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20. Polymer Electrolyte Fuel Cells

Vijay K. Ramani, Kevin Cooper, James M. Fenton, H. Russel Kunz

The practical application of theory to experiment
and data analysis is a crucial component of ef-
fective advancement of electrochemical systems.
This chapter takes the fundamental principles of
fuel cell operation and the underlying scientific
and engineering principles and applies them to
laboratory experiments. Topics covered include
experiments showing how fuel cell performance
varies with test conditions, methodology to fit
experimental data to a simple empirical model to
extract physicallymeaningful parameters that gov-
ern fuel cell performance, impedance spectroscopy
as a diagnostic for fuel cell performance, and data
analysesmethods to determine the performance of
fuel cells. Methods are also given for the practical
measurement of relevant items from cell assem-
bly and cell pinch to relative humidity. While the
lessons are relevant to all electrochemical systems,
this chapter is primarily targeted at new entrants
into this arena wishing to learn the basics of fuel
cell operation and testing.

20.1 Experimental Methods ......................... 650
20.1.1 Fuel Cell Testing Safety

and Good Lab Practices .............. 651
20.1.2 Handling Instructions

for Membrane Electrode
Assemblies (MEA)....................... 651

20.1.3 Single Cell PEM Fuel Cell
Components ............................. 651

20.1.4 Fuel Cell Assembly Instructions ... 653
20.1.5 Calculation of Pinch ................... 655

20.1.6 Fuel Cell Test System
Instrumentation........................ 656

20.1.7 Reactant Humidification
in Fuel Cell Testing..................... 656

20.2 H2/O2 or Air Fuel Cell
Performance Testing ............................ 662
20.2.1 Effects of Oxygen

Partial Pressure ......................... 663
20.2.2 Temperature and Relative

Humidity Effects ........................ 672

20.3 Application of a Fuel Cell Empirical
Model ................................................. 679
20.3.1 Model Application and Analysis .. 680
20.3.2 Summary .................................. 683

20.4 Fuel Crossover and Electrochemical
Surface Area ........................................ 683
20.4.1 Hydrogen Crossover

and Internal Short Circuit ........... 683
20.4.2 Hydrogen Crossover Test via LSV .. 686
20.4.3 Electrochemically Active Surface

Area and Catalyst Utilization
Evaluation ................................ 687

20.5 Impedance Spectroscopy of PEM Fuel
Cells .................................................... 689
20.5.1 Impedance Theory and Practice . . 690
20.5.2 Results and Discussion............... 699
20.5.3 Impedance of a H2 PEM Fuel Cell. 701
20.5.4 Effect of Reactant

Humidification .......................... 704
20.5.5 Electrode Proton Transport

Resistance ................................ 708

References ................................................... 710

In Chap. 19, the fundamental principles of fuel cell
laboratories and fuel cell operation are described. This
chapter provides a series of fuel cell experiments
to demonstrate the concepts discussed earlier. Note
that the current description is for a proton-exchange
membrane (PEM) fuel cell, but the general princi-
ples are relevant to most electrochemical cells. The
intended audience for this series of laboratories on
fuel cells includes undergraduate and graduate sci-

ence and engineering students and researchers new
to the field of fuel cell and electrochemical technol-
ogy.

The experiments described herein have the follow-
ing objectives:

� To demonstrate the effect of oxygen concentration
and stoichiometry, temperature, and relative humid-
ity (RH) on fuel cell performance.
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� To fit experimental data to a simple empirical model
to extract physically meaningful parameters that
govern fuel cell performance.� To demonstrate basic experimental diagnostic tech-
niques and data analyses methods to determine
properties of fuel cells including:
1. Fuel crossover rate
2. Electronic short circuit resistance
3. Catalytic activity and utilization
4. Electrolyte (membrane) ohmic resistance
5. Performance (polarization) curves – voltage ver-

sus current density, power density versus current
density, and jR-corrected voltage

6. Tafel slope
7. Transport limiting current
8. Porous electrode ohmic (ionic) resistance.

To achieve these objectives, this chapter consists
besides Sect. 20.1 on experimental methods of four
parts (Sects. 20.2–20.5), each designed to address and
demonstrate a different aspect of fuel cell performance
and characterization:

� Section 20.2 – H2/O2 or air fuel cell performance
testing. The influence of oxidant (oxygen) concen-
tration on performance is demonstrated for a H2

PEM fuel cell. Cell voltage, power density, and
electrolyte resistance are determined as a function
of operating current density. The data obtained is
used to examine the performance of the cell at each
test condition. The effect of oxygen concentration
on the cathode reaction kinetics and on transport
limiting current is analyzed. The influence of op-
erating cell temperature and reactant RH is also
demonstrated for a H2 PEM fuel cell operating with
either pure oxygen or air as the oxidant.� Section 20.3 – Application of a fuel cell empir-
ical model. Performance data are fitted using an
empirical model to extract physically meaningful
parameters such as the cell resistance, Tafel slope,
and limiting current density. The benefits, pitfalls,
and limitations of using such an empirical model are
examined.� Section 20.4 – Fuel crossover and electrochemical
surface area. This section examines the evaluation
of two key properties of H2 PEM fuel cells: (1) hy-

drogen crossover and internal short through the
membrane using linear sweep voltammetry (LSV)
and (2) the electrochemically active area of a fuel
cell electrode using cyclic voltammetry.� Section 20.5 – Impedance spectroscopy of PEM
fuel cells. This section introduces the theory (entry-
level) and practical application of electrochemical
impedance spectroscopy as a diagnostic tool for
the evaluation of operating PEM fuel cells. The
effect of operating conditions such as current den-
sity, oxidant concentration (O2 versus air), and
RH are probed to examine their impact on key
fuel cell parameters including ohmic resistance,
electrode properties, and mass transport resistance.
Equivalent circuit models are developed to facil-
itate extraction of physically meaningful parame-
ters.

These four sections are, as mentioned before, pre-
ceded by an experimental section, wherein good lab-
oratory practices are introduced, along with a detailed
description of fuel cell handling, assembly, and labora-
tory testing methods.

Laboratory activities described in the chapter in-
clude measurement of the cell voltage and internal
resistance as a function of current density at various
oxygen concentrations, relative humidities, and tem-
peratures; generation of voltage versus current density
curves commonly referred to as performance curves;
and calculating cell efficiencies, power densities, and
reactant utilizations.

Data analysis activities described in this chapter
include fitting performance data to a simple empiri-
cal model, estimating ohmic, activation (kinetic), and
concentration (transport) polarization losses, and com-
paring them to experimental and theoretical values.

In an effort to focus on the fundamental processes
occurring within fuel cells, the activities described are
restricted to single cells, as opposed to stacks or fuel
cell power generation systems.

Although the experimental procedures described
are applied to a polymer electrolyte membrane fuel
cell, in general the methods and concepts are applica-
ble to other types of fuel cells, and readers/instructors
are encouraged to adapt the methods presented herein
for other fuel cell systems.

20.1 Experimental Methods

The fuel cell test equipment should be operated and
maintained only by trained and qualified persons fa-
miliar with fuel cell technology and safe laboratory

techniques. All users should have adequate training and
knowledge of the hazards associated with the use of
pressurized flammable gasses and all applicable labo-
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ratory techniques before operation of this equipment.
Note that the recommendations made below are not
comprehensive, but merely highlight certain important
factors to be considered. The authors do not accept any
responsibility or liability for any accidents or damages
that may occur while conducting these experiments.

20.1.1 Fuel Cell Testing Safety
and Good Lab Practices

It is strongly recommended that all applicable safety
data sheets (SDSs) be read and understood for the pro-
tection of the operator. It is also recommended that due
caution be used during all testing procedures. Although
safety measures have been applied internally to most
commercial fuel cell test stations, there are several reg-
ulations that may apply to a facility which uses highly
flammable and/or high-pressure gases. It is suggested
that a lab structure be used that is not only safe but
is fully compliant with the regulations of Occupational
Safety and Health Administration (OSHA) regulation
for high-pressure gases and flammable materials and
with all institutional safety norms.

We recommend using extreme caution during all
testing procedures that use hydrogen gas. Gases exit-
ing the fuel cell must be properly vented; placing the
test station within a fume hood is recommended.

Precise control and knowledge of the water vapor
content (humidity) of reactants is necessary for success-
ful operation and testing of PEM fuel cells.

Fuel cell performance can be severely degraded by
impurities in the fuel and oxidant reactant and water
feeds. Impurities may be entrained within the feedstock
and/or may enter the source steams due to corrosion of
the components of the fuel cell test station and the cell
itself. Gas fittings and tubing should be either stainless
steel or nonmetallic and should be cleaned to remove
grease and other debris before use.

Reactants should be of high purity and of known
composition. It is strongly recommended that only dis-
tilled or deionized water be used in the anode and
cathode humidifiers.

Before shutting down, the fuel cell and instrumen-
tation tubing should be purged of reactants by flowing
nitrogen through the system on both the anode and cath-
ode sides for 15min at a high flow rate (e.g., 0:5 l=min).

The conditions under which a fuel cell is operated
strongly impact its performance. As such, pertinent test
parameters should be reported when presenting fuel
cell performance data: anode and cathode reactant com-
position; anode and cathode reactant moisture content
(i. e., RH or temperature of humidifier); anode and cath-
ode reactant stoichiometry (based on consumption rate

at 1A=cm2); cell temperature; and anode and cathode
pressure.

20.1.2 Handling Instructions for Membrane
Electrode Assemblies (MEA)

1. Always wear gloves when handling an MEA.
The active phase in the MEA (normally carbon-
supported platinum) is an extremely active oxida-
tion catalyst that can be dangerous when in direct
contact with skin, eyes, or if accidentally swallowed
or inhaled.
Oils normally present in the skin can affect the per-
formance of the MEA if handled with bare hands.

2. Keep the MEA away from alcohols, aromatics and
flammable organic compounds. Carbon-supported
platinum is a very active combustion catalyst. Ex-
posure of the MEA to flammable compounds in the
presence of air can cause combustion and/or fire ig-
nition.

3. Avoid exposing the MEA to sulfur, phosphates, and
organic (especially aromatic-based) compounds.
Platinum and carbon exhibit strong absorption prop-
erties. Sulfur/phosphor compounds and organic
compounds common in sealant resins, leak detec-
tor fluids, and solvents can act as catalyst poisons
and can irreversibly degrade the performance of the
MEA.

4. Avoid exposing the MEA to compounds that can
release monovalent, divalent or trivalent cations in
solution. The PEM in the MEA can be degraded if
exposed to cations such as NaC, Mg2C, and Ca2C

all of which are normally found in tap water. Fer-
rous (Fe2C) and ferric (Fe3C) ions resulting from
corrosion of steel and stainless steel can also ad-
versely affect the membrane performance.

20.1.3 Single Cell PEM Fuel Cell Components

A single PEM fuel cell comprises the MEA and sup-
porting cell hardware. The individual components that
make up a single cell and an assembled cell are shown
in Fig. 20.1.

The MEA consists of the polymer electrolyte mem-
brane, the anode and cathode catalyst layers and the
anode and cathode gas diffusion layer (GDL). When
the electrocatalyst is directly applied to the GDL (as
opposed to application on the membrane), the resulting
electrode is often referred to as the gas diffusion elec-
trode (GDE). The nominal active area of the MEA must
be known and, on the lab scale, is typically between 5
and 50 cm2 depending on the capacities and specifica-
tions of the test system available.



Part
D
|20.1

652 Part D Energy Conversion and Storage

a) b)

c) d)

e) f)

Fig. 20.1a–f Steps to build a single cell PEM fuel cell. (a) Ready to assemble – anode is on right, (b) Step A – anode
gasket in place, (c) Step C – five-layer MEA in place, (d) Step D – cathode gasket in place, (e) Step F – cathode flow
field, (f) Step G – cathode end plate in place. Steps A–F are described in Sect. 20.1.4

Edge gaskets on either side of the MEA provide
a gas-tight seal between the flow channel and the mem-
brane upon compression. The seal prevents reactant
gases from leaking from the cell or crossing over from
one electrode to the other. Gaskets are often made from

polytetrafluoroethylene (PTFE, Teflon) sheet or PTFE-
filled fiberglass fabric.

The flow channels deliver reactant gases to the
GDL, and because they must be good thermal and
electrical conductors, they are typically made from
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graphite. Current collector plates made from copper are
located on the backside of the graphite flow channels;
the cell leads and voltage sense leads are connected
to these plates. (The copper current collectors are gold
plated to prevent corrosion.) Finally, the end plates are
torqued together to provide mechanical compression
and connection of the fuel cell components, to seal the
cell to inhibit gas leaks, and to reduce contact resis-
tances. In some cell hardware designs, the end plates
must be electrically isolated from the current collec-
tors to avoid external short circuiting by the electrical
heaters.

Heaters for the cell, located within holes in the end
plates (or bonded to outside of the end plates), and
a thermocouple also located within the end plate, are
used in conjunction with a temperature controller to
control the cell temperature.

20.1.4 Fuel Cell Assembly Instructions

This section provides an overview of the basic assem-
bly instructions for a single cell PEM fuel cell using
common single cell hardware.

Materials Required
1. Single cell fuel cell hardware – end plates, current

collector plates, flow fields, bolts, and washers
2. MEA of the following type:� Three-layer: membrane catalyzed on both sides

(anodeC membraneC cathode)� Five-layer: MEA with integrated gas diffusion
media (e.g., anode catalyzed GDLCmembrane
C cathode catalyzed GDL).

3. GDL material if using a three-layer MEA
4. Gasket material – for example, PTFE sheet, PTFE-

filled fiberglass sheet (e.g., Furon)
5. Torque wrench – for example, 1:13 to 16:95Nm

torque
6. Knife with sharp tip
7. 11mm socket
8. Lubricant (nonreactive, nonflammable/combusti-

ble, O2-safe) – for example, PTFE-thickened krytox
synthetic grease (DuPont)

9. Ethanol or methanol – residue-free solvent for
cleaning hardware

10. Clean gloves for handling catalyzed materials.

Assembly Procedure
1. Calculate the gasket thickness required to achieve

the desired pinch (compression of the gas diffusion
media or GDL). The calculation procedure is shown
in the Fig. 20.2a.
Note that different gas diffusion media require dif-
ferent compression/pinch to achieve optimum per-

formance. The GDL vendor should be able to pro-
vide pinch or percent compression values. As a first
approximation, 15�40% pinch is typical.

2. Remove the 8 bolts and flat washers and split the
cell in half. The two halves – anode side and cathode
side – should stay together fairly easily, separating
at the flow fields (Fig. 20.3).

3. Clean the cell hardware, especially the flow fields,
with a residue-free solvent such as ethanol or
methanol, rinse with distilled or deionized water,
and dry.

4. Cut anode and cathode gaskets to size with the
Plexiglas template provided. Cut out holes for the
alignment pins and the reference electrode (RE), if
used (Fig. 20.4).

5. If using a three-layer MEA without integral GDL,
cut the anode and cathode GDL material so that it
covers all of the catalyzed area. The Plexiglas tem-
plate can be used to cut the GDL material. Skip
this step if using a five-layer MEA with integral
GDL.

6. Build-up the cell by layering components. The ex-
ample below shows assembly of a five-layer MEA
so steps b) and e) are omitted:
a) Anode gasket on anode flow field.
b) Anode GDL within the cut-out in the gasket (if

using bi-layer macro–micro porous GDL, face
the microporous surface toward the MEA and
the macroporous surface toward the flow field).

c) MEA on gasket aligned using alignment pins.
d) Cathode gasket.
e) CathodeGDL in gasket cut-out (if using bi-layer

macro–micro porous GDL, face the microp-
orous surface toward the MEA and the macro-
porous surface toward the flow field).

f) Cathode flow field.
g) Cathode current collector plate and end plate

combination.
7. Lightly lubricate the threads of the bolt with a non-

reactive/nonflammable lubricant.
8. Feed bolts through the cathode end plate holes and

into the anode end plate and finger tighten.
9. Torque to desired level (e.g., 11:3Nm depending

on desired compressive load) using a star/cross
pattern (Figs. 20.5 and 20.6) at approximately
1:13�1:7Nm increments. It has been demonstrated
that the torque and the pinch (explained in next
section) have a significant impact on the contact
resistance. A torque of 2:8�4:5Nm and a pinch
of 25�50�m usually results in minimal contact
resistances; however, it is recommended that an
optimization study (wherein cell resistance is mea-
sured as a function of torque and pinch using current
interrupt or impedance spectroscopy) when using
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Fig. 20.3 Single cell PEM fuel cell hardware ready for as-
sembly

Fig. 20.4 Cutting the gasket using the template

a new set of components, to minimize contact re-
sistances and achieve optimal performance. Netwall
and coworkers have recently published a nice article
in this regard.

10. Check for gross electrical short circuit in the cell.
To do this, determine the resistance by apply-
ing a 1mA current between the anode and cath-
ode current collectors and measuring the voltage
across the cell. The cell can be considered free
of a gross electrical short if the voltage exceeds
500mV=cm2 and therefore the resistance is greater
than 500�cm2.

11. Check for gross gas leaks. Examples of procedures
for gross leak check are available from the US Fuel
Cell Council (USFCC) [20.1].

12. Perform a fuel crossover measurement. The princi-
ple of and detailed instructions on the electrochem-
ical measurement technique for hydrogen crossover
are provided in Sect. 20.4.

Fig. 20.5 Torquing the cell bolts following a star-like pat-
tern shown in Fig. 20.6

2 8

3

5

17

4

6

Fig. 20.6 Suggested star/cross pattern used to tighten bolts
of fuel cell hardware

13. Perform initial break-in of the cell. If using a com-
mercially available MEA, break in the cell ac-
cording to the MEA manufacturer’s recommended
procedure.

20.1.5 Calculation of Pinch

Pinch is defined as the difference between the sum of
the thicknesses of the MEA and anode and cathode
GDLs and the total thickness of the gaskets. This is
shown in Fig. 20.2.

Different GDL products have different optimal
pinch values; typical values range from 250 to 500�m
(20�50% of the thickness of the GDL).
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20.1.6 Fuel Cell Test System
Instrumentation

Primary components of a typical fuel cell test system
are shown in Table 20.1.

A schematic of the components and setup for single-
cell testing of a H2 PEM fuel cell is shown in Fig. 20.7.
Additional items required to implement the laboratories
include:

� Compressed gas with regulators – H2, N2, O2, air
(21% O2), 4% O2 C 96% N2 mixture:
1. N2 (Regulator code CGA No. 580)
2. H2 (Regulator code CGA No. 350)
3. O2 (Regulator code CGA No. 540)
4. Air (Regulator code CGA No. 590)� Single cell hardware with heating element� Membrane electrode assembly� Computer with data acquisition card.

Hydrogen, supplied from a pressurized cylinder, is
metered and routed through the heated anode humidi-
fier before being fed through heated tubes to the anode
side of the fuel cell. Similarly, oxidant with any desired
composition (usually oxygen in nitrogen) is supplied
from a pressurized cylinder, metered, and sent to the
heated cathode humidifier before being fed through
heated tubes to the cathode side of the fuel cell. Humid-
ification of the feed streams is necessary to maintain
conductivity of the electrolyte membrane, especially at
higher operating temperatures. The desired volumetric
flow rates for anode and cathode feeds are controlled by
MFCs.

An inert gas such as nitrogen (N2) is used to purge
the anode and cathode chambers of the cell prior to in-
troducing reactants and prior to shutting down the cell.
The intent of the former is to prevent mixing the O2

present within the anode compartment after assembling
the cell with H2, which is potentially dangerous and can
cause corrosion of the anode components. Purging with
N2 prior to shutdown is also a safety measure to flush
the residual H2 from the cell.

