
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