Heating of the humidifiers, the tubes leading to the
fuel cell, and preheating of the fuel cell is accomplished
using heating tape. The temperature of the feed streams
and fuel cell are maintained using temperature con-

Table 20.1 Required equipment for fuel cell testing

Quantity Item
1 Fuel cell load (sink and power supply)
3 Temperature controllers
2 Heated/insulated gas lines
2 Humidifiers
2 Mass flow controllers (MFCs), valves, fittings

and tubing (stainless steel)

trollers. To avoid flooding the cathode, the humidifier
temperature is often maintained slightly below the cell
temperature. The RH of a gas exiting a humidifier can
be determined manually by flowing it across a temper-
ature controlled, polished metal surface and measuring
its dew point. Effluent from the fuel cell is vented to
a fume hood for safety purposes.

During a typical experimental run (constant flow
rate, oxidant composition, and temperature), the current
is manipulated/adjusted on the fuel cell load and the
voltage and resistance are recorded from built-in meters
in the load. The fuel cell load typically uses the current-
interrupt technique [20.2] to measure the total ohmic
resistance between the voltage sense leads, which in-
cludes ionic and electronic resistances and all contact
resistances.

20.1.7 Reactant Humidification
in Fuel Cell Testing

The performance of some types of fuel cells, H2-fuel
proton-exchange membrane fuel cell (PEMFC) in par-
ticular, may be influenced by its operating conditions,
including temperature, pressure, and moisture content
of the inlet gases. For a PEMFC these factors all directly
affect membrane water content, which in turn impacts
fuel cell performance. Hydration of the membrane is
a very important determinant of the performance and
durability of a PEMFC. If not properly hydrated, the
membrane exhibits higher ionic resistance and in ex-
treme cases can be physically damaged. Figure 20.8
demonstrates the effect of the H2 fuel water vapor con-
tent, expressed as dew point and RH, on the resistance
of a PEMFC. For this particular cell operating under the
indicated conditions, a 2 ıC change in the dew point of
the anode reactant resulted in a 2�5% change in mem-
brane resistance.

Membrane hydration is affected by the water trans-
port phenomena in the membrane itself, which in turn
are affected by the condition of the inlet gases and the
operating parameters of the fuel cell. Water is trans-
ported through the membrane in three ways: electroos-
motic drag by protons from the anode to the cathode,
back diffusion due to concentration gradients from the
cathode to the anode (or vice versa in limited cases),
and convective transfer due to pressure gradients within
the stack. At high current densities, where electroos-
motic drag of water from the anode to the cathode
often exceeds the rate of back diffusion of water, the
anode side can dry out if the inlet gases are not suffi-
ciently humidified.Without reactant gas humidification,
the fuel cell membrane will become dehydrated lead-
ing to high ohmic losses and potential damage to the
membrane.
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Fig. 20.7 Plumbing and wiring diagram for H2 PEM fuel cell test station

Definitions and Terms Relating to Humidity
Specific humidity (SH) is the mass of water vapor
present in a given mass of gas (e.g., kg water vapor=kg
dry air). Relative humidity (RH) is the amount of wa-
ter vapor present in the gas compared to the amount
that could be present in the gas at the same tempera-
ture. Thus, RHD SH=saturation SH� 100%. Alterna-
tively, RH is calculated as the fraction of water vapor
pressure in the gas (pv) relative to the saturated wa-
ter vapor pressure (pv,sat) at that temperature: RHD
pv=pv,sat� 100%. Water vapor pressure is the partial
pressure that is due to the water vapor in the gas.
Dalton’s law of partial pressures states that the total
pressure in a gas is the sum of all the partial pressures
of the constituents. Ideal or near ideal gases occupy
the same volume for the same number of molecules
(at the same temperature and pressure). So, the frac-
tion of water vapor pressure relative to the total pres-
sure is the same as the fraction of water molecules
relative to the total number of molecules. Multiply-
ing the amount of water and other (carrier) gasses

by their respective molecular weights bring us back
to SH.

Conceptually, RH is an indication of how close a gas
is to being saturated; a gas with 100%RH is saturated in
water vapor. Note that SH is unaffected by temperature
whereas RH can be changed by changing the tempera-
ture of the gas and/or quantity of water vapor present in
the gas. RH is empirically useful because most materi-
als respond, absorb or adsorb in proportion to RH rather
than SH. Specific humidity is useful when considering
chemical equilibrium because it is related to the abso-
lute amount of water vapor in a gaseous mixture.

Dew point is the temperature at which the gas will
become saturated. Dew point is a direct measure of va-
por pressure (pv) expressed as a temperature. The dew
point temperature is always less than or equal to the
temperature of the gas. The closer the dew point is to
the temperature of the gas, the closer the gas is to satu-
ration and the higher the RH. If the gas cools to the dew
point temperature it is saturated in water vapor and the
RH is 100%. Condensation will occur on any surface
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Fig. 20.8 Resistance of a PEM fuel cell as a function of the dew point of the anode reactant (H2 fuel) highlights the need
for accurate, stable, and repeatable control of the water content of fuel cell reactants

cooled to or below the dew point of the surrounding
gas.

Dry bulb temperature is the commonly measured
temperature from a thermometer. It is called dry bulb
since the sensing tip of the thermometer is dry (see
wet bulb temperature for comparison). Since this tem-
perature is so commonly used, it can be assumed that
temperatures are dry bulb temperatures unless other-
wise designated.

Wet bulb temperature is roughly determined when
air is circulated past a wetted thermometer tip. It rep-
resents the equilibrium temperature at which water
evaporates and brings the air to saturation. Inherent in
this definition is an assumption that no heat is lost or
gained (i. e., adiabatic system) and the heat loss due
to evaporation is balanced by thermal conduction from
the air. In practice only carefully constructed systems
approach this ideal condition. Wet-bulb temperature
differs from dew point. The latter is the balance point
where the temperature of liquid or solid water gener-
ates a vapor pressure (a tendency to evaporate) equal
to the vapor pressure of water in the gas so that no

net evaporation occurs. Therefore the dew point is al-
ways lower than the wet bulb temperature because at
the surface temperature of the wet bulb the water must
evaporate to maintain a cooling rate whereas at the
dew point temperature the water must be so cold that
it will not evaporate (but not so cold that condensation
occurs).

Methods for Measuring Humidity
Common approaches employed to measure humidity
and dew point temperature are described here; pros and
cons of each are summarized in Table 20.2:

� Wet bulb. In the wet bulb method, water is allowed
to evaporate and so cool itself to the point where the
heat loss through evaporation equals the heat gain
through thermal conduction. This method usually
involves a wicking material to bring replacement
water to the wet bulb, a sufficient wicking distance
(with evaporation) to achieve temperature equilib-
rium for the replacement water, sufficient gas flow
rate, and precise temperature measurement.
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Table 20.2 Comparison of common humidity and dew point measurement methods

Method Advantages Disadvantages
Wet bulb � Low cost� Easy to perform measurement� Easy to maintain equipment� Robust (not damaged by liquid water)� Accurate at very high humidity where there is little

or no evaporation� Response time is moderate

� Relies on established relationships of wet bulb
versus water content (function of gas; published
tables/formula are for air not H2 or O2)� Requires addition of water to the system
(problematic for small systems)� Flow rate dependent� Requires a water source and feed� Requires cleaning� Replacement of some components (wick)

Polymer
sensor

� Moderate cost ($100s–$1000s)� In-situ, real-time monitoring possible� Rapid response� Little or no maintenance required� Reasonably reliable� Easy to use� Water mist entering the sensor can be evaporated
and measured (if super heated chamber is used)

� Probe susceptible to damage on exposure to liquid
water� Periodic recalibration required� Periodic replacement of the sensing element
required� Accurate local temperature measurement is critical
for conversion of %rh to other humidity units.

Chilled
mirror

� Very accurate with drift and accuracy comparable to
a good thermometer (better than 0:1 ıC).� Mirror and sensor can be made from inert materials� Water mist entering the sensor chamber is
evaporated and measured� Robust (not damaged by liquid water)

� Relatively expensive ($1000s)� Operation can be temperamental� Mirror must be kept clean� Sensor must be heated to prevent condensation� Gas to be tested must be passed through heated
chamber (may not be suitable for
in-situ applications)

Optical � Very rapid response� Sensor cavity can be made from inert materials� Water mist entering the sensor can be evaporated
and measured (if super heated chamber is used)

� Relatively expensive� Cavity must be kept clean� Will respond to other gasses which absorb same
frequencies of light� Periodic calibration required due to drift
in performance of optical components

� Polymer humidity sensor. The operating principle
of solid-state humidity probes is measurement of
some material property of a water-sensitive mate-
rial. Polymeric materials are generally used for this
type of moisture sensor. Water vapor permeates the
plastic and changes its electrical properties such
as dielectric constant or conductivity. Sorption or
desorption of water from the polymeric material oc-
curs as the humidity of the surrounding environment
changes. The change in the materials property are
measured and converted to various humidity-related
values using established calibration data.� Chilled mirror. In this approach, a sensor head is
heated to a temperature well above the expected
dew point and a mirror within the sensor is cooled
until dew just begins to form on its reflective sur-
face. An optically controlled servo loop controls the
mirror temperature so that the dew neither evapo-
rates nor continues to condense (i. e., the definition
of dew point). The temperature at which this equi-
librium occurs is measured as the dew point. The
chilled mirror technique is a first principles method

meaning that the dew point is measured directly as
opposed to via correlation of some other measured
parameter to a response (calibration) curve.� Optical. In this method, light of specific frequencies
is passed through a cavity of known dimensions.
Water vapor absorbs some of the light and the
decrease in transmitted light is measured. The re-
duction in transmitted light is then correlated to the
amount of water in the path of the light, and from
this the various parameters related to water vapor
content of the gas can be calculated.

Methods to Humidify Fuel Cell Gases
In fuel cell operation and fuel cell test equipment, one
generally controls the moisture content of the inlet gas
stream. Water is a product of the fuel cell reaction
(Fig. 20.9a). The rate at which it is produced in the cell
is a function of the reaction rate, which relates to the
electrical current through Faraday’s law. Water is also
transported from one electrode to the other through the
membrane. The direction and rate of net water transport
through the membrane is a complex function of the cell
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Fig. 20.9a–d Common humidification methods. (a) Internal or self-humidification relies on diffusion of cathode-
generated water through the membrane, which is at least partially counterbalanced by osmotic drag of water by protons
(HC) from the anode to the cathode. (b) Membrane humidifiers are moisture-exchange devices using Nafion tubes.
(c) For bottle humidifiers, reactant gas is sparged through a temperature-controlled water bath. (d) The flash evaporation
humidifier produces humidified gas by spraying a stream of water on to a superheated panel where the water very rapidly
vaporizes. T.ıC/D thermocouple

conditions including anode and cathode RH, current
density, and membrane water permeability, among oth-
ers. For these reasons, the water content of gases within
anode and cathode compartments and exit streams can
differ from the water content of the respective inlet
gas.

Most fuel cell test systems include some method for
externally humidifying reactant gases. Three common
humidification systems are illustrated in Fig. 20.9b–d:
membrane humidifiers, bottle humidifiers, and flash
evaporation humidifiers.

Membrane humidifiers are water-exchange devices
employing water permeable membrane tubes such as
Nafion that allow water transmission but resist trans-
mission of reactant gas or other components. A tube-in-
tube membrane humidifier is illustrated in Fig. 20.9b.
Membrane humidifiers can operate as either water-
to-gas or gas-to-gas humidifiers. In the former, hot,
de-ionized water is circulated on one side of the mem-
brane tube and the gas to be humidified on the other.
Gas-to-gas humidifiers use a wet gas such as the fuel
cell cathode exhaust stream as the water vapor source
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for the (dry) gas to be humidified, the two gases being
separated by the membrane. In both types, water trans-
port through the membrane is due to the difference in
chemical potential (i. e., concentration) of water on ei-
ther side of the membrane.

Bottle humidifiers, illustrated in Fig. 20.9c, are
based on passing the gas to be humidified through
a heated water bath. Water vapor is absorbed by the
gas as the bubbles rise through the water. Water up-
take by the gas is a function of the water–gas interfacial
area and therefore a sparger (porous frit) is commonly
used to produce fine bubbles thereby increasing the
humidification efficiency. Well-designed bottle humidi-
fiers can fully saturate a gas stream, meaning that the
dew point of the humidified gas equals the tempera-
ture of the water. Bottle-type humidifiers are simple
and cost-effective. The primary disadvantages of this
humidification method is its limited water transfer ca-
pacity and the inability to provide rapid changes in
humidity level, although these can be addressed through
proportional mixing of wet and dry gases as described
below.

As shown in Fig. 20.9d, flash evaporation humidi-
fiers spray water onto a superheated surface to instantly
produce water vapor, which mixes with the flowing gas.
In some cases, the rate of liquid water injected is dy-
namically controlled to achieve a desired water vapor
content or dew point of the exit gas. When operating
in such a mode, the system attempts to produce humid-
ified gas of the user-defined dew point by controlling
the liquid water flow rate. This method of operation
requires sophisticated feedback control and a built-in,
real-time humidity sensor. Alternatively, one can op-
erate under constant flow control mode wherein water
is delivered to the hot plate at a rate predetermined to
produce the required humidity level. A metering pump
injects water into the flash evaporation chamber at the
user-specified rate. Precise control of the humidity level
can require that corrections to the water injection rate
be made to more closely approach the desired dew
point.

Steam injection is another common approach, in
particular for high-capacity test stands (> 1 kW) where
water transfer rates can be significant. In this method,
steam is introduced directly to the reactant gas. The
steam has enough thermal energy that it heats the re-
actant gas to a temperature sufficient to entrain all of
the water vapor. Temperature-controlled coolers, such
a tube-in-tube condensers, are used to decrease the gas
temperature to the desired value. As the gas is cooled,
excess moisture condenses leaving a water vapor satu-
rated mixture at the desired inlet temperature to the fuel
cell. An advantage of the direct steam injection system
is its high water transfer capacity.

Proportional mixing of wet or water vapor saturated
gas and dry gas is another means to achieving a de-
sired RH of inlet reactant. Computer-controlled MFCs
are used to mix in the correct proportion a fully satu-
rated gas and a dry gas to achieve a desired RH. This
approach allows the water vapor content of the gases to
which the fuel cell is exposed to be quickly changed,
which facilitates rapid assessment of fuel cell perfor-
mance over a range of conditions and measurement of
the dynamic response of the fuel cell to changes in re-
actant humidity.

One issue common to all external humidification
systems is that if the gas cools to below its dew point,
water will condense out of the gas, which decreases
the nominal dew point of the gas and leads to liq-
uid water entering the fuel cell. To counter act this,
well-designed external humidification systems employ
heated gas transfer lines between the humidifier and the
fuel cell.

Reactant humidification is an important considera-
tion in fuel cell test system. The test system needs to be
able to maintain stable, accurate reactant humidity and
flow levels to the fuel cell at all times. The response
time, or the speed at which a desired humidity level
can be reached, is also a consideration for some users.
As mentioned previously, some humidificationmethods
can more rapidly achieve or change humidification level
than other schemes. The test system also needs to be
able to supply anode and cathode flow rates sufficient
for the cell testing to be performed.

Bottle-type humidifiers provide humidification
from a fixed volume of water in a chamber. This water
is consumed over time and needs to be replaced. Al-
though a manual fill valve allows the water level to be
restored, an automatic filling system reduces the num-
ber of tasks required by the test operator and also can
provide less disruption to the test conditions when the
filling is performed. Automatic water filling also al-
lows long-term unattended operation of the fuel cell test
system.

Regardless of the humidification system used, the
water from the humid gas will condense on the walls
of the tubing exiting the humidifiers unless the lines are
heated to a temperature above the dew point of the gas.
If the water condenses on the tubing, the dew point is
reduced and droplets or slugs of liquid water may enter
the fuel cell and potentially disturb the cell’s operat-
ing condition and performance. It is therefore important
that the test system heat the entire anode and cathode
gas transfer lines up to the point that they enter the fuel
cell. Many test systems incorporate heated cell lines for
this reason.

While a basic fuel cell demonstration or experi-
ment can allow the unconsumed gases to exit the anode
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and cathode outlets of the fuel cell without any re-
strictions (through a vent to outside the building, for
example), many practical fuel cell applications pres-
surize the anode and cathode compartments. This is

typically achieved with a manual or automated regula-
tor on the outlets of both compartments of the fuel cell.
The cell is generally not pressurized to more than a few
atmospheres.

20.2 H2/O2 or Air Fuel Cell Performance Testing

The primary technique for characterizing the perfor-
mance of fuel cells is measurement of the cell voltage
as a function of current density. Voltage (V) versus
current density (A=cm2) and power density (W=cm2)
versus current density curves to a large extent define
the performance characteristics of a fuel cell and yield
information about cell losses under the operating con-
ditions employed. For a given cell, operating conditions
such as the cell temperature, and the composition, flow
rate, temperature, and RH of the reactant gases can be
readily varied. The effects of such variations on cell
performance can be analyzed to better characterize the
properties of the fuel cell.

At low current densities, the majority of the losses
are due to kinetic limitations at the electrocatalyst sur-
face. In the case of a PEM fuel cell operating with pure
hydrogen fuel, the high energy barrier associated with
the oxygen reduction reaction (ORR) at the cathode is
the dominant source of losses in the fuel cell at low cur-
rent densities. Cathodic activation losses dominate in
this case because the exchange current density, jo, for
O2 reduction on Pt is approximately 1000 times less
than the exchange current density for hydrogen oxida-
tion on the same catalyst. On the other hand, in a direct
methanol fuel cell (DMFC), oxidation of the liquid fuel
is sluggish and for this type of fuel cell, activation losses
on both the anode and cathode are significant.

As the current density increases, the ohmic (jR)
voltage drop within the cell becomes significant. This
is evident in the linear portion of the polarization curve
at intermediate current densities. If current interrupt (or
some other method) is used to measure the ohmic re-
sistance (R
 in � cm2) of the cell, the voltage data
can be corrected for the ohmic voltage loss by adding
the product of the current density and the ohmic resis-
tance (�V
 D jR
) to the measured cell voltage (Vcell)
at each current density to generate the jR-compensated
polarization curve.

Finally, mass transport effects dominate at high cur-
rent densities where delivery of reactant gas through the
pore structure of the backing layers and electrocatalyst
layers becomes the limiting factor. The performance
of the cell rapidly decreases when the electrode reac-
tion kinetics are so fast that transport effects become
significant. The cell is then stated to be operating un-

der transport limited conditions. While such operation
is highly desirable in traditional chemical reactors, it
is undesirable in fuel cells because the power density
(product of current density and cell voltage) typically
passes through a maximum some time before limit-
ing current conditions are reached. Even operating at
this maximal power density is discouraged, since the
corresponding single cell voltage is insufficient from
a systems viewpoint.

The performance of the fuel cell depends primarily
on the activity of the electrocatalyst layer, the quality
of material components, and the flow rate and purity
of the reactant gases. Although the best performance is
obtained when pure oxygen is fed to the cathode, this
is impractical for most applications and generally air is
used as the source of oxidant. However, because air is
essentially oxygen diluted by N2 at nearly 1 W 4 ratio,
cells that run on air suffer from:

1. Reduced thermodynamic potential (i. e., the Nernst
equation reveals that Etheor / log.p1=2

O2
/ so decreas-

ing the concentration of O2 causes decreasing Etheor)
2. Reduced oxygen reduction kinetics, and
3. Exacerbated mass transport limitations. As a result,

cells operated on air exhibit degraded performance
in comparison to operation with pure oxygen.

Furthermore, the conductivity of perfluorinated
membranes such as Nafion is strongly dependent on the
level of hydration in the membrane. Low ionic conduc-
tivity due to low membrane water content causes high
ohmic voltage loss leading to reduced cell performance.
Therefore, in practice, reactant gases are humidified to
maintain a well-hydrated membrane and prevent ex-
cessive dehydration despite formation of water at the
cathode as the product of reaction. An excess of wa-
ter, however, could flood the electrode, resulting in
severe transport limitations and reducing (and/or inter-
rupting) the performance and power output of the cell.
Care must be taken to maintain the proper water bal-
ance to ensure low ohmic losses and mass transport
losses.

When PEMs are subjected to temperatures above
100 ıC, at atmospheric pressure, their conductivity de-
creases significantly due to dehydration. Because water
boils at 100 ıC at 1 atm, the humidifier dew points
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must be below this temperature to ensure that some
reactant partial pressure is maintained, thereby lower-
ing the inlet RH to less than 100%. This problem can
be alleviated by operating the cell at higher pressures,
although pressurization is not desirable for fuel cell
systems due to the parasitic compressor power require-
ment.

The resistance of the membrane can also increase
due to dehydration at the anode. This occurs when
electroosmotic drag of water by protons migrating
through the membrane exceeds transport of neutral
water molecules in the opposite direction from the
cathode to the anode. This phenomenon is most promi-
nent at high current densities, typically > 1A=cm2.
The rate of electroosmotic drag of water from anode
to cathode depends on the inherent properties of the
ionomer and the operating temperature but not on the
thickness of the membrane. However, thinner mem-
branes tend to establish a more uniform distribution
with the overall effect that thinner membranes tend to
less susceptibility to anode dehydration at high current
density.

This section will be divided in two parts. In
Sect. 20.2.1, we will examine the effect of oxygen
concentration and stoichiometry on the performance
of a PEM fuel cell operating with hydrogen fuel. In
Sect. 20.2.2, a series of experiments will be proposed
to demonstrate the effect of temperature and reactant
RH on the performance of a hydrogen PEM fuel cell.

20.2.1 Effects of Oxygen Partial Pressure

After cell assembly, the cathode gas composition is se-
lected. Any range of oxygen concentrations in nitrogen
that demonstrate the stoichiometry effect is suitable, for
example, 4:0%, 10:5%, 21% (air) and 100% O2.

Then the reactant flow rates based on fixed cathode
and anode stoichiometric ratio are calculated:

� Stoichiometric ratio is the inverse of utilization. For
example, a stoichiometric ratio of 3 implies a uti-
lization of 33%.� Cathode: As a basis, use a cathode stoichiometric
ratio of 1:5� at 1A=cm2 for the air condition. Using
the same total volumetric flow rate, determine the
O2 stoichiometric ratio for the other cathode feed
gases.� Anode: H2 stoichiometric ratio of 2:5� at 1A=cm2

for all tests (constant flow rate) or 1:25� to 1:5�
(load-based flow rate). Note that using a load-based
flow rate will defeat the purpose of performing H2

utilization calculations because under these con-
ditions, SH2 and UH2 would be constant once the
minimum flow rate has been reached.

� The theoretically required volumetric flow rates
using Faraday’s law for each cathode oxidant op-
erating condition is determined.

Bring the fuel cell and humidifiers to the follow-
ing operating condition: 73=80=73 (anode humidifier
temperature (AHT) D 73 ıC; cell temperature (CT) D
80 ıC; cathode humidifier temperature (CHT)D 73 ıC;
system pressure D 1 atm). Condition the cell until it is
well stabilized, that is, constant value of current and
resistance over time at a given value of voltage (e.g.,
0:55V).

Measure the cell performance as a function of cath-
ode reactant stoichiometric ratio and O2 concentration
at 80 ıC and 75% RH. To obtain the performance curve
for Tafel analysis and to generate the full polarization
curve, perform a current scan over two current density
ranges.

� Tafel analysis: Current density from 0 to
100mA=cm2 at 10mA=cm2 increments.� Full performance curve: Current density
100mA=cm2 to the limiting current density
(or a predefined maximum such as 2000mA=cm2)
in 100mA=cm2 increments. Data should be ac-
quired after no less than 30 s to 1min at each
current value (although 1min=step is suitable
for instructional purposes, research is typically
performed with much longer hold-times at each
current increment, for example, 5min=step). Use
current interrupt technique during data acquisition
to measure the membrane resistance.

Results and Analysis – Effects of Oxygen
Partial Pressure, Stoichiometry

In this section, we analyze the fuel cell performance
data acquired for a range of oxygen concentrations (par-
tial pressures).

� Apply the Nernst equation to calculate the the-
oretical reversible cell potential (Etheor) for each
operating condition.� Plot the cell voltage (V) and area-specific cell re-
sistance (in � cm2) as a function of current density
(A=cm2) for each operating condition.� Plot the power density (W=cm2) versus current den-
sity for each operating condition.� Determine the cathodic Tafel slope (inherent as-
sumption: anode kinetics are very facile) by eval-
uating the slope of the jR-free V versus log.i/ data
in the low current density region (10�100mA=cm2)
for each operating condition.� Approximate the exchange current density, jo, for
the ORR. Describe the assumptions and likely
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Fig. 20.10 Cell voltage and membrane resistance as a function of current density for a PEMFC operated with a range of
oxygen concentrations: 100% O2, 21% (air), 10:5% and 4%. The legend for the performance curve (V–j) gives the OCV
and reversible potential in parenthesis (OCV, Etheor). Conditions: 50 cm2, 80 ıC cell/100% RH anode/100% RH cathode.
Constant mass flow rate. Anode stoichiometry: 2:5� at 1A=cm2. Cathode stoichiometry: 7:14� at 100% O2, 1:5� at
21% O2, 0:75� at 10:5% O2, and 0:29� at 4% O2; ambient pressure

sources of error in estimating the exchange current
density.� Determine the limiting current density, jlim, for each
operating condition.

Polarization Curve Analysis. The performance of the
fuel cell is characterized in part by voltage versus cur-
rent density and resistance versus current density plots.
Figures 20.10 and 20.11 summarize the performance
data on linear and semi-log plots, respectively; differ-
ent features of the performance of the fuel cell are
highlighted by plotting the data in these two formats.
For example, although both figures clearly demonstrate
the effect of cathode reactant concentration on the per-

formance of the fuel cell at 80 ıC and 100% RH, the
V–j plot clearly shows the linear relationship observed
at moderate current densities whereas the semi-log V–
j format highlights the activation controlled and mass
transport controlled regions at low and high current
densities, respectively.

Measured open-circuit voltage (OCV) can be com-
pared to the theoretical cell potential (Etheor). These
values are presented in the legend of the performance
curve in Figs. 20.10 and 20.11. The actual OCV is less
than the theoretical maximum potential in all cases, and
both values decrease with declining oxygen concentra-
tion. The OCV is less than Etheor because in practice,
parasitic oxidation reactions at the cathode cause it
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to attain a mixed potential that is less than predicted
based solely on the ORR. Oxidation of fuel that passes
through the membrane as well as oxidation of the cath-
ode materials themselves are sources of this mixed
potential. (Measurement and analysis of fuel crossover
is treated in Sect. 20.4).

Activation polarization due to electrode kinetic
limitations is dominant at very low current densities
(0�100mA=cm2). Looking at the performance curve
in the low current density region (most-easily observed
on the semi-log format, Fig. 20.11), the slope appears
to become more negative with lower O2 concentration.
The larger negative slope suggests that the voltage loss
due to reaction kinetics increased as the concentration
of the oxidant decreased. However, the Tafel slope it-
self should, by definition, be independent of oxygen
concentration. This apparent contradiction is examined
quantitatively below.

Membrane resistance is relatively constant
(0:080� cm2) up to about 1000mA=cm2 and (as
expected) is independent of oxidant composition. At
larger current densities, the ohmic resistance of the
membrane increases slightly due to dry-out of the
membrane on the anode side. Dry-out of the membrane
within PEM fuel cells is a common phenomenon
at high current densities and occurs because water
molecules associated with migrating protons are
dragged from the anode to the cathode at a higher rate
than they can diffuse from the cathode (where water
is produced) to the anode. This phenomenon is more
clearly seen with thicker membranes, such as Nafion
117, than with thin membranes such as the one used
here.

Mass transport limitations due to insufficient supply
of oxygen to the surface of the cathode were observed at
higher current densities, especially for gases containing
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low concentrations of oxygen. The mass transport lim-
iting currents were about 200mA=cm2, 650mA=cm2

and 1200mA=cm2 for 4% O2, 10:5% O2, and air,
respectively. A limiting current density for the pure
oxygen condition is not evident (> 2500mA=cm2). Fig-
ure 20.12 shows that the limiting current density is
directly proportional to oxygen content.

Power density delivered by a fuel cell is defined
by the product of current density drawn from the cell
and voltage at that current density. The effect of current
density on power density for various oxidant com-
positions is shown in Fig. 20.13. For a given feed
composition, maximum power density is achieved ap-
proximately two-thirds of the way between the no-load
(i. e., OCV) and limiting current density condition. Se-
lection of the optimal operating point depends on the
application and how the fuel cell is to be used. For ex-
ample, for vehicular applications higher power density
is required to minimize the weight of the car at the ex-
pense of efficiency whereas for residential and other
stationary applications a cell with higher efficiency is
preferred.

A linear relationship between current density and
reactant utilization per Faraday’s law is clearly evident
in Fig. 20.14. Reactant utilization decreases with in-
creasing inlet oxygen concentration (at constant flow

rate) because of the increase in the moles of reactant
per unit time.

Analysis of Sources of Polarization and Voltage
Loss. To evaluate the three primary sources of voltage
loss (activation, ohmic, and mass transfer polarizations)
we perform the following analysis:

1. Cathode activation polarization �act,c is determined
at each current density (j) using the Tafel equa-
tion, using the experimentally observed Tafel slope
of 67mV=decade (determined in the next section)
and an estimate of the exchange current density (jo)
determined by extrapolating the jR-corrected cell
voltage to the theoretical potential, Etheor. �act,c is
calculated by assuming that the ohmic resistance-
free H2/air cell voltage at current densities <
10mA=cm2 is purely controlled by the ORR kinet-
ics with a constant Tafel slope

�act,c D bc log
�

j

jo

�
: (20.1)

2. Ohmic losses �
 is measured using the current
interrupt technique. At low current density where
the jR-drop may be difficult to measure accurately
because of the small voltages, ohmic losses can
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be calculated from the cell resistance measured at
higher current densities. The latter method assumes
that the ohmic resistance of the cell does not change
with current density, which is a reasonable assump-
tion at low current densities.

3. Mass transport losses �transport are then calculated
from

�mass transport D Etheor �Ecell � j�act,cj � �
 ;

(20.2)

where the concentration polarization is now referred
to as the mass transport polarization.

The mass transport-induced voltage losses (concen-
tration polarization) may be visualized as the voltage
difference between the extrapolated kinetically con-
trolled Tafel behavior (represented by the solid and
dashed lines) and the jR-corrected cell voltage (plot-

ted data) in Fig. 20.15. Note that mass transport effects
are observed at much lower current densities in air than
for oxygen. For the air case, mass transport-induced
voltage losses are negligible below ca. 0:15A=cm2 but
grow rapidly with increasing current density. In con-
trast, mass transport losses were not evident until ca.
0:6A=cm2 for the O2 case. The source of the concentra-
tion polarization are generally considered to be flooding
of the gas diffusion media, and oxygen concentration
gradients/transport resistance in the electrode and thin
ionomer film in the catalyst layer [20.3, 4].

An example of the polarization source analysis de-
scribed above is presented in Fig. 20.16 for the H2/air
PEM fuel cell. The various sources of losses are evi-
dent. Clearly, the largest source of voltage loss is due
to sluggish oxygen reduction kinetics. Mass transport
losses are small relative to activation and ohmic volt-
age losses at current densities less than ca. 0:15A=cm2
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but become significant and indeed dominate the polar-
ization behavior at higher current densities. Prospects
for the most significant improvements in overall perfor-
mance of H2/air PEM fuel cells lay in increasing the
specific catalytic activity through decreasing the Tafel
slope and/or increasing the exchange current density,
and in reducing mass transport resistances at high cur-
rent densities through good electrode, gas diffusion me-
dia and flow field design and materials selection [20.3].

It should be noted that Williams et al. [20.4] ex-
panded upon and enhanced this relatively simple polar-
ization analysis method to extract six different sources
of voltage losses in H2/air PEM fuel cells:

1. Nonelectrode ohmic overpotential
2. Electrode ohmic overpotential
3. Nonelectrode concentration overpotential
4. Electrode concentration overpotential

5. Activation overpotential from the Tafel behavior,
and

6. Activation overpotential from the catalyst activity.

The necessary experiments and analysis methods
are presented in the referenced paper.

Analysis of Electrode Kinetics. The Tafel slope and
the exchange current density are fundamental and im-
portant properties that relate to the electrode reaction
kinetics. The Tafel slope gives the amount of activation
polarization (�act) needed to achieve a given reaction
rate (i. e., current density, j). Obviously, the smaller
the Tafel slope the better the performance of the cell
(i. e., greater cell voltage at a given current density).
The exchange current density jo is the rate of the re-
action occurring in the forward and reverse direction at
the reversible potential. All else being equal, a larger
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Fig. 20.15 Semi-log plot of jR-free voltage versus current density highlighting the difference in minimum current density
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O2 (� 0:6A=cm2) or Air (� 0:15A=cm2) as the oxidant. Conditions: 50 cm2 cell, 80 ıC cell, 100% RH anode/100%
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flow rateD 1:5� O2 in air at 1A=cm2; ambient pressure

exchange current density corresponds to a smaller acti-
vation loss for a given net current density when the fuel
cell is forced from the reversible condition upon appli-
cation of an external load.

Here we analyze the performance data acquired at
low current densities (where mass transport effects are
minimized) to determine these electrode parameters.
For a PEM cell operating on H2, we are primarily con-
cerned with the kinetics of the ORR, which is sluggish
in comparison to the hydrogen oxidation reaction on Pt
catalysts.

The theoretical Tafel slope b in V=dec is

bD 2:303
RT

˛cnF
; (20.3)

where R is the ideal gas constant (8:314 J=.molK/), T
is the absolute temperature (K), F is Faraday’s constant

(96 485C=equiv:), ’c is the transfer coefficient, and n is
the number of electrons to complete the reaction a sin-
gle time (equiv:=mol). For the ORR, nD 2 and we can
assume that ’c D 0:5 [20.5]. Accordingly, the theoret-
ically calculated cathodic Tafel slope is 70mV=dec at
80 ıC.

In fuel cells, kinetic resistance dominates the low
current density portion of the polarization curve, where
deviations from equilibrium are relatively small. At
these conditions, reactants are plentiful (no mass trans-
fer limitations) and the Tafel equation describes the
current density–voltage polarization curve in this re-
gion,

�act D b logjjj � a ; (20.4)

where a is a kinetic parameter. Linear regression of the
jR-compensated cell voltage (Vcell C jR) versus the log-
arithm of the current density yields the experimentally
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Fig. 20.16 The
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of polarization
are shown in this
voltage versus
current density
plot for a H2/air
PEM fuel cell.
Theoretical cell
potential at
1 atm, 80 ıC,
and 100% RH is
1:156V assuming
vapor-phase
water product.
Conditions:
50 cm2 cell,
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100% RH
anode/100% RH
cathode. Constant
mass flow rate.
Anode: fixed
stoichiometric
ratio D 1:25�
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Cathode: constant
mass flow rate
D 1:5� O2 in
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observed Tafel slope. Figure 20.17 shows the voltage
(corrected for ohmic polarization) plotted as a function
of the current density on a semi-log plot. Values for the
cathodic Tafel slope, bc, obtained using this technique
are summarized in for each oxidant composition exam-
ined here. The values are close to the theoretical value
of 70mV=dec.

In theory, the Tafel slope is independent of reactant
concentration. The results, however, indicate a trend
of increasing Tafel slope with decreasing O2 concen-
tration. Although a straight line over the full decade
of current density is observed for pure oxygen and
air conditions, mass transport effects, such as diffu-
sion of dissolved oxygen through the ionomer layer
in the cathode, in fact does influence the apparent
Tafel for these high O2-concentration reactants. The
4% oxygen concentration curve is linear only for 10
through 30mA=cm2, above which mass transport re-

sistances are observed as a deviation from linearity.
For this data set, only the very lowest current densi-
ties are used in the Tafel slope estimation to minimize
error in Tafel slope estimation. The influence of mass
transport in increasing the apparent Tafel slope with
decreasing oxygen concentration is the reason oxygen
is typically used for cathode kinetic studies of fuel
cells. By using oxygen, we can maximize the current
density range over which mass transport effects are
minimized.

Having determined the Tafel slope, we can esti-
mate the exchange current density by extrapolating
the V–log.j/ data to the reversible potential Etheor.
The results are summarized in Table 20.3. From
this data, it is estimated that the exchange current
density for oxygen reduction on the cathode cata-
lyst used in this MEA at 80 ıC is 4:4�10�7 A=cm2

(standard deviation, ¢ D 1:2�10�7 A=cm2). Note that
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the extrapolation was extended over several decades
where extremely low-current data was unavailable
(given that the lowest current density measured
was 10mA=cm2). Such extrapolation invariably leads
to large errors in estimating the exchange current
density.

Because it is difficult to accurately determine jo,
parameters that can be estimated with better accuracy
and precision should be used to assess electrode per-

Table 20.3 Fuel cell electrode performance metrics obtained from jR-compensated performance curves measured at
80 ıC (Fig. 20.17)

Oxidant OCV (V) Etheor (V) Ecell at 10mA=cm2 (V) bc (mV=dec)a j at Ecell,jR-free D 0:85V (A=cm2) jo (A=cm2)

100% O2 1:024 1:168 0:908 58:6 100 3:6�10�7

Air 0:979 1:156 0:868 67:3 20 5:2�10�7

10:5% O2 0:953 1:151 0:852 66:5 11 3:2�10�7

4% O2 0:903 1:144 0:824 75:5 4 5:7�10�7

a Theoretical Tafel slope D 70mV=dec at 80 ıC for ’c D 0:5, n D 2

formance. Typical fuel cell parameters used for kinetic
property evaluation shown in Table 20.3 include:

1. Tafel slope
2. Cell voltage at low current density (e.g.,

10mA=cm2) where mass transport effects are
negligible

3. Current density at a jR-free cell voltage (e.g.,
0:85V).
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Fig. 20.18 Cell
voltage and cell
resistance versus
current density
as a function of
temperature for
pure oxygen and
air cathode reac-
tant. The legend
for the perfor-
mance curve
(V–j) gives the
measured OCV
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voltage in paren-
thesis (OCV,
Etheor). Condi-
tions: 50 cm2
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etry based on
1A=cm2 and
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Some or all of these parameters can be used to
compare the electrode kinetics of the fuel cell as a func-
tion of operating conditions, electrode materials, cell
components, etc.. For example, the results shown in
Table 20.3 indicate that the current density at an jR-
compensated cell voltage of 0:85V is approximately
proportional to the oxygen pressure. Additional infor-
mation on the analysis of the ORR kinetics in PEM fuel
cells can be found in [20.6].

Discussion
The described experiments and analyses allow us to
compare the performance of the cell operating under
different oxygen stoichiometric ratios and to investigate
which performance characteristics of the fuel cell are
dependent on the oxygen concentration. By comparing
the theoretical potential (Etheor) to the observed open
circuit potential of the cell, one can identify the extent
and sources of loss in cell voltage at open circuit. One

can also list the sources of losses occurring at any point
along the polarization curve and identify regimes (de-
marcated by current density) wherein activation, ohmic,
and mass transport losses dominate.

20.2.2 Temperature and Relative
Humidity Effects

After assembling the MEA, setting up the fuel test
cell station and connecting all gases, a test for reactant
crossover and electronic short within the cell as de-
scribed in Sect. 20.4 can be carried out. The cell is then
conditioned by holding a constant voltage (e.g., 0:55V)
until current density and cell resistance are stable. Cell
performance is then determined by measuring the cell
voltage as a function of current density, while operating
the cell at different conditions.

To obtain the performance curve for Tafel analy-
sis and to generate the full polarization curve, a current
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scan experiment over two current density ranges should
be performed:

� Tafel analysis: Current density from 0 to
100mA=cm2 at 10mA=cm2 increments.� Full performance curve: Current density
100mA=cm2 to the limiting current density (or
a predefined maximum such as 2000mA=cm2) at
100mA=cm2 increments. Data should be acquired
after no less than 30 s to 1min at each current value
(time/point setting). Although 1min=step is suit-
able for instructional purposes, research is typically
performed with much longer hold-times at each cur-
rent increment, for example, 5min=step. The data
are acquired using the current interrupt technique
enabled to measure the membrane resistance.

Analysis of Fuel Cell Performance� The anode and cathode inlet RH, hydrogen
and oxygen partial pressure, theoretical reversible
potential and Tafel slope at each condition
are calculated. Sample results are shown in
Table 20.3.� The theoretical reversible cell voltage Etheor is com-
pared to the experimentally observed open circuit
voltage.� The following data can be plotted and analyzed (this
is just a representative sample of the data that can
be compared – depending on the experimental con-
ditions studied.
– Performance curves: cell voltage versus current

density and membrane resistance versus current
density at 25 and 80 ıC under fully humidified
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Effect of anode
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conditions (100% RH) for oxygen and air to ex-
amine temperature effects (Fig. 20.18).

– Power density curves at 25 and 80 ıC under
fully humidified conditions (100% RH) for oxy-
gen and air to examine temperature effects
(Fig. 20.18).

– Performance curves and membrane resistance
for the conditions 40=80=40, 60=80=60, and
80=80=80 for oxygen and air to examine the
effect of reactant humidification (Fig. 20.20).
Comparison of how the cell resistance changes
with reactant humidification can be done.

– Optional: The performance curves and mem-
brane resistance for the conditions 40=80=40,
60=80=40, 60=80=60, 80=80=60, and 80=80=80
for oxygen to examine the effect of anode
and anode C cathode reactant humidification

(Fig. 20.21). It shows how the cell resistance
changes with reactant humidification.

– A plot of the cell voltage and jR-free voltage
versus current density for low, medium, and
high humidification conditions can be drawn.� A Tafel (slope) analysis by plotting the jR-free volt-

age versus log.j/ curves and estimate the exchange
current density (Figs. 20.22 and 20.23) can be per-
formed. Comparing the Tafel slope and exchange
current density obtained for the different cell tem-
peratures and humidity values and the discussion
items can be considered at this stage: the electrode
reaction resistance (Tafel slope) with decreasing
temperature, humidity influence the resistance of
the electrode reaction, temperature, or humidity
effect on the activation of the oxygen reduction re-
action.



Polymer Electrolyte Fuel Cells 20.2 H2/O2 or Air Fuel Cell Performance Testing 675
Part

D
|20.2

40/80/40

60/80/40

60/80/60

80/80/60

80/80/80

40/80/40, resistance

60/80/40, resistance

60/80/60, resistance

80/80/60, resistance

80/80/80, resistance

0 500 1000 1500 2000 2500
0.0

0.2

0.4

0.6

0.8

1.0

1.2 1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Current density (mA/cm²)

Voltage (V) Resistance (Ω/cm²)

H2 / O2, 1 atm

Fig. 20.21 Ef-
fect of anode
and cathode
humidification
on the H2/O2

cell performance
and membrane
resistance due to
humidification
anode-only or
anode + cathode
reactant. Condi-
tions: 50 cm2 cell
(AHT, CT, CHT)

Figures 20.18 and 20.19 summarize the perfor-
mance data on linear and semi-log plots, respectively.
Different features of the performance of the fuel cell
are highlighted by plotting the data in these two for-
mats. The former voltage–current density plot shows
the linear relationship observed at moderate current
densities whereas the semi-log format highlights the
activation-controlled and mass-transport controlled re-
gions at low and high current densities, respectively.
Both figures demonstrate the effect of temperature and
oxidant concentration on the performance of the cell.
For this reason, both types of plots are commonly used
when evaluating the V–j behavior of fuel cells.

The effect of operating temperature (25 ıC versus
80 ıC, at 100%RH) on cell performance andmembrane
resistance for a H2 PEM cell operating on pure O2 or air
is shown in Fig. 20.18. Measured OCV and theoretical
reversible potential at 80 ıC are slightly lower than the

corresponding values at 25 ıC. (There is also the ex-
pected oxidant composition effect on OCV and Etheor.)
The temperature effect on these properties is primarily
due to the higher concentration of reactants (H2 and O2)
when fed at lower temperatures under saturated mois-
ture conditions (100% RH). The absolute water content
of a gas increases with temperature; thus, increasing
the temperature of the feed gas decreases the relative
proportion of reactant in the water-vapor saturated gas.
The effect of reduced reactant concentration on Etheor

can be predicted by examination of the Nernst equa-
tion

Etheor / log

 
pH2p

1=2
O2

pH2O

!
: (20.5)

Figure 20.18 shows that under fully hydrated con-
ditions, membrane resistance decreases with increasing
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temperature. The temperature dependence of the ohmic
resistance of the membrane is related to the mobility of
the protons, which increases with increasing tempera-
ture.

Although the OCV and Etheor decrease with increas-
ing temperature, elevated temperatures favor faster re-
action kinetics on the catalyst surface, increased diffu-
sion through the GDL, and lower membrane resistance.
The net result is improved overall cell performance at
80 ıC in comparison to 25 ıC under fully saturated con-
ditions as demonstrated by the power density curves
shown in Fig. 20.24.

The effect of reactant humidity on the performance
of the cell is shown in Fig. 20.20. In each case, the cell
was operated at 80 ıC while the anode and cathode gas
humidifier tanks were both set at either 40, 60 or 80 ıC,
corresponding, respectively, to low (16% RH), moder-
ate (42% RH) and high (100%RH) humidity conditions
within the cell. The performance of the cell is a strong
function of the humidity of the reactants (Table 20.4).

The performance of the cell at low humidity condi-
tions is independent of the oxidant concentration. That

is, the V–j data are nearly identical using oxygen and
air at low humidity (i. e., 40=80=40). A significant im-
provement in performance when operating with pure
oxygen in comparison to air is observed only when the
cell was well-humidified indicating that the resistance
of the membrane dominates the performance of the cell
under dehydrated or low RH conditions.

Figure 20.20 indicates that the membrane resis-
tance, determined using the current interrupt technique,
increases by greater than an order of magnitude be-
tween the high and low humidity conditions (i. e., 0.1
versus 1:2� cm2 at 100% RH and 16% RH, respec-
tively). For a given humidity condition, the membrane
resistance is independent of the oxidant composition;
hence, only resistance data for oxygen is shown.

Figure 20.21 further demonstrates the influence of
reactant moisture content on the performance of the
PEM fuel cell by showing the effect of just anode
as well as anode and cathode reactant humidification.
It is evident, for example, that humidification of the
fuel alone dramatically improves the performance of
the cell by decreasing the resistance of the membrane
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(e.g., compare the conditions 60=80=60 and 80=80=60).
Arguably, humidification of the hydrogen fuel had
a greater impact on the performance of the cell than did
humidification of the oxygen. This can be rationalized
by considering that water is produced at the cathode
whereas it is removed at the anode by osmotic drag
through the membrane. In practice, control of the wa-
ter content of both anode and cathode feed streams is
performed to optimize the performance of the cell.

Analysis of Electrode Kinetics
The effect of cell humidification on reaction kinetics is
demonstrated by Tafel analysis, which was presented in
detail in Sect. 20.2.1. The Tafel slope is given by the
slope of the cell voltage (corrected for membrane re-
sistance) plotted as a function of the logarithm of the
current density. The Tafel slope is obtained by linear
regression of the data.

Figure 20.22 shows the Tafel plots for a fully hu-
midified H2/O2 cell operating at four temperatures.
Experimental Tafel slopes were 59.0, 60.2, 61.8, and
58:6mV=dec at 25, 40, 60, and 80 ıC, respectively. The
low temperature results correspond quite well with the-
oretical predictions of the Tafel slope although they
tend to diverge at the higher temperatures (bc,theor D
59:2, 62.0, 66.1, 70:1mV=dec, respectively).

The effect of humidity on the electrode kinetics
is shown in Fig. 20.23 wherein Tafel analysis is per-
formed on data acquired at low (40=80=40, 16% RH),
medium (60=80=60, 42% RH), and high (80=80=80,
100% RH) humidity levels. The apparent resistance to
the ORR increased significantly at low humidity levels,
as indicated by the large Tafel slope (D 129mV=dec).
With increasing reactant humidity the electrode kinet-
ics became more facile (i. e., 71.2 and 58:6mV=dec
at moderate and high humidity, respectively). This ap-
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Table 20.4 Operating conditions, and theoretical and experimental results for PEM fuel cell

Condition Theoretical Experimental
AHT/CT/ Anode Cathode
CHT Oxygen Air Oxygen Air

RH
(%)

p
(H2)
(atm)

RH
(%)

p
(O2)
(atm)

Etheor

(V)
p
(O2)
(atm)

Etheor

(V)
bc
(mV=

dec)a

OCV
(V)

bc
(mV=

dec)

jo (A=

cm2)
OCV
(V)

bc
(mV=

dec)

jo (A=

cm2)

25=25=25 100 0:968 100 0:968 1:228 0:203 1:218 59:2 1:044 59:0 1:3�
10�8

0:998 – –

40=40=40 100 0:927 100 0:927 1:215 0:195 1:204 62:0 0:987 60:2 3:6�
10�8

0:867 74:0 2:8�
10�7

60=60=60 100 0:804 100 0:804 1:195 0:169 1:184 66:1 0:990 61:8 1:3�
10�7

0:864 66:0 1:4�
10�7

80=80=80 100 0:533 100 0:532 1:168 0:112 1:156 70:1 1:024 58:6 3:6�
10�7

0:863 63:4 2:4�
10�7

40=80=40 16 0:927 16 0:927 1:181 0:195 1:169 70:1 1:008 129:6 – 0:974 – –
60=80=40 42 0:804 16 0:927 1:179 0:195 1:167 70:1 1:010 95:7 – 0:976 – –
60=80=60 42 0:804 42 0:804 1:178 0:169 1:166 70:1 0:990 71:2 1:7�

10�6
0:964 – –

80=80=60 100 0:532 42 0:804 1:171 0:169 1:159 70:1 0:940 63:7 6:4�
10�7

0:983 – –

a Tafel slope assuming ’c D 0:5, n D 2.

parent increase in the Tafel slope is perhaps due to
enhanced ohmic and mass transport losses within the
cathode catalyst layer as the RH is lowered. Data at
lower current density would be desirable to define the
true cathode kinetics. A change in the mechanism of
oxygen reduction cannot be ruled out.

The results attained in these experiments indicate
that unless the effects of humidity on the electrode
kinetics are specifically being investigated, electrode
kinetics should be studied using well humidified con-
ditions and pure oxygen as the oxidant.

Summary
The experiments described in this part are intended to
instill understanding and experience in employing elec-
trochemical test methods to determine the performance
characteristics of a hydrogen-fueled PEMFC. The per-
formance of the fuel cell has been presented via voltage
versus current density and resistance versus current
density plots.

A detailed data analysis and discussion is presented
to acquaint the reader with concepts related to fuel cell
reactant consumption rates and utilization. Some of the
experiments proposed allow the reader to evaluate the
performance of PEM fuel cell as a function of tempera-
ture, reactant gas humidity levels, oxygen concentration
and stoichiometry with an emphasis on the effects of
varying these parameters on electrode kinetics, mass
transport limitations, and cell resistance.

The measured OCV is shown to be less than the
theoretical maximum potential (Etheor) in all cases, and

both values decrease with declining oxygen concentra-
tion. The OCV is less than Etheor because in practice,
parasitic oxidation reactions at the cathode lead to
a mixed potential that is lower than the electrode po-
tential predicted based solely on the ORR. Oxidation of
fuel that crosses over through the membrane and oxida-
tion of the cathode materials (e.g., carbon support) both
contribute to this mixed potential.

Activation polarization due to kinetic limi-
tations dominate at low current densities (0–
100mA=cm2). Analysis of the polarization data
in this activation region allows to estimate the Tafel
slope and the exchange current density. Ohmic losses
dominate at intermediate current densities (100–
1000mA=cm2) and are a resultant of ionic and
electronic resistances. The membrane resistance is
typically relatively constant up to about 1000mA=cm2

and is independent of oxidant composition. At larger
current densities, the ohmic resistance of the membrane
increases slightly due to dry-out of the membrane on
the anode side. Dry-out of the membrane within the
PEM fuel cells is a common phenomenon at high
current densities and occurs because water molecules
associated with migrating protons are dragged from
the anode to the cathode at a higher rate than they can
diffuse back from the cathode (where water is also
produced). This phenomenon is more clearly seen with
thicker membranes, such as Nafion 117, than with thin
membranes such as Nafion 211 used here.

Mass transport limitations due to insufficient supply
of oxygen to the surface of the cathode are observed
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at higher current densities (more than 1000mA=cm2)
and dominate the polarization in this region. The lim-
iting current density is the maximum attainable current

density in this regime and depends on the oxygen con-
centration in the oxidant stream, the flow rates, the
properties of the diffusion media, and the cell design.

20.3 Application of a Fuel Cell Empirical Model

Fuel cell research and development is currently focused
on material cost reduction in conjunction with opti-
mization of fuel cell design for improved performance
and durability. To achieve the required performance
and cost goals, there is a strong need to identify, un-
derstand, control, predict, and optimize the various
thermodynamic, kinetic and transport processes that
occur on disparate length scales during fuel cell oper-
ation. Optimization of fuel cell technology will not be

achieved by experimental analysis alone because of the
large number of interdependent and complex processes
and structure–property–performance relationships in-
volved. Modeling of fuel cells is used to reduce de-
velopment time and cost while increasing the scientific
understanding of this complex technology by facilitat-
ing identification of the critical parameters that have the
largest impact on performance.Wang recently reviewed
the status of fuel cell modeling efforts [20.7].
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Although comprehensive modeling of a fuel cell
system is beyond the scope of this book, a simple model
describing voltage–current characteristics of the fuel
cell can be introduced and implemented to test for 1.) its
ability to fit the data, and 2.) its utility as an analytical
tool.

A common method to determine cell voltage losses
is least squares fitting of an analytical expression in-
corporating the three main sources of loss to the ex-
perimental performance data. The simplified empirical
model employed here is based on the work of Srini-
vasan and coworkers [20.8–12].

The complete relationship between the cell voltage
and current-dependent polarization losses can be de-
scribed by

Vcell D Etheor � .�act,cC �act,a/� �


� .�conc,cC �conc,a/ ; (20.6)

where the three primary sources of polarization, previ-
ously presented are listed here.

1. Activation polarization (�act). The Tafel equation
(20.4) describes the relationship between the cur-
rent density j and activation polarization �act at large
overpotentials.

2. Ohmic polarization (�
). Voltage losses due to
ionic and electronic transport resistance and con-
tact resistance as described by a simplified form of
Ohm’s law,

�
 D jR
 ; (20.7)

where R
 is the resistance in� cm2.
3. Concentration polarization (�conc). Mass transport

polarization losses can be described by

�conc D C log

�
jlim � j

jlim

�
: (20.8)

Here, jlim in A=cm2 is the maximum achievable
current density based on the Fickian diffusion of
reactant to the electrode surface at which the con-
centration of reactant is assumed to be zero [20.13].
The parameter C is related to the Tafel slope by

CD 2:303
RT

nF
; (20.9)

where R, T , n, and F have their usual meaning.
Equation (20.8) indicates that �conc becomes a very
large negative number as j approaches jlim and de-
scribes the source of the rapid decrease in cell
potential in the regime where the reaction consump-
tion rate (given by the current density) is dictated by
transport of reactant to the active surface sites.

20.3.1 Model Application and Analysis

To perform the simplified modeling analysis, we make
the following assumptions:

� Polarization at the anode (activation, ohmic, and
concentration) is negligible in comparison to ca-
thodic contributions. This assumption is generally
justified for pure H2 operation, but will not hold for
reformate or direct methanol operation.� At the cathode, activation-controlled kinetics can be
described by Tafel behavior (20.4).� Mass transport losses (concentration polarization)
can be described by (20.8).� Ohmic resistance is independent of current density.
(Resistance is known to increase at high current
densities due to dehydration so the validity of this
assumption should be regarded with some skepti-
cism, at least under some conditions.)� All of the polarization losses can be separated and
do not interact.� Ohmic losses in the cathode are negligible.

Equation (20.10) is the result of applying the earlier
assumptions and substituting the respective polarization
relationships into (20.6),

Vcell D Etheor� bc log
�

j

jo,c

�

� jR
 CCc log

�
jlim,c � j

jlim,c

�
: (20.10)

Here, the subscript c is used to reinforce the assump-
tion that polarization losses are attributed to cathodic
processes, either activation or mass transport (in addi-
tion to ohmic effects). The exchange current density is
a constant for a given reaction–electrode system, and as
such (20.10) can be rearranged to give

V D EtheorCAc � bc log.j/� jR


CCc log

�
jlim,c � j

jlim,c

�
; (20.11)

where Ac D bc log jo,c. The five fitted parameters are:
(Etheor CAc), bc, R
, Cc, and jlim,c. From this empirical
model, we can estimate physiochemically meaningful
parameters including the cathodic Tafel slope and lim-
iting current density, and the cell ohmic resistance.

Table 20.5 summarizes theoretical, experimental,
and empirical modeling results for a PEM fuel cell
operating at 80 ıC, 25 ıC, and with a range of oxi-
dant concentrations. Theoretical parameters include the
reversible potential and Tafel slope (assuming ’c D
0:5). Experimental values include the OCV, cathodic
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Table 20.5 Theoretical, experimental, and empirical model fit values for kinetic, ohmic, and transport parameters for a H2

PEMFC operating at 80 and 25 ıC with a range of oxygen concentrations

Temp. Cathode Theoretical Experimental Empirical model parameters
(ıC) reactant Etheor

(V)
bc
(mV=dec)a

OCV
(V)

bc
(mV=dec)

R� at 0.5
A=cm2

(m	cm2)

Etheor C
Ac (V)

bc
(mV=dec)

R�

(	cm2)
Cc

(mV=dec)
jlim,c

(A=cm2)

80 100% O2 1:168 70 1:024 58:6 76:6 0:790 59:2 63:1 81:6 2:87
Air 1:156 0:979 67:3 74:4 0:758 49:7 49:7 99:3 1:27
10:5% O2 1:151 0:953 66:5 69:3 0:759 85:6 106 163:4 0:61
4% O2 1:144 0:903 75:5 – 0:744 92:5 338 89:5 0:20

25 100% O2 1:228 59 1:045 57:5 105:9 0:743 75:7 118 – –
Air 1:218 0:994 72:6 101:4 0:733 64:9 117 86:5 1:191
10:5% O2 1:214 0:970 65:0 92:7 0:768 52:0 81:0 92:1 0:536
4% O2 1:208 0:930 75:0 – 0:743 47:3 83:8 6:1 0:150

a Theoretical Tafel slope based on ’c D 0:5

Tafel slope from the analysis of low-current den-
sity data regression (e.g., performed in Sects. 20.2.1
and 20.2.2), and the ohmic resistance (R
) from cur-
rent interrupt.

Values for the adjustable parameters ((Etheor CAc),
bc, R
, Cc, and jlim,c) obtained via regression of polar-
ization data (V versus j) using an equation of the form
given by (20.11) are also summarized in Table 20.5.
The empirical model was fitted to the experimental data
using nonlinear regression software; fitting curves gen-
erated using this model had correlation coefficients in
excess of 0.992. The model, therefore, is excellent as
a fitting function for fuel cell performance curves from
which values can be interpolated or extrapolated. For
example, one can estimate the limiting current den-
sity in cases where data is insufficient to estimate it
experimentally. For comparison, the fitted and exper-
imental data are presented in Fig. 20.25. The accuracy
of the estimation, however, is in question as is discussed
later.

The regression-generated values for R
 can be
compared to experimentally measured values. Ohmic
resistance calculated using (20.7) was consistent
(˙15%) with experimental values measured by current
interrupt at 25 ıC; greater discrepancy (�30 to C50%)
between predicted and measured values was observed
for the 80 ıC data set. The discrepancies suggest that
R
 in (20.7) is not strictly representative of the mem-
brane resistance but in fact includes additional losses
other than the ohmic resistance of the membrane. As
noted earlier, although R
 in the model is assumed to
be independent of current density, it is well established
that in actual fuel cell operation, membrane resistance
is a function of operating conditions such as current
density and gas composition. R
 is therefore partially
determined by mass transport effects [20.11, 12]. Be-
cause the ohmic resistance of the cell is not a fixed

value, the resistance R
 determined from a fit using the
empirical model should more appropriately be consid-
ered pseudo-ohmic [20.14].

Values for the Tafel slope predicted from theory can
also be compared to values obtained via regression us-
ing (20.11) (the full empirical model) and (20.4) (the
Tafel equation) to test the model’s analytical capability.
The theoretical cathodic Tafel slope bc can be calculated
using (20.3).

In this equation, ’c is the transfer coefficient and is
assumed equal to 0.5 for the ORR [20.5]. According to
this theory, the Tafel slope should be 59mV=dec and
70mV=dec at 25 and 80 ıC, respectively. Tafel slope
analysis using experimental data (i. e., jR-free Vcell ver-
sus log j) based on the Tafel equation was performed as
part of Sects. 20.2.1 and 20.2.2.

Table 20.5 shows that bc values derived from the
regression based on the empirical model were ˙30%
of the theoretical value. In contrast, those obtained
from the Tafel equation via linear regression of jR-
compensated Vcell� log j data in the low current density
region tended to more closely match theoretical pre-
dictions. These results indicate that Tafel slopes are
more accurately obtained from raw data using the Tafel
equation in comparison to the results extracted from
a multiparameter empirical model. One might suggest
some physical reasons for the discrepancy, such as the
existence of diffusion or resistive losses in the cathode
catalyst layer of the electrode. We may argue, however,
that the model is too flexible to assign any physical sig-
nificance to the values of the parameters obtained by
force fitting to experimental data (i. e., a large range of
values for each parameter in the empirical model yield
a reasonably good fit). The model exhibits limited relia-
bility in predicting true physical behavior of individual
contributions to the polarization curve, and therefore
must be used with utmost caution.
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Fig. 20.25a,b Nonlinear regression
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Conditions: 50 cm2 cell, 100%
RH anode and cathode, 1 atm.
Stoichiometry: anode D 2:5�;
cathode D 1:5� based on O2 in air;
constant flow rate



Polymer Electrolyte Fuel Cells 20.4 Fuel Crossover and Electrochemical Surface Area 683
Part

D
|20.4

Williams et al. presented a more thorough and
meaningful methodology to analyze the sources of po-
larization within PEM fuel cells [20.4].

20.3.2 Summary

In this section, we have examined the application of
a simple empirical model to describe the voltage–
current density characteristics of the fuel cell, and
evaluated the model in terms of its ability to fit the
data and its utility as an analytical tool. The model
incorporates three main sources of voltage loss: acti-
vation polarization (�act), ohmic polarization (�
), and
concentration polarization. We employ the following
assumptions in the application of the model:

1. Polarization at the anode (activation, ohmic and
concentration) is negligible in comparison to ca-
thodic contributions.

2. The Tafel equation can be used to describe cathode
kinetics.

3. Ohmic resistance is independent of current density.
4. Ohmic losses in the electrodes are negligible.
5. All of the polarization losses are separable and do

not interact.

The model fits the experimental data reasonably
well. However, given that it is a multiparameter fit, care
must be taken to identify whether each parameter is in-
deed sensitive and can be effectively used to identify
main sources of polarization.

20.4 Fuel Crossover and Electrochemical Surface Area

This section examines the evaluation of two key proper-
ties of H2 PEM fuel cells: (a) Hydrogen fuel crossover
through the membrane and (b) electrochemically active
area of the electrode. These techniques are based on
linear potential sweep methods treated in detail by stan-
dard texts on electrochemical techniques [20.13, 15].

20.4.1 Hydrogen Crossover
and Internal Short Circuit

Crossover of fuel (hydrogen) from one electrode to the
other by permeation through the electrolyte degrades
the performance of the cell by reducing the OCV of cell
through induced mixed potentials and by decreasing
fuel efficiency. This phenomenon is referred to as fuel
crossover. Oxidant crossover can also occur through
a similar mechanism (albeit in the opposite direction).

Direct conduction of electrons between the elec-
trodes through the electrolyte is also a source of loss
within a fuel cell. Although the electrolyte of the cell
is designed to be electrically insulating and ionically
conducting, a finite amount of electron conduction can
also occur, especially if small portions of the individ-
ual electrode contact one another due to electrolyte
thinning. As with crossover, excessive electronic con-
duction through the electrolyte results in degradation of
cell performance.

Fuel crossover and internal short circuits are es-
sentially equivalent. The crossover of one hydrogen
molecule resulting in the loss of two electrons is the
same as the loss occurring from the conduction of
two electrons from the anode to the cathode. A fuel
crossover current of 1�2mA=cm2 may be acceptable

if the operating current density of the system is around
400mA=cm2. This proportion equates to a loss of effi-
ciency of 0:25�0:5%.

To experimentally determine the fuel crossover,
a suitable inert gas such as nitrogen is used to purge
the fuel cell cathode while hydrogen is passed through
the fuel cell anode. The potential of the fuel cell cath-
ode (now the working electrode (WE)) is swept by
means of a linear potential scan to potentials at which
any hydrogen present is instantaneously oxidized. Such
experiments are typically referred to as linear sweep
voltammetry (LSV) experiments. The output of work-
ing electrode (WE) current versus WE potential can be
used to derive the hydrogen crossover flux from Fara-
day’s law. The diffusion-limiting current that is attained
at electrode potentials is directly related to the hydro-
gen crossover flux through Faraday’s law. The results
of such an experiment are shown in Fig. 20.26.

The presence of significant internal shorting within
a fuel cell can also be detected from the results of this
experiment, and is manifested as a positive slope in the
current potential plot (an example of this is shown in
Fig. 20.26).

A simpler but less informative approach to detection
of crossover is performed by shutting off the cathode
oxygen supply and monitoring the OCV of the fuel cell
for approximately 2min [20.16]. Leaking hydrogen gas
through membrane to the cathode will react with the
available oxygen thereby decreasing the concentration
of oxidant. Nernst’s law states that the OCV is a func-
tion of reactant concentration. Therefore, a decrease in
cell voltage arising from the decrease in oxygen con-
centration indicates fuel crossover. Although relatively
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Fig. 20.26 Linear sweep voltammograms for hydrogen crossover in a PEMFC. The limiting current density for the
pristine cell at 35 and 75 ıC are 1.1 and 1:4mA=cm2, respectively, which are indicative of low H2 crossover flux.
In contrast, the limiting current density for the degraded cell was 5:5mA=cm2 revealing significantly increased fuel
crossover relative to the pristine cell. The positive slope of the degraded cell (not observed for the pristine cell) indicates
that an internal short exists within the degraded cell. Test conditions are given in the figure

easy to perform and requiring no special equipment
(such as a potentiostat needed for the method described
above and performed below), this approach has the dis-
advantages that the rate of crossover is unknown and
the presence or absence of an electrical short is also not
indicated.

Electrochemical Surface Area (ECSA)
of Electrode Catalyst

Cyclic voltammetry (CV) is a common diagnostic tool
for characterizing the electrode properties. A typical
PEMFC electrocatalyst layer consists of a mixture of
carbon-supported Pt and a proton conducting material
such as Nafion (or alternate ionomers). The carbon
support enhances the electronic conductivity and pro-
vides better Pt dispersions, while the ionomer serves to
bind the electrode layer and facilitate proton conduc-
tion through the layer. The electrochemical activity of

the electrode is dependent on the extent of formation
of a three phase boundary where reactants, conducting
material and active catalyst sites are in contact with one
another.

The technique for determining the electrochemi-
cal surface area (ECSA) of a catalyst in an electrode
by CV analysis has been used for several decades.
The procedure involves cycling the electrode of in-
terest over a voltage range such that charge-transfer
reactions are adsorption limited. That is, the electrode
potential is such that the number of reactive surface
sites can be obtained by recording the total charge re-
quired for monolayer adsorption/desorption. Common
reactions used when characterizing PEM fuel cell elec-
trodes are the hydrogen adsorption/desorption (HAD)
reaction,

PtCHC C e� $ Pt�Hads (20.12)



Polymer Electrolyte Fuel Cells 20.4 Fuel Crossover and Electrochemical Surface Area 685
Part

D
|20.4

0.0 0.2 0.4 0.6 0.8
–30

–20

–10

0

10

20

Potential vs. RE/CE (V)

Current density (mA/cm²)

Pt + H+ + e– → Pt – Hads

Pt – Hads → Pt + H+ + e–

Fig. 20.27 Cyclic
voltammogram
of PEMFC. Scan
rate 40mV=s;
Cell: 50 cm2,
35 ıC; Fuel cell
anode/cathode:
H2/N2, 35 ıC
humidifier; 1 atm

or the oxidative stripping of adsorbed carbon monoxide
(CO) [20.17],

Pt�COads CH2O! PtCCO2 C 2H� C 2e� :

(20.13)

Fuel cell electrodes may be examined for their electro-
catalytic performance by ex situ or in situ voltammetry
experiments. In the case of ex situ experiments (also
known as half-cell experiments), the properties of the
electrode are evaluated using a standard three-electrode
cell with an aqueous solution of acid (typically
0:1M HClO4) used to simulate the proton-conducting
electrolyte in a PEMFC. Half-cell experiments are
a convenient and relatively fast method of screening
electrocatalysts.

In situ experiments use a two-electrode configura-
tion in which one of the electrodes of the fuel cell serves
as both a pseudo-reference electrode and a counter elec-
trode (CE). Typically, the electrochemical activity of
the fuel cell cathode is of most interest because of the
sluggish kinetics of the ORR. Therefore, this electrode

is often chosen to be the WE. The fuel cell anode is
used as the CE/RE with the inherent assumption that
polarization of this electrode is small relative to the po-
larization imposed on the fuel cell cathode. The currents
obtained in the ECSA tests are small and justify this as-
sumption.

While performing the in situ CV experiment,
the fuel cell cathode (WE) is purged with nitro-
gen, while hydrogen is fed to the anode compartment
(counter/reference electrode). Akin to the LSV experi-
ment, the voltage of the WE is swept to high potentials
and any hydrogen molecules that cross over through
the membrane are instantly oxidized. In contrast to the
LSV experiment, in a CV experiment, an additional re-
verse potential scan is performed. During the reverse
potential sweep, proton (HC) reduction to adsorbed H
(Hads) occurs in the potential region 0:4�0:05V versus
the CE/RE (i. e., toward the end of the reverse sweep).
An example of such a voltammogram for a Pt electrode
is shown in Fig. 20.27.

The reaction of interest [20.18] is the electrochem-
ical reduction of protons (HC) and subsequent deposi-
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tion of atomic hydrogen on the surface of the platinum
catalyst. The atomic hydrogen adsorption charge den-
sity (q in C=cm2) due to this reaction can be determined
from the CV scan. The ECSA of the Pt catalyst [20.17]
is calculated from the charge density, the generally ac-
cepted quantity for the charge to reduce a monolayer of
protons on Pt (# D 210�C=cm2 Pt [20.19, 20]), and the
Pt content (i. e., loading) in the electrode (L in g Pt=cm2

electrode),

ECSA cm2 Pt = g PtD q

� L
: (20.14)

The ratio of ECSA to the specific area of the Pt used
to make the MEA (also in cm2 Pt=g Pt) is the fraction of
catalyst that is electrochemically available to participate
in the electrode reactions. This ratio is referred to as uti-
lization. Obviously, higher catalyst utilization is better.

Integration of the hydrogen desorption/adsorption
peaks that result as a consequence of the forward and
reverse scans, respectively, may be used to estimate the
electrochemically active surface area of the electrocata-
lyst. The shaded area represents the total charge arising
from hydrogen adsorption. The baseline (current den-
sity) is the capacitive current due to charging of the
electrode double layer.

During the CV experiment, the potential of the WE
is swept first in the anodic direction to oxidize the ad-
sorbed hydrogen (Hads) to HC and then in the cathodic
direction to electrochemically reduce the HC back to
Hads. Alternating anodic and cathodic currents occur at
the electrode. Experimental results are usually plotted
as a graph of current or current density versus the WE
potential, and a voltammogram like is obtained. The
voltammogram exhibits multiple peaks associated with
both the oxidation and reduction reactions. The sweep
rate is increased in a CV experiment in comparison to
the LSV performed for the crossover experiment to aug-
ment the peak size.

Both RH of the gases to which the electrode is
exposed, and the electrode temperature impact the mea-
sured ECSA. Fully or supersaturated (�100% RH) are
generally used. The ECSA experiment should be con-
ducted on membrane electrode assemblies that have
been through a break-in procedure to fully active the
electrode.

The flow rate of nitrogen (or other inert gas) on
the WE during the voltage sweep can significantly in-
fluence the shape of the adsorption/desorption curve
and therefore the ECSA measurement [20.21]. The ar-
tifact was attributed to the rate of mass transfer of
molecular hydrogen (H2) away from the WE during
the voltage scan. With increasing N2 purge rate, molec-
ular hydrogen is more readily swept from the WE

surface, decreasing the partial pressure (concentration)
of H2 at the WE thereby increasing the reversible
Nernst potential for hydrogen evolution. Operating con-
ditions that decrease the H2 concentration at the WE
increase the reversible potential for hydrogen evolu-
tion, which confounds accurate measurement of the
H-adsorption/desorption process. Therefore, relatively
low nitrogen flow rate, � 1 sccm=cm2 of active area is
preferred.

Utilization is the fraction of the catalyst’s surface
area that is electrochemically available in the MEA, ob-
tained by CV on an MEA, to the specific surface area
of the catalyst determined by ex situ methods such as
particle size analysis. Note that this value represents an
idealized condition because the current density is very
low and transport resistances that arise at higher current
are negligible. In a fuel cell operating at high current
density, transport resistances for oxygen and/or protons
(HC) decrease the amount of platinum that participates
in the cathode reaction [20.22].

The procedure described here is the most simple for
measuring the ECSA in an operating fuel cell. How-
ever, it does suffer from some artifacts, such as arising
from concentration cell effects and hydrogen crossover.
These can be mitigated using modified procedures. De-
tails of those methods can be found in the nice work of
Edmundson and Busby on this topic [20.23].

Procedure
Assemble the MEA, setup the fuel test cell station and
connect all gas lines.

The fuel cell anode is purged with 0:20 SLM H2 at
100% RH, and the fuel cell cathode with 0:5SLM N2 at
100% RH.

The potentiostat leads are connected as shown in
Fig. 20.28 and any current or sense leads from the test
station are disconnected.

To measure hydrogen crossover flux a linear sweep
voltammetry LSV or linear polarization experiment
from 0V (vs. open circuit) to 0:8V (vs. reference) at
2mV=s is performed.

To determine the ECSA of the electrode catalyst,
a CV experiment from 0:05V (vs. reference) to 1:0V
(vs. reference) at 20mV=s is performed.

20.4.2 Hydrogen Crossover Test via LSV

Figure 20.26 shows a typical result for an LSV exper-
iment performed under the cell conditions described
wherein the current density is shown as a function of
voltage. This plot can be used to compare the response
of a high-quality pristine cell to that of degraded cell.
The pristine cell exhibited a limiting current density
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Fig. 20.28 Cell and potentiostat connections for crossover measurement by LSV and ECSA measurement by CV

(jlim) of 1.1 and 1:4mA=cm2 at 35 and 75 ıC, re-
spectively, which is consistent with an increase in the
permeability of hydrogen through the membrane with
temperature.

The limiting current density is proportional to the
rate of H2 crossover from the anode to the cathode
through the membrane. Applying Faraday’s law to de-
termine the limiting hydrogen crossover flux ( PNH2) at
35 ıC,

PNH2 D
jlim
nF

D .1:1�10�3 A=cm2/

.2 eq:=mol/.96485C=eq:/

C

As

D 5:7�10�9 mol=.s cm2/ :

(20.15)

The pristine cell also did not exhibit an internal
short as evidenced by the absence of an increasing cur-
rent with increasing polarization beyond 0:15V versus
RE/CE.

In contrast to the pristine cell, the degraded cell ex-
hibited significant hydrogen flux through the membrane
(jlim D 5:5mA=cm2, PNH2 D 2:85�10�8 mol=.s cm2/).
Figure 20.26 also shows that the degraded cell demon-

strated an internal electronic short circuit between the
two electrodes. The presence of an internal short within
the cell is indicated by the linear, positive slope on the
current density versus potential curve. The resistance of
the electrical short is estimated to be 333� cm2 and is
obtained from the inverse of the slope of the line in the
region 0:2�0:4V versus CE/RE.

20.4.3 Electrochemically Active Surface Area
and Catalyst Utilization Evaluation

Figure 20.27 shows a typical cyclic voltammogram.
The reaction of interest is given by (20.12) and the
electrochemically active surface area of the platinum
catalyst in the cathode which can be estimated from this
figure using (20.14).

The cyclic voltammogram of a 50 cm2 cell is shown
in Fig. 20.27, where the data is plotted as current
density versus potential. The scan rate (�) for this ex-
periment was 0:04V=s. The reduction reaction within
the potential range 0.06 to 0:40V [20.19] which cor-
responds to a time of 8:5 s (i. e., 0:34V=0:04V=sD
8:5 s).
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Fig. 20.29 Cyclic voltammogram showing detail of voltage–current density region used for calculation of electrochem-
ically active surface area. The reduction charge density was 43:9 mC=cm2 (hatched region) within the potential window
0.40 to 0:06 V versus RE/CE. The forward and reverse double-layer charging current density, jdl charging D 2:3mA=cm2,
which is offset from the zero current value by the crossover current density, jx-over D 0:9mA=cm2. Test conditions as
described in Fig. 20.27

Recall that the electrode double layer behaves in
part like a capacitor. Because the electrode potential is
changing with time, non-Faradaic current exists due to
charging of the electrode interface, and this current is
directly proportional to the scan rate,

jdl D C
dE

dt
D Cdl� ; (20.16)

where Cdl is the capacitance of the double layer per unit
area in C=cm2.

The charge associated with double-layer charg-
ing must be accounted for in the analysis to avoid
overestimating the charge attributed to the electro-
catalytic activity. From Fig. 20.29, we note that the
baseline double-layer charging and discharging current

densities (jdl charging) were 2:3mA=cm2 in the poten-
tial range of 0.4 to 0:06V where no Faradaic pro-
cesses are occurring. The double-layer charging charge
density over the electrode potential region of inter-
est was 19:6mC=cm2 (D 2:3mA=cm2� 8:5 s). The
double-layer charging current density is displaced in
the positive direction by an amount equal to the fuel
crossover current density (jx-over). Also note that the
mean potential at which the oxidation and reduction
reaction occurs during, respectively, the forward and
reverse scans, is displaced because of the hydrogen
crossover.

The net charge density associated with the reduc-
tion of protons to adsorbed hydrogen is estimated
at 43:9mC=cm2, shown as the hatched region in
Fig. 20.29. Applying (20.14), the electrochemically ac-
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tive surface area of Pt is

ECSAD �
43:9mC=cm2 MEA

	
� 
.210�10�3 mC=cmPt/

� .0:4�10�3 g Pt=cm3MEA/
�
�1

D 5:23�105 cm2 Pt=gPtD 52:3m2 Pt=g Pt :

(20.17)

Assuming that the specific surface area of the
Pt used in the manufacturing of the MEA was
70m2 Pt=gPt, this analysis indicates that 75% of the Pt
is electrochemically active in the cathode. Thus, cata-
lyst utilization is 75% for this MEA.

Summary
In this part, we examine, through laboratory examples,
the evaluation of two key properties of H2 PEM fuel
cells: hydrogen fuel crossover through the membrane
and electrochemically active area of the electrode. The
techniques used are LSV and CV, and are of high im-
portance for the characterization and proper evaluation
of PEM fuel cells.

The method for determining the ECSA of a catalyst
in an electrode by CV involves cycling the electrode
of interest (mostly the cathode of the PEMFC) typi-
cally from 0.05 to 0:8V versus RE/CE at a scan rate
usually in the interval 20�50mV=s. The atomic hydro-
gen adsorption charge density can be determined from
the CV scan. The ECSA of the Pt catalyst is calculated
from the charge density, the generally accepted quan-

tity for the charge to reduce a monolayer of protons on
Pt (210�C=cm2 Pt), and the Pt content in the electrode.
The charge associated with double-layer charging and
hydrogen crossover currents must be accounted for in
the analysis, by proper selection of the integration base-
line (as shown in Fig. 20.29), to avoid overestimating
the charge attributed to the electrocatalytic activity.

Platinum utilization is the ratio of the catalyst sur-
face area that is electrochemically available in the
MEA, as obtained by CV on an MEA, to the spe-
cific surface area of the catalyst determined by ex situ
methods such as particle size analysis or chemisorption
measurements.

Fuel crossover through the PEM degrades the per-
formance of the cell by reducing the OCV through
induced mixed potentials and by decreasing fuel effi-
ciency. Over time, this also contributes to electrolyte
degradation. Direct conduction of electrons between
the electrodes through the electrolyte (short circuit) is
also a source of loss within a fuel cell. Fuel crossover
and internal short circuits are essentially equivalent and
can be estimated using LSV (scanning from OCV to
0:4V versus RE/CE). The diffusion limiting current
that is attained at electrode potentials of approximately
0:4V is directly related to the hydrogen crossover flux
through Faraday’s law. Typically, a fuel crossover cur-
rent of 1 to 2mA=cm2 is acceptable. The presence of
significant internal shorting within a fuel cell can also
be detected from the results of this experiment, and is
manifested as a positive slope in the current potential
plot.

20.5 Impedance Spectroscopy of PEM Fuel Cells

A fuel cell is a complicated electrochemical system.
The performance of a fuel cell is a complex interplay
of many factors that include structural and operating
characteristics of the cell. Some factors are interre-
lated while others are independent. Furthermore, some
properties and processes occurring within the cell are
responsive to changes in the cell conditions over a broad
range of timescales. For example, diffusion processes
occur on the order of subseconds to seconds whereas
charge transfer processes (electrode reactions) can oc-
cur at much shorter time scale (submilliseconds). Be-
cause the time constants differ for different processes
that take place in the fuel cell, their effects are revealed
at different perturbation frequencies.

Impedance spectroscopy takes advantage of the
large spectrum of timescales over which different pro-
cesses within the fuel cell occur to separate their indi-
vidual effects. Processes that respond slowly (or not at

all) relative to other processes at one time scale can be
separated from those that occur at a different timescale
based on the measured impedance response of the elec-
trochemical device over a broad range of frequencies.

In short, electrochemical impedance spectroscopy
is an experimental technique that involves imposing
a small sinusoidal AC voltage or current signal of
known amplitude and frequency – the perturbation –
to an electrochemical cell and monitoring the AC am-
plitude and phase response of the cell. The AC per-
turbation is typically applied over a wide range of
frequencies, from 10 kHz or greater to less than 1Hz;
hence, the name impedance spectroscopy. The ratio and
phase-relation of the AC voltage and current signal re-
sponse is the complex impedance, Z.i!/. The result of
an impedance spectroscopy experiment is a rich data set
from which many properties of the electrochemical cell
may be extracted via application of physically reason-
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able equivalent circuit models. Properties of the electro-
chemical system commonly evaluated using impedance
spectroscopy include ohmic (bulk) resistance, elec-
trode properties such as charge transfer resistance and
double-layer capacitance, and transport (diffusion) ef-
fects.

Theory and concepts critical to understanding
impedance spectroscopy and its practical implementa-
tion to fuel cells are covered in the following sections.
Thorough treatment of this powerful, noninvasive diag-
nostic technique including its application to fuel cells
and other electrochemical power sources are presented
in [20.24]. Readers interested in more in-depth de-
scription of impedance or those intending to apply
this technique for fuel cell studies are encouraged to
follow-up with the referenced book as well as appli-
cable technical articles, some of which are referenced
here [20.25–27].

20.5.1 Impedance Theory and Practice

A sinusoidal current signal of amplitude IAC and fre-
quency ! can be defined as

I.!/D IAC sin.!t/ ; (20.18)

where t is time. The output AC voltage signal from the
electrochemical cell can be defined as

V.!/D VAC sinŒ.!t/� �� ; (20.19)

where VAC is the amplitude of the output voltage signal
and � is the phase angle. The phase angle is the differ-
ence in the phase of the sinusoidal voltage and current
signals. Figure 20.30 illustrates the voltage and current
responses of a fuel cell that is subject to a sinusoidal
AC input signal. In the case of an AC signal, the re-
sistance of a circuit or electrochemical device which is
not purely resistive will be a function of the frequency
of oscillation of the input signal. Ohm’s law for the AC
case is expressed as

Z.i!/D V.i!/

I.i!/
; (20.20)

where Z.i!) is the complex impedance (˝) and i is the
imaginary number

iDp�1 : (20.21)

Equation (20.20) indicates that impedance is a com-
plex value. That is, it can take on both real and imagi-
nary components. Note that the imaginary component
of the impedance is a real measurable quantity: the i is

for bookkeeping purposes and allows description of the
out-of-phase component of the impedance. The com-
plex relationship of impedance is implicit so Z.i!) is
normally written as Z.!). Although one can think of
impedance as resistance to current, it is more general
than that because it takes into account the phase dif-
ference between voltage and current. Equation (20.20)
also indicates that impedance depends on the frequency
at which it is measured; Z can change as the frequency
of the AC signal changes.

Frequency in cycles per second, f .HzD 1=s/, is ob-
tained through the relation

! D 2� f : (20.22)

Equation (20.20) can be written in complex notation
as

Z D Z0 CZ00 ; (20.23)

where

Z0 D Re.Z/D jZj cos �
real (in-phase) component of impedance ;

(20.24)

Z00 D Im.Z/D jZj sin �
imaginary (out-of-phase) component
of impedance: (20.25)

The magnitude of the combined real and imaginary
components can be calculated as

jZj D
p
.Z0/2C .Z00/2

magnitude of impedance ; (20.26)

and

� D tan�1

�
Z00

Z0

�
: (20.27)

Note that the original time-variance of V and I, the
input/response signals given by (20.18) and (20.19),
have disappeared in (20.23) through (20.27) and the
impedance at a fixed frequency itself is time invariant
as long as the system itself is time invariant.

Equivalent Circuits –
Ideal and Distributed Elements

Although physics-based models for the impedance re-
sponse of PEM fuel cells have been developed [20.25–
31], they are often simplified representations of real
systems (e.g., one-dimensional (1-D)), applicable at
specific conditions (e.g., open circuit), and they can
be complicated, requiring significant computational re-
sources to implement. An alternative approach is to
attempt to explain, understand, and extract physically
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Fig. 20.30 An electrochemical impedance experiment is based on monitoring the AC response of an electrochemical
cell that results from imposing a small AC signal. The impedance is the ratio of the AC voltage and current output. In
an impedance spectroscopy experiment, the frequency of the AC perturbation is swept over a range, from � 10 kHz to
less than 1Hz and the impedance is evaluated as a function of frequency to evaluate the properties of the electrochemical
system under investigation

meaningful properties of the electrochemical system by
modeling the experimental impedance data in terms of
an equivalent circuit composed of ideal resistor R, ca-
pacitor C, inductor L, and distributed circuit elements.
In the equivalent circuit analog resistors represent con-
ductive pathways for ion and electron transfer. As such,
a resistor can represent the bulk resistance of a ma-
terial such as the resistance of the electrolyte to ion
transport or the resistance of a conductor to electron
transport, or the resistance to the charge-transfer step
at the surface of the electrode. Capacitors and inductors
are associated with space-charge polarization regions,
such as the electrochemical double layer, and adsorp-
tion and electrocrystallization processes at an electrode,
respectively.

The impedance relationships of ideal electrical el-
ements, commonly used to describe the impedance of
electrochemical systems, are:

� Resistor:
– Defining relationship:

V D IR ;

– Impedance:

ZR D R I (20.28)

� Capacitor:
– Defining relationship:

I D C
dV

dt
;

– Impedance:

ZC D 1

i!C
D� i

!C
I (20.29)

� Inductor:
– Defining relationship:

V D L
dI

dt
;

– Impedance:

ZL D i!L : (20.30)

We see that the impedance of a resistor ZR is
not a function of frequency whereas the impedance
of capacitor ZC is inversely proportional to ! and
the impedance of an inductor ZL scales linearly with
frequency !. Note the implications of these relation-
ships in the context of an electrochemical system: the
impedance of a resistor does not change with fre-
quency; however, the impedance of a capacitor becomes
very small at high frequency and very large at low
frequency. Therefore, a capacitor or capacitive-like fea-
ture of an electrochemical cell behaves as a short
circuit with ZC ! 0 as ! !1, and at the other ex-
treme, as an insulator with ZC !1 as ! ! 0. This
means that the impedance of a feature or process
within an electrochemical device that behaves like
a capacitor, such as the electrode double layer, be-
comes insignificant at high frequency. In effect, the
double layer behaves as a short circuit at high fre-
quency, where its impedance becomes negligible. Con-
versely, the impedance of the double layer becomes
very large at very low frequency. Generally, one mea-
sures impedance over a range of frequency and it is the
analysis of the resulting Z.!/ versus ! response from
which one derives information about the electrical and
electrochemical properties of the electrode–material
system.

The Ohm’s law-like relationship between the com-
plex voltage and current allows the impedance of
a circuit with multiple elements to be calculated us-
ing the same rules as with multiple resistors. The total
impedance of two elements in series is the sum of the
impedances of the individual elements

Z1 Z2

Ztotal, series D Z1 C Z2 : (20.31)
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Fig. 20.31 Complex-plane impedance plot of a finite length War-
burg element with a short circuit terminus. For example, RW D 1�
and l2eff=Deff D s=! D 0:1. The frequency at which Z00 is a maxi-
mum, !max D 2:53=0:1 D 25:3 rad=s D 4:03Hz

Likewise, the impedance of two elements in parallel is
given by

Z1

Z2

1

Ztotal, parallel
D 1

Z1
C 1

Z2
: (20.32)

Note that the order of series elements in the equiva-
lent circuit has no influence on the impedance spectrum.
In the earlier given figures, the impedance response
would be the same whether Z2 follows Z1 or Z1 follows
Z2. While it may be helpful to arrange series circuit
elements in a way that is consistent with the physical
layout of the electrochemical cell, this is not strictly re-
quired. Of course, the impedance of elements arranged
in parallel and in series are not the same.

The propriety of using pure resistor, capacitor, and
inductor elements, which are lumped-constant quanti-
ties with ideal properties, to describe the characteristics
of real electrochemical systems is tempered by the com-
plexity of actual cells in which material properties can
exhibit a distribution of values and because processes,
such as diffusion, occur over a finite distance. For this

reason, equivalent circuit models often invoke elements
which are intended to mimic the impedance character-
istics of processes or reactions which are distributed in
nature. A common distributed element is the constant
phase element (CPE), the impedance of which is de-
fined as,

ZCPE D 1

� .i!/p
; (20.33)

where � and p are usually assumed to be frequency-
independent parameters. The units for � are sp=˝,
while those for capacitance C are s=˝ (D F). Hence,
in the case of an ideal capacitor or resistor, pD 1 or 0,
respectively, and either the magnitude of � equals the
magnitude of C with the dimension s=˝ or 1=� equals
R in ˝ (compare (20.33) to (20.29) or (20.28)). Often,
a CPE is used in an equivalent circuit model in place
of a capacitor to compensate for nonhomogeneity in
the system. For example, a rough or porous surface can
cause the double-layer capacitance to appear as a CPE
with p� 0:8 to 0.9. This issue is the task of extract-
ing physically meaningful parameters conveyed by the
capacitance for impedance data that is best represented
in an electrical circuit model by a CPE. Examples of
such parameters extracted from ideal interfacial capaci-
tance include electrode area in the case of double-layer
capacitance and surface coverage in the case of an
adsorption-induced pseudo-capacitance. CPEs can also
be used to model diffusional processes under some con-
ditions [20.24].

The Warburg impedance is another common dis-
tributed impedance element. It is the electrical analog of
diffusion processes in the absence of migration. Various
versions of the Warburg impedance exist depending on
whether the diffusion can be considered to occur over
a finite, semi-infinite or infinite distance. Because of the
small distances involved in a fuel cell, the finite length
case with a short-circuit (resistive) terminus is typically
appropriate. The impedance relationship for this War-
burg element is

ZW D RW

tanh
�p

is
�

p
is

; (20.34)

where RW is the effective resistance of the diffusion pro-
cess and,

sD `2eff!

Deff
: (20.35)

In (20.35), `eff is the effective diffusion distance and
Deff is the effective diffusion coefficient. The term ef-
fective is applied to these parameters to emphasize that,
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Fig. 20.33 Impedance plots for a pure resistor, RD 0:1�. Z0 D jZj D 0:1� per (20.29) and Z00 D 0 and � D 0ı (in-
phase) at all frequencies

depending on the circumstance, nominal properties may
not apply. For example, in porous electrodes tortuosity
can result in an effective diffusion distance greater than
the nominal or straight-line diffusion distance. Like-
wise, the diffusivity of a pure gas differs from that when
mixed with another gas (e.g., DO2,pure O2 ¤ DO2;O2CN2).

The complex plane plot for the finite length War-
burg impedance, shown in Fig. 20.31, has two distinct
regions: a 45ı branch at high frequency and a semicir-
cle or arc at low frequency. Presentation of impedance
spectroscopy data is discussed in Figs. 20.32–20.34
The impedance of this finite Warburg diffusion ele-
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Fig. 20.34 Impedance plots for a pure capacitor CD 0:02F. Z00 becomes more negative with decreasing ! according
to (20.30); Z0 D 0 and � D�90ı (out-of-phase) at all frequencies. Frequency is implicit in the complex plane plot; two
frequency labels have been added for clarification (10�3 and 10�2 Hz)

ment reaches a peak value of �Z00 D 0:417RW at sD
2:53.

The low-frequency behavior occurs when s� 3
where ZW is well-characterized by a parallel resistor–
capacitor element combination with values RW and CD

which can be related by (20.36). Note that ZW ! RW as
! ! 0.

CD D l2eff
3DeffRW

: (20.36)

At high frequency, where s
 3, the impedance
exhibits the 45ı response indicative of the infinite dif-
fusion case. That is, the frequency-dependent diffusion
distance, `D D .Deff=!/

1=2, is much smaller than the
effective diffusion distance, leff, where s can be rewrit-
ten as sD .`eff=`D/

2. It is evident that when `D � `eff,
which occurs at high frequencies, the diffusion length
is much less than the region available for diffusion
and the diffusional impedance approaches the infinite
case. As `D approaches `eff with decreasing ! (i. e.,
as s! 3), the infinite diffusion impedance response is
no longer applicable (observed) because diffusion be-
gins to be limited. Additional discourse on the Warburg
impedance is presented in [20.24].

It is worth noting that effective equivalent circuit
modeling of a complex electrochemical cell such as

a fuel cell requires considerable understanding of the
system being studied. Different processes can result in
essentially similar impedance response. Care must be
taken when developing models to incorporate key fea-
tures that may influence the impedance response. For
example, are the electrodes planar or porous? Is resis-
tance to transport of gaseous or dissolved species likely
to be present within the system? Obviously, the rel-
evance of values extracted from an equivalent circuit
model that is fit to experimental data is only as good as
the model used in the fit.

Furthermore, an equivalent circuit consisting of
multiple elements can often be arranged in multiple
ways to yield exactly the same impedance behavior. It
can debatable as to which specific equivalent circuit
out of many should be used to analyze and inter-
pret experimental data in order to gain the appropriate
physiochemical insight. Approaches to resolving this
complication include applying intuition to the physical
system, and, given equally good fits, using the simplest
circuit with the smallest number of elements. Execut-
ing several measurements using different experimental
conditions that one intuitively would expect would ex-
acerbate, reduce, or eliminate some component of the
impedance to the system is advantageous. For example,
contribution of diffusional processes to the impedance
of a system can often be identified by changing the
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Fig. 20.35 Some simple electrochemical half-cells may be
represented by a Randles circuit composed of a resistor
(Rs) in series with a resistor (Rp) and capacitor (Cp) in
parallel; Rs represents the ohmic resistance of the electro-
chemical/electrical circuit, Rp represents the resistance to
charge transfer at the electrolyte/electrode interface, and
Cp represents the double-layer capacitance at that interface

concentration of the transport-limited species and/or its
diffusion distance. Finally, one can compare the results
of an equivalent circuit model to a physics-based model
if the latter is available.

Inductive-like Impedance Behavior
Impedance response that appears inductive in nature
(Z00 > 0) is sometimes observed at high and low fre-
quencies in electrochemical systems. Inductive behav-
ior at high frequencies is attributed to cell geometry,
electrical leads and connectors, and performance char-
acteristics of the analytical instrumentation.

Pseudo-inductive response at low frequency in fuel
cells is sometimes reported [20.32] and mechanistic
interpretations of the source are emerging. One pro-
posed origin of low frequency (< 3Hz) inductive or
pseudo-inductive behavior in PEM fuel cells is as-
sociated with a multi electron-transfer step with an
adsorbed intermediate species [20.27, 33]. According
to this theory, the ORR on platinum nanoparticles pro-
ceeds via a multistep mechanism consisting of a fast
oxygen adsorption step that is at equilibrium (the pro-
cess occurring too fast to be detected in an impedance
measurement), a first electron-transfer step that con-
trols the overall rate of reaction (rate determining step),
and subsequent chemical and electrochemical steps.
Physiochemical-based impedance models predict low
frequency pseudo-inductive behavior under some con-
ditions as a result of the multistep process [20.27].

Low frequency inductive-like behavior observed in
CO poisoning of a PEMFC anode was attributed to the
surface relaxation of the interface although a physio-
chemical mechanism for interfacial relaxation was not
addressed [20.24, 34]. Details of the equivalent circuit
and impedance expressions are presented in the refer-
ences. The same concept of interfacial relaxation was
invoked in the model of the Faradaic impedance of
DMFC anodes in which methanol oxidation was as-
sumed to proceed by a multistep reaction involving
intermediate adsorbed CO [20.35].

Presentation of Impedance Data
Equations (20.23)–(20.27) reveal that there are four
parameters that describe impedance at a given fre-
quency: the real and imaginary impedance (Z0, Z00), the
impedance magnitude (jZj), and the phase angle (� ).
These four parameters are related; frequency is an in-
dependent variable.

Because of the wealth of information that may be
contained within impedance data, graphical presenta-
tion typically consists of a plot of the components of the
complex impedance (Z00 versus Z0) as well as plots of
the magnitude of the impedance and phase as a function
of frequency (logjZj versus log! and � versus log!).
The former are often described as complex plane or
Nyquist plots and the latter are typically referred to as
Bode plots.

A plot of the complex plane is shown in Fig. 20.32a
where the real and imaginary components are plotted.
Note that frequency is implicit in this representation
of data. Because capacitive-like behavior is commonly
encountered in electrochemical systems, and inductive-
like behavior less so, electrochemical impedance data is
generally presented with the IVth quadrant in the right
top as indicated in Fig. 20.32b. Inductive-like behav-
ior can be modeled with negative resistor and capacitor
elements. The advantage of this format is that individ-
ual charge transfer steps and time constants are easily
observed; the disadvantage is that the plot contains no
frequency information and one can get the exact same
graph for different capacitances.

As an example of how circuit elements manifest
themselves in graphical form, we now consider the
impedance of a pure resistor, a pure capacitor, and
a simple electrochemical half-cell resistor–capacitor
(R–C) circuit. Figure 20.33 reveals that for a resistor
RD 0:1�, the components of the complex impedance
are simply Z0 D jZj D 0:1�, Z00 D 0 and � D 0ı (in-
phase) at all frequency !. This can be seen by
the defining relation for the impedance of a resistor
given by (20.28). In contrast to a resistive element,
the impedance of a capacitor, given by the (20.29),
is inversely proportional to frequency. The Nyquist
and Bode plots for a pure capacitor of magnitude
0:02F are shown in Fig. 20.34. The real compo-
nent of the impedance is zero and the phase angle
is � D�90ı (out-of-phase) at all frequencies; as fre-
quency increases, Z00 becomes less negative and jZj
decreases.

Finally, we plot the impedance response for a sim-
ple circuit often descriptive of an electrochemical half-
cell: the Randles equivalent circuit shown in Fig. 20.35.
This circuit consists of a resistance in series (Rs) with
a parallel resistor–capacitor element (Rp �Cp). In an
electrochemical half-cell, Rs represents the uncompen-
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Fig. 20.36 Impedance plots for the Randles circuit depicted in Fig. 20.35 where Rs D 0:01�, Rp D 0:1� and CpD
0:02F. Three frequency labels have been added to the complex plane plot for clarification (103, 102, and 101Hz)

sated ohmic resistance (Rs D R˝ ) of the electrochem-
ical/electrical circuit, Rp represents the resistance to
charge transfer at the electrolyte/electrode interface
(Rp D Rct), and Cp represents the double-layer capaci-
tance at that interface (Cp D Cdl).

Impedance plots for this equivalent circuit are
shown in Fig. 20.36. In the complex plane plot, the
impedance appears as a semicircle or loop with the
high-frequency intercept Rhf equal to the value of the
series resistor (Rhf D Rs D R˝ ). The low-frequency in-
tercept Rlf is equal to the sum of the series and parallel
resistance elements (Rlf = Rs CRp D R˝ CRct). The
time constant � for the parallel Rp�Cp element is given
by

� D RpCp D RctCdl (20.37)

and

!max D 1

�
; (20.38)

where !max is the frequency at which the imaginary
component of the impedance is the most negative (i. e.,
at the top of the semicircle). Knowledge of Rct and !max

allows one to determine the capacitive component of the
electrochemical system (Cp D Cdl) from (20.37).

The Nyquist plot for the Randles circuit represen-
tation of an electrochemical half-cell with finite ohmic
resistance is schematically shown in Fig. 20.37.

Criterion for Valid Impedance Measurements
There are four requirements that must be met for valid
impedance measurements:

1. Linearity – Impedance measurements are mean-
ingful only when the system under study behaves
linearly. That is, doubling the amplitude of the AC
perturbation (e.g., AC current�IAC) should result in
a doubling of the AC response (AC voltage �VAC).
This can be observed through the use of an oscillo-
scope. Another measure of linearity is that changing
the AC amplitude should not change the impedance
response. With that in mind, one can make repeated
EIS scans with increasing AC perturbation, for ex-
ample, IAC D 0:5, 1, 2, 5%, etc. of the fuel cell DC
(direct current) load current. At very small AC sig-
nals, the EIS data will be noisy, because either the
AC current or AC voltage will be too small to ac-
curately measure. At large AC signals, the EIS data
will start to change because of nonlinearity. Use an
AC perturbation that is large enough so that there is
little or no noise but small enough that the EIS data
is not itself a function of the AC magnitude.
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Fig. 20.37 Complex plane
representation of impedance
data for an equivalent circuit
analog to an electrochemical
half-cell consisting of an ideal
parallel resistor–capacitor
(Rct �Cdl) network in series
with a finite ohmic resistance
(R˝ ) as shown in Fig. 20.35

As noted by Orazem and Tribollet [20.36], the am-
plitude depends on the system under study: large
amplitude signals can be tolerated by systems that
exhibit a linear current–voltage response whereas
for systems that exhibit very nonlinear current–
voltage behavior, small amplitude signal is needed.
A good rule of thumb advocated byOrazem and Tri-
bollet [20.36] for satisfying the criteria for linearity
is to limit the AC voltage perturbation �VAC,lim to,

b�VAC,lim � 0:2 ; (20.39)

where bŒV�1�D 2:303=“, and “ is the Tafel slope
[V=dec]. So, if the Tafel slope of the control-
ling reaction is known, one can calculate the AC
voltage that would ensure that the criteria of lin-
earity are satisfied. We can calculate the maxi-
mum �VAC that resulted from the imposed AC
current during the EIS measurement: �VAC,max D
jZmaxj��IAC and verify that �VAC,max <�VAC,lim.
The largest impedance jZmaxj is generally at low fre-
quency.
Thus, although electrochemical systems are highly
nonlinear, this requirement is satisfied for small per-
turbations. It is imperative that the signal amplitude
be sufficiently small such that the interface behaves
linearly during the impedance experiment. Typical
applied or induced AC voltage amplitudes are 5 to
15mV. Impedance testing of fuel cells and other
electrochemical energy devices under load typically
involves applying an AC current signal as opposed
to an AC voltage perturbation. The magnitude of the
applied AC current should be such that the resulting
AC voltage perturbation of the cell is no more than
a few tens of millivolts.

2. Causality – The response of the system is only due
to the applied perturbation and does not contain sig-
nificant contributions from spurious sources. This
includes artifacts due to the limitations of the mea-
surement electronics or electromagnetic interfer-
ence (EMI) that corrupts proper functioning of the
measurement circuitry, sometimes experimentally
observed near line voltage frequencies (50�60Hz).
Cyclic signals generated by associated equipment,
such as a peristaltic pump, can also introduce ar-
tifacts to the apparent response of the system at
specific frequencies.

3. Stability – The system must return to its original
state after the perturbation is removed. For sys-
tems operated under galvanostatic control (constant
current), the cell voltage after the impedance scan
should be the same as the cell voltage prior to the
impedance sweep. Likewise, for a cell operated in
potentiostatic mode (constant voltage), the current
should be the same before and after the impedance
measurement.

4. Finite – The impedance must be finite at ! D 0
and ! D1 and it must be a continuous and finite-
valued function at all intermediate frequencies.
Satisfaction of these criteria is necessary for valid
and meaningful impedance measurements.

Instrumentation for Impedance
Spectroscopy

In an impedance spectroscopy experiment, a small AC
signal is applied to the electronic load to modulate
the DC load current. The signal generator of the fre-
quency response analyzer (FRA) instrument controls
the DC current of the electronic load current such that
the load superimposes a small AC signal on DC current.
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Fig. 20.38 Schematic of the equipment setup for
impedance spectroscopy measurements. The AC signal
imposed on the cell is done by modulating the load with
the FRA. Electrical current is carried in the main leads
and the voltage sense leads, connected to a high-input
impedance electrometer, measure the voltage of the cell or
voltage of one electrode versus a reference electrode

The equipment setup is illustrated in Fig. 20.38. The
AC voltage and current signals output from the elec-
trochemical device are analyzed by the FRA to obtain
the complex impedance of the device (i. e., magnitude
and phase relation) per the relationships presented in
(20.20)–(20.27).

High Frequency Resistance
High-frequency resistance (HFR) is a subset of
impedance spectroscopy and is used to determine in-
ternal or ohmic resistance of the fuel cell. In essence,
it is the impedance of the electrochemical cell at a sin-
gle frequency, usually of the order of 1�10 kHz. Recall
that at high frequencies the charge transfer resistance
is eliminated by the (short circuiting) capacitive na-

ture of the electrochemical double layer and transport
resistances are not evident because of the large time
constant of transport-limited processes. Therefore, only
the ohmic resistance of the cell is observed as illustrated
in Fig. 20.37. It is the real component of the impedance,
Z0 or Re.Z/, that is of interest in this measurement.

Because the HFR measurement is made very
quickly and does not appreciably disturb the operation
of the cell, it is suitable for routine, periodic application
during normal fuel cell operation.

The appropriate frequency for an HFR measure-
ment varies with the electrochemical system under
study. Selection of the proper frequency is best ac-
complished by examining the phase angle over a range
of frequencies. Ideally, the HFR measurement should
be made at a frequency at which the phase angle is
zero (and, by definition, Z00 D Im.Z/D 0) and there-
fore the cell is behaving in a purely resistive manner.
In terms of a Nyquist plot, this condition exists when
the impedance data crosses the real axis at high fre-
quency (Fig. 20.37). In any case, the same frequency
must be used for valid data comparison. Note that
the method for choosing the HFR frequency requires
that the test system should also have EIS capability.
This is generally not a problem because a true FRA
can measure over a wide range of frequencies, so
a test system capable of true HFR measurement will
also be capable of performing impedance spectroscopy
measurements.

Finally, a cautionary note on the misuse of HFR
and impedance spectroscopy for correction of ohmic
(jR) drop within the cell is in order. These tech-
niques are sometimes used to correct the cell potential
for jR drop by multiplying the high-frequency, real-
part of the impedance (Zhf) by the current density
to obtain the jR-drop. However, this method of jR-
correction is inappropriate if the ohmic resistance is
a function of the current density (just such depen-
dence was demonstrated in Sect. 20.2 in which ohmic
resistance increased at high current density). This is
because the high frequency limit of an impedance spec-
trum yields the ohmic resistance represented by the
slope of the jR-drop versus current density at that
steady-state operating point (R˝;j). But, the product
R˝;j � j will differ from the actual jR-drop at that cur-
rent density unless the jR-drop curve is a straight line
(i. e., R˝ is constant). This limitation of impedance
to correct for jR-drop arises because this technique
probes the system about a steady-state operating con-
dition. This limitation can be overcome by measuring
the resistance as a function of current density and
then integrating the measured resistance. The poten-
tial for error when using HFR and impedance for
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jR-correction is further presented by Jaouen and Lind-
bergh [20.28].

Measurement of Low Impedance
Electrochemical Cells

Fuel cells, batteries, and ultracapacitors by design have
very low impedance. When measuring low impedance
cells, the impedance of the connection cables may
be of the same order of magnitude as the impedance
of the cell itself. Because of the low impedance of
fuel cells, measurements using two-terminal or three-
terminal connection configurations are susceptible to
significant measurement error because the instrumen-
tation will not be able to differentiate between con-
tributions of the cables and the cell to the measured
impedance. The four-terminal technique ensures that
the actual voltage drop between the two electrodes is
observed because it does not contain voltage drop in the
current carrying leads, and reduces cable-inductance ef-
fects. Accurate measurement of the cell voltage and cur-
rent using a four-terminal configuration allows accurate
characterization of very low impedance electrochemical
cells.

Procedure
General Test Conditions. Cell temperature = 80 ıC
for all tests. Stoichiometry: 1:25�H2=2�O2 (as pure
O2 and air) at 1A=cm2, ambient pressure.

33% Relative humidity (RH): Reactant humidifiers
D 55 ıC.55=80=55/.This is the dry condition (XX/YY/
ZZ refers to AHT/cell (CT)/CHT).

100% RH: Reactant humidifiers D 80 ıC (80/80/
80). This is the fully humidified condition.

Current density: Impedance spectra (IS) are ac-
quired at three current densities to demonstrate the
effect of polarization and reactant consumption rate on
charge transfer resistance and transport resistance:

� Low current density � 0:1A=cm2 small �cat, low
consumption rate.� Moderate current density � 0:5A=cm2 moderate
�cat, moderate consumption rate.� High current density � 0.8 to 1:0A=cm2 high �cat,
high consumption rate.

Most tests are performed with air on the cathode
and all tests are performed with H2 on the anode. Ex-
periments with O2 are performed to demonstrate the
reduction of gas-phase O2 diffusion resistance when
compared to air at the same current density. Experi-
ments with N2 on the cathode are performed to evaluate
the ionic resistance of the electrolyte in the porous elec-
trode under non-Faradaic conditions.

The impedance spectra (IS) were acquired by using
an AC current amplitude of 5% of DC current in the
frequency range 10 kHz–0:1Hz. The IS were acquired
at each current density after a 5 to 10min stabilization
period.

20.5.2 Results and Discussion

This section presents and discusses the results of the
IS acquired using the test conditions described earlier.
All tests were conducted using a 50 cm2 cell which was
verified to be free of an internal electrical short and
excessive fuel crossover (i. e., jx-over�1mA=cm2) using
the LSV technique describe in Sect. 20.4.

Equivalent circuit modeling and fitting of experi-
mental impedance data can be performed with most
instruments’ software. For details of its utilization we
refer you to their corresponding manuals.

DC Polarization Data for a H2 PEM Fuel Cell
The DC polarization scan data (V–j performance data)
is shown in Fig. 20.39. This data was acquired to
demonstrate the steady-state behavior of the fuel cell as
a function of cathode reactant (O2 vs. air) and humid-
ity (33% vs. 100% RH); these effects were presented
in Sects. 20.2.1 and 20.2.2, respectively. From the volt-
age and resistance (by current interrupt) versus current
density data presented in Fig. 20.39 we observe that:

� The choice of cathode reactant did not influence the
ohmic resistance of the cell although it did influence
the total polarization resistance of the cell. This can
be seen by comparing the resistance data and slope
of the V–j curve for the O2 and air case at high hu-
midity: the resistance is the same but the slope of
the non-jR corrected V–j curve, which represents
the total resistance of the cell, is larger for the air
case, especially at high current density.� The resistance of the cell, predominantly the mem-
brane resistance, was much higher at low humidity
than at high humidity.� The dependence of the cell resistance on current
density was substantially greater when the cell was
at low RH in comparison to the high RH condition.� The polarization resistance (slope) of the cell was
higher at low RH (compare Vcell for the two air
cases).� After accounting for the ohmic resistance, the low
RH condition exhibited a larger slope than the high
RH condition suggesting that there were additional
sources of resistance within the cell not accounted
for by the ohmic resistance measured by the current
interrupt technique.
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Fig. 20.39
Performance
curves for a PEM
fuel cell operating
on H2/air at low
(33%) and high
(100%) RH,
and H2/O2 at
high (100%)
RH. Conditions:
50 cm2, 1:2�H2,
2:0�O2 at
1A=cm2, 80 ıC
cell temperature,
ambient pressure.
Low and high
RH conditions
defined as
humidified
reactants with
dew point of
55 and 80 ıC,
respectively

Impedance Data for a H2 PEM Fuel Cell
We turn our attention to the analysis of the impedance
spectroscopy data. Analysis of the effect of oxidant con-
centration (O2 versus air), current density, and RH are
treated separately. Finally, we present and discuss the
results of impedance measurements on a H2/N2 cell for
the evaluation of the catalyst layer ionic resistance of
fuel cell electrodes.

Two of the criteria of valid impedance data are sta-
bility and linearity. It is easy and prudent to check
that both of these criteria were satisfied. The require-
ment for a stable system can be verified by comparing
the voltage (or current) before and after the impedance
experiment. Here, impedance experiments were con-
ducted at fixed DC current, and therefore we confirmed
that the cell voltage at that DC current before and after
the impedance experiment were within a few milli-
volts. Similarly, while operating the cell under constant
DC potential control, one should confirm that the cell
current was the same before and after the impedance
experiment.

The requirement for linearity can be confirmed by
estimating the AC voltage that resulted from imposi-
tion of the AC current signal on the cell. As an example,
recall that the impedance experiments were conducted
with an AC current equal to 5% of the DC current, and
therefore the largest AC current was 0:04A=cm2 and
existed for the high (0:8A=cm2) current density condi-
tion. The impedance was largest at low frequency. The
low-frequency impedance for the H2/air condition at
0:8A=cm2 (Fig. 20.40) was � 0:51� cm2 and so the
AC voltage perturbation of the cell was � 20mV.D
0:04A=cm2� 0:51� cm2). At 80 ıC the thermal volt-
age is 30mV, so the condition of linearity was met. Per-
forming this calculation at other test conditions revealed
that in all cases the AC voltage signal was sufficiently
small that the criterion of linearity was satisfied.

Note that the magnitude of the AC voltage changes
during an AC current-controlled impedance spec-
troscopy experiment because the impedance of the cell
is a function of frequency. Conversely, during a voltage-
controlled impedance sweep, the AC current changes as
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Fig. 20.40 IS for a H2/air PEM fuel cell as a function of current density under fully humidified conditions. The Nyquist
plots indicates that at each current density there are two processes with distinct time constants in series: the charge
transfer process has a small-time constant and is evident at high frequency and the larger time constant diffusion-related
process evident at low frequency

Table 20.6 Summary of H2/air-PEMFC properties as a function of current density. Conditions: 80=80=80, 1:2�H2=2:0�
O2 (in air), ambient pressure. R˝ by current interrupt and Rpol from the DC polarization data are shown for comparison

Current density (A=cm2) Impedance Current interrupt DC polarization
Rhf (	 cm2) Rct,ORR (	 cm2) Rlf (	 cm2) R˝ (	 cm2) Rpol,DC (	 cm2)

0.1 0.070 0.529 0.656 – 0.543
0.5 0.073 0.235 0.418 0.086 0.244
0.8 0.071 0.385 0.522 0.079 0.269

the impedance of the electrochemical cell changes with
frequency.

20.5.3 Impedance of a H2 PEM Fuel Cell

Figure 20.40 shows IS for the H2/air PEM cell operat-
ing on fully humidified reactants. Two distinct arcs or
impedance loops are evident. The high-frequency arc
is attributed to the combination of an effective charge
transfer resistance for the ORR (Rct,ORR) and double-
layer capacitance within the catalyst layer. The second,
low-frequency arc is associated with the mass-transport
limitations of gas phase reactant (i. e., O2) within the
gas diffusion media.

Key parameters extracted from the impedance and
DC polarization data under the same operating condi-
tions (i. e., current density and oxidant) are summarized
in Table 20.6.

The real axis intercept of the impedance plot at
the high-frequency end of the high-frequency loop is

equal to the total, nonelectrode ohmic resistance of the
cell, R˝;nonelectrode. That is, the high-frequency inter-
cept Rhf is the combined ohmic resistance of the cell,
and includes contributions from the resistance to pro-
ton transport in the bulk membrane (but not within
the electrode catalyst layer), electronic resistance of all
current-carrying components including the gas diffu-
sion media, flow field, current collector and cell leads
(but excludes the contribution from the electrodes), and
contact resistances; Rhf can be equated to R˝;nonelectrode.
The results summarized in Table 20.6 indicate that the
ohmic resistance of the cell measured by current inter-
rupt was close to the high-frequency intercept.

Ohmic resistance of the electrodes does not con-
tribute to the high-frequency intercept because the
capacitive nature of the electrode/electrolyte interface
shields the presence of the ion and electron transport
resistance at frequencies greater than the frequency
at which the high-frequency intercept occurs. Under
some conditions, the electrode resistance is evident
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Fig. 20.41 IS for a H2/O2 PEM fuel cell as a function of current density at 100% RH. The results contrast with the H2/air
condition shown in Fig. 20.40 in that only a single high-frequency loop associated with charge-transfer is evident

as a 45ı branch at the high frequency portion of the
charge-transfer impedance loop as discussed in detail
in Sects. 20.5.4 and 20.5.5.

At steady state, the intercept of the real axis at low
frequency (Rlf , where ! ! 0) must equal the total resis-
tance of the fuel cell and therefore equal the slope of the
DC polarization curve at the corresponding current den-
sity. Table 20.6 indicates that the impedance at the low-
frequency intercept was smaller than the cell resistance
obtained from the DC polarization curve. The apparent
discrepancy in the total polarization resistance obtained
from DC and AC methods has been noted [20.27,
32] and attributed to the relaxation of an intermediate
species in the multistep ORR [20.33] which mani-
fests as inductive-like behavior at low frequency. Low-
frequency inductance, indicated by positive Z00 values,
was evident in most impedance scans (Figs. 20.40,
20.41, and 20.42). Impedance measurements at low fre-
quencies reveal this inductive-like behavior and allow
reasonable extrapolation of the impedance back to the
real axis in order to better estimate the polarization re-
sistance [20.32, 37].

We now examine the IS as a function of current
density. Recall that current density, cell voltage, and
cathode overpotential are related. Larger current den-
sities are associated with larger cathodic overpotential
and lower cell voltage, all else being equal. Thus, we
can describe the relative behavior of the fuel cell and
the characteristics of the IS either in terms of relative
current density, cell potential, or cathodic overpotential.

At low current density, where the cathode overpo-
tential is small, we note that the low-frequency arc
is nearly negligible, indicating the near-absence of
diffusion-related resistance. This makes sense because
at low current density the oxygen consumption rate is
small and therefore we would not expect significant
losses associated with delivery of reactant to the elec-
trode interface. Under these conditions, the majority of
the total cell resistance is due to the resistance of the
charge transfer reaction.

As the current and overpotential increases, the di-
ameter of the high-frequency arc decreases, reflecting
the increasing driving force for ORR. This can be seen
by comparing spectra acquired at current densities of
0.1 and 0:5A=cm2. Further increases in the current den-
sity, however, result in an increase in the diameter of
the high-frequency loop. The increase in the effective
charge transfer resistance at the higher cell current and
cathode overpotential occurs because the concentration
of oxygen within the catalyst layer drops as a result of
oxygen transport limitations.

In contrast to the behavior of the high-frequency (ki-
netic) loop, the low-frequency arc consistently increases
in size with current density. This behavior indicates that
limitations in mass transport are exacerbated at high re-
action rates which impact the oxygen concentration at
the GDL/electrode interface. As indicated earlier, at the
highest current densities, mass transport resistance is
sufficiently large that the effective charge transfer resis-
tance increases because of the reduced oxygen concen-
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Fig. 20.42 Impedance data for PEM fuel cell operating at 80 ıCwith relatively dry (33% RH) or wet (100% RH) reactant
feeds. Test conditions: 50 cm2 cell, 1:2�H2=2:0� O2 in air at 1A=cm2, ambient pressure. Low and high RH conditions
defined as humidified reactants with dew point of 55 and 80 ıC, respectively
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Fig. 20.43a,b Equivalent circuit models used to fit the IS for a PEMFC operating at fully humidified (100% RH) con-
dition. (a) A simple R–C circuit was used to model the spectra for the H2/O2 case at low (0:1A=cm2) and moderate
(0:5A=cm2) current densities for which the spectra consisted of a single high-frequency arc. (b) Modeling impedance
data for a H2/air cell at all current densities and the H2/O2 at high current density (0:8A=cm2) required inclusion of
a diffusion resistance term, the finite length Warburg element (Ws), because of the presence of a second, low-frequency
loop

tration in the catalyst layer. This can be seen by compar-
ing the respective kinetic-controlled and transport-con-
trolled impedance loops obtained at 0.5 and 0:8A=cm2.
In each case, the diameter of the respective impedance
loop increased at the higher reaction rate.

IS for a H2/O2 PEM fuel cell as a function of current
density under fully humidified conditions are shown in
Fig. 20.41. The results contrast with the H2/air condition
shown in Fig. 20.40 in that only one time constant is ev-
ident, the one associated with charge transfer (the high-
frequency loop). Although not evident in these figures
due to the scale, a very small low-frequency loop was
observed at high current density. The absence of a sec-
ond, low-frequency loop at the low andmoderate current
densities indicates that there was insignificant resistance
due to transport of cathode reactant at these conditions,
and only a small diffusional resistance at high consump-
tion rates when operating with pure oxygen.

Equivalent Circuit Models
Simple equivalent circuit models were employed to
model the impedance data when the cell was operated
with H2 fuel and either air or pure O2 oxidant under
fully humidified conditions. Figure 20.41 shows that
for the H2/O2 case, the spectra at low and moderate
current densities consisted of a single high-frequency
loop displaced along the positive Z0 axis (shifted to
the right from Z0 D 0). (For simplicity, we will ignore
inductive-like behavior observed at high and low fre-
quencies). This impedance behavior is consistent with
a resistor in series with a parallel resistor–capacitor
combination. A suitable equivalent circuit for the H2/O2

IS at low and moderate current densities is given in
Fig. 20.43a. This electrical analog consists of a re-
sistance representing the total nonelectrode cell ohmic
resistance (R˝ ) in series with a cathode charge-transfer
resistance (Rct,c) that is in parallel with a capacitive-
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Table 20.7 Summary of O2-operated PEMFC properties as a function of current density. Conditions: 80=80=80, 1:2�
H2=2:0�O2, ambient pressure. R˝ by current interrupt and Rpol from the DC polarization data are shown for comparison

ImpedanceCurrent density
(A=cm2) Rhf (	 cm2) Rct,ORR (	 cm2) Rdiff (	 cm2) Rlf (	 cm2)

Current interrupt
R˝;jR (	 cm2)

DC polarization
Rpol,DC (	 cm2)

0.1 0.081 0.463 – 0.544 – 0.425
0.5 0.081 0.135 – 0.216 0.088 0.218
0.8 0.077 0.100 0.005 0.182 0.087 0.180

Table 20.8 Summary of air-operated PEMFC properties as a function of reactant humidification. Spectra acquired at
intermediate current density (0:5A=cm2). Impedance data fitted to the models shown in Fig. 20.44 (33% RH) and
Fig. 20.46 (100% RH). R˝ by current interrupt and Rpol from the steady-state (DC) polarization data are shown for
comparison

Relative humidity Impedance Current interrupt DC polarization
Rhf (	 cm2) Rct,ORR (	 cm2) Rlf (	 cm2) R˝ (	 cm2) Rpol,DC (	 cm2)

Low – 33% 0.230 0.317 0.912 0.282 0.857
High – 100% 0.073 0.235 0.418 0.086 0.244

like element representative of the electrode double layer
(Cdl or CPE).

At high current density (0:8A=cm2), a very small
second low-frequency arc appeared which was at-
tributed to transport effects. A Warburg impedance
element was incorporated into the model to account for
this effect, Fig. 20.43b. This equivalent circuit was also
used for the H2/air case at fully humidified conditions
because of the presence of the low-frequency arc at all
current densities (Fig. 20.40). In all cases, a CPE was
found to provide a more accurate fit to the data than
when a pure capacitor was used. Detailed results of the
equivalent circuit fitting for the H2/air and H2/O2 con-
ditions are presented in the experimental section and
summarized in Table 20.7.

Recall that the order of series elements in the equiv-
alent circuit does not affect the impedance spectrum.
Therefore, in Fig. 20.43a, one could rearrange the order
of the elements, with the parallel Rct,c–CPE combi-
nation to the left of R˝ . Similarly, the order of the
Warburg element W and Rct,c in series in Fig. 20.43b
is immaterial.

20.5.4 Effect of Reactant Humidification

IS for the H2/air cell operating at 0:5A=cm2 with rel-
atively dry (33% RH) or fully humidified (100% RH)
reactants is shown in Fig. 20.42. The spectra indicate
that a lack of reactant humidification impacts the prop-
erties of the cathode in three different ways, which
are well resolved in the IS. It is worth noting that in
a steady-state polarization curve, such as the one shown
in Fig. 20.39 only the sum of the effects is evident. The
relative contributions in voltage loss are not discernible
from a simple steady-state performance curve. Three ef-
fects with decreasing cell humidification are evident in
these spectra:

1. Increase in high-frequency resistance (Rhf) reflect-
ing increase in the overall nonelectrode ohmic re-
sistance of the membrane.

2. Increase in the resistance of the ionomeric (proton)
component within the cathode catalyst layer indi-
cated by the formation of significant 45ı branch at
high frequency.

3. Increase in the interfacial impedance for the ORR
reflected by the increase in the overall diameter of
the high frequency impedance loop. Low water con-
tent within the cathode catalyst layer is known to
reduce the ORR reaction kinetics [20.6, 38].

The results of equivalent circuit modeling of the IS
are summarized in Table 20.8.

Equivalent Circuit Modeling
The equivalent circuit used to fit the impedance data
acquired for the fuel cell operating under low humidity
conditions is shown in Fig. 20.44.

The equivalent circuit consists of three elements in
series:

1. A resistance representing the total nonelectrode
ohmic resistance of the cell observed at high fre-
quency

Rhf D R
;nonelectrode

D R
;membrane CR
;bulk+contact :

2. A two-rail transmission line resistance–capacitor
network indicated by the distributed element DX1
and shown in Fig. 20.44b which represents the
porous electrode [20.32, 39, 40], and

3. A finite length Warburg impedance with a short-
circuit terminus (Ws) which represents the resis-
tance to gas-phase oxygen diffusion.
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Rhf DX1
Ws

Membrane Catalyst layer GDL + flow-
field + leads

Electrolyte phase (H+ carries current)
RΩ, electrode, i RΩ, electrode, i RΩ, electrode, i

Solid phase (e– carries current)

Cdl,i

Rct,i Rct,i Rct,i Rct,i Rct,i

Cdl,i Cdl,i Cdl,i Cdl,i

a)

b)

Fig. 20.44 (a) Equivalent circuit used to model the impedance data for the low humidity condition, where DX1 rep-
resents the distributed element analogous to a transmissive boundary transmission line resistance commonly used for
porous electrodes shown in (b). Details of the model elements are given in the text

Low Humidity – 33% RH (55=80=55). The dis-
tributed element DX1 is used to model the impedance
of the porous electrode including the distributed elec-
trolyte resistance within the electrode (R
;electrode,i), the
distributed electrode double-layer capacitance (Cdl,i)
and the distributed charge transfer resistance (Rct,i). The
electronic resistance of the catalyst layer was assumed
negligible. Fitting was performed by estimating the pa-
rameters for Rhf, DX1 and Ws separately followed by
fitting the complete impedance spectrum using the com-
plete model shown in Fig. 20.44a. For this analysis,
nD 100 repeating units were used in the element DX1.

For a transmission line circuit model with n repeat-
ing units,

R
;electrode D nR
;electrode;i ICdl D nCdl,i I
and Rct D Rct,i

n
: (20.40)

The contribution of the proton transport resistance
within the electrode catalyst layer to DC polarization
resistance (i. e., as ! ! 0) is [20.32, 39, 40],

R
;electrode;!!0 D R
;electrode

3
: (20.41)

The goodness of fit can be seen by comparing the
calculated and experimental spectra seen in Fig. 20.45.
Using the fit results, ohmic losses due to proton re-
sistance in the catalyst layer (electrode) are estimated
to be 0:043� cm2 (D 0:0013� cm2/repeating unit �
100 units 
 3). This analysis indicates that the re-
sistance to proton transport within the electrodes was
approximately 20% of the nonelectrode ohmic resis-
tance (Rhf D R
;nonelectrode D 0:230� cm2).

It is worth noting that replacing the capacitors, Cdl,i,
with CPEsi, in the transmission line resistance element

DX1 results in a slightly improved fit with an esti-
mated exponent for the CPE of pD 0:67 (20.34) (recall
that for an ideal capacitor, pD 1). Physical interpreta-
tion of this observation is limited to hand-waving ar-
guments such as a distribution in the properties of the
electrolyte/electrode interface at the microscopic level
(which is not unreasonable given that there is likely
a gradient in thewater content and oxygen concentration
through the electrode that may impact the local behavior
of the electrode and thus cause it to exhibit a distribution
in impedance response). A more meaningful and rigor-
ous interpretation of the physiochemical source of the
nonideal capacitive behavior is not available.

High Humidity – 100% RH (80=80=80). In contrast
to the low humidity condition, in which there was sig-
nificant resistance to proton transport within the cath-
ode as indicated by the 45ı branch at high frequency,
IS for the high humidity condition appear to be reason-
ably well represented by a relatively simple equivalent
circuit shown in Fig. 20.46. The high-frequency loop
appears to approximate a semicircle; the second low-
frequency arc is indicative of a resistance to mass trans-
port. The model consists of a resistor (R
) representing
the combined nonelectrode ohmic resistance of the cell
in series with an element that contains three com-
ponents: First, the charge-transfer resistance (Rct) in
series with a finite-lengthWarburg element with a short-
circuit terminus (W2) representing a resistance to diffu-
sion in parallel with a term that represents the capacitive
behavior of the double layer (Cdl or CPE1). Second,
model results are presented for this data set to demon-
strate the difference between using a pure capacitor
(Cdl) versus using a CPE to represent the double-layer
capacitance. Third, the fit results are presented side-by-
side to highlight their similarities and differences.



Part
D
|20.5

706 Part D Energy Conversion and Storage

–50

0

25

a)

b)
Element Freedom Value Error Error (%)

Rhf Free(+) 0.23024 0.0017654 0.76677

DX1 Fixed(X) 6 - TL-Open

DX1-Rs Free(+) 0.0012897 0.00011784 9.137

DX1-CPE-T Free(+) 0.00040559 4.4164E-5 10.889

DX1-CPE-T Free(+) 0.79367 0.023799 2.9986

DX1-N Fixed(X) 100 N/A N/A

DX1-Rt Fixed(X) 0 N/A N/A

DX1-Rx Free(+) 31.67 1.7642 5.5706

Ws-R Free(+) 0.31696 0.019649 6.1992

Ws-T Free(+) 0.28425 0.012553 4.4162

Ws-P Free(+) 0.50601 0.017759 3.5096

Chi-squared: 0.00079166

Weighted sum of squares: 0.0665

33% RH A/C (55/80/55)
Fit result

33% RH A/C (55/80/55)
Fit result

0 0.25 0.50 0.75 1.00
0.25

0

–0.25

–0.50

–0.75

10–2

10–1

100

101

10–1 100 101 102 103 104

–25

10–1 100 101 102 103 104

Re(Z) (Ω cm²)

Im(Z) (Ω cm²) |Z| (Ω cm²)

θ (deg)

Frequency (Hz)

Frequency (Hz)

Fig. 20.45 (a) Nyquist and Bode plots showing the experimental impedance data and the fit results using the equivalent
circuit model shown in Fig. 20.44 for the low RH (33%) condition. (b) Equivalent circuit model fit results

Both models appear to reasonably replicate the ob-
served impedance over the whole frequency range. We
note that the estimated exponent for the CPE, p, was
0.87, and the fit appears to be slightly better when
a CPE was used in place of a pure capacitor. (The
weighted sum of squares, which is one measure of the
goodness-of-fit, was smaller by a factor of 3 for the
model that used the CPE). This suggests that the elec-
trolyte/electrode interface did not behave as an ideal
capacitor. However, there are significant differences in
the values of other parameters in the model, such as Rct

and the Warburg (W) parameters, as a result of using ei-
ther a C or CPE. Both models appear to be reasonable
fits so which set of values more accurately describe the
fuel cell properties is uncertain.

The results presented in Table 20.8 reveal that
R
 by current interrupt technique exceeded that of
the nonelectrode ohmic resistance determined by the
impedance method, the former being about 15�20%
greater at both low and high RH conditions. In practice,
the results from these two techniques usually correlate
reasonably well. There are, however, inherent differ-
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a) b)

100% RH A/C (80/80/80)
1.2 x H2 / 2 x O2 in air

0.5 A/cm2

Fit result

RΩ Rct
W2

Cdl

Element

RΩ

Rct

W2-R

W2-T

W2-P

Cdl

Freedom

Free(+)

Free(+)

Free(+)

Free(+)

Free(+)

Free(+)

Value

0.076325

0.13397

0.21478

0.10562

0.41231

0.019958

Error

0.00053607

0.0090188

0.013013

0.0097714

0.023052

0.00044433

Error (%)

0.70235

6.732

6.0588

9.2515

5.5909

2.2263

Chi-squared:

Weighted sum of squares:

0.0025429

0.18309

RΩ Rct

W2

CPE1

Element

RΩ

Rct

W2-R

W2-T

W2-P

CPE1-T

CPE1-P

Freedom

Free(+)

Free(+)

Free(+)

Free(+)

Free(+)

Free(+)

Free(+)

Value

0.073462

0.23537

0.10679

0.10745

0.58191

0.050022

0.86687

Error

0.00041384

0.0068788

0.007298

0.004885

0.021697

0.0030788

0.0095104

Error (%)

0.56334

2.9225

6.834

4.5463

3.7286

6.1549

1.0971

Chi-squared:

Weighted sum of squares:

0.00082525

0.058593

0 0.25 0.50 0.75
0.25

0

–0.25

–0.50

Re(Z ) (Ω cm2)

Im(Z ) (Ω cm2)

100% RH A/C (80/80/80)
1.2 x H2 / 2 x O2 in air

0.5 A/cm2

Fit result

0 0.25 0.50 0.75
0.25

0

–0.25

–0.50

Re(Z ) (Ω cm2)

Im(Z ) (Ω cm2)

Fig. 20.46a,b Nyquist plots, equivalent circuit, and model fit results for the 100% RH condition using either (a) an ideal
capacitor (Cdl) or (b) a CPE1 to represent the capacitive behavior of the electrode double layer. The model fit was
slightly better when a CPE was used in place of a pure capacitor suggesting that the electrolyte/electrode interface does
not behave as an ideal capacitor

ences in the two methods: the current interrupt method
introduces a large perturbation to the fuel cell and looks
at its time-domain response whereas the impedance
method applies a small signal and uses the frequency
domain response of the cell. Discrepancies between
results obtained from these two methods derive from
whether the current distribution present during the cur-
rent interruption or impedancemeasurement is the same
as the current distribution during standard DC operation
of the cell.

In the current interrupt technique, after the exter-
nal current is rapidly stopped, the true cell voltage is
only measured if the current is zero everywhere within
the cell and on the surface of the electrode; or, in the
case of a porous electrode with a reactive layer of fi-
nite thickness, the current is zero within the multiphase
electrode. This condition exists for a uniform poten-
tial distribution on the surface of a planar electrode or
within a porous electrode [20.41]. If however, there ex-
isted a potential gradient within the electrode under the
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Reference

Electrometer

Counter electrode

Working sense

Working electrode

Fig. 20.47 Photograph showing cell connections for impedance measurements performed with a potentiostat C fre-
quency response analyzer combination on a PEM fuel cell operating with H2 on the anode and N2 on the cathode. The
low impedance of the cell necessitated a four-electrode measurement to minimize the high-frequency inductive behavior
from the current-carrying cables that otherwise masked the catalyst layer proton transport resistance. In addition, the
reference and working sense leads were twisted together and kept away from the current carrying leads

preinterrupt condition (i. e., I > 0), then after the inter-
ruption, ionic current will exist within the electrolyte
and electronic current within the electrode matrix mate-
rial to redistribute the nonuniform surface charge. This
current just after the interruption will create an addi-
tional ohmic voltage drop within the cell, which will
introduce an error in the resistance measurement. That
is, the measured�V will not be equal to the true voltage
drop due to ohmic resistance when the cell is operating
under DC current. This effect has been described and
modeled by Lagergren et al. [20.42].

This artifact is most likely to occur in porous elec-
trodes in which the ionic conductivity of the electrolyte
is of the same order of magnitude as the electronic con-
ductivity of the electrode matrix [20.43]. The relation-
ship between the magnitude of the error of the ohmic
potential drop, �
;error, and the electrode properties is

�
;error D L

�eff, electrolyte C �eff, electrode
j ; (20.42)

where L is the thickness of the catalyst layer, j is the
current density, and �eff,electrolyte and �eff,electrode are
the effective conductivity of the ion conducting pore
electrolyte and the electron-conducting matrix material
of the reactive layer, respectively. The magnitude of
the ohmic potential drop error is directly proportional
to the geometric current density and thickness of
the electrode, and inversely proportional to the sum
of the electrolyte and electrode conductivities. Note

that �
;error approaches zero with increasing conduc-
tivity of either charge-carrying phase. Furthermore, the
phase with the highest conductivity determines �
;error.

20.5.5 Electrode Proton Transport
Resistance

The ohmic resistance within the ionomer (electrolyte
phase) is of interest to electrode designers and for
performance diagnostics. The double-layer capacitance
shields ohmic losses within the electrode and therefore
the ohmic resistance of the electrode does not contribute
to the voltage drop measured during a current interrupt
event nor does it contribute to the high-frequency inter-
cept. This effect does, however,manifest as a 45ı branch
at high-frequency during an impedance scan as demon-
strated for the low humidity condition in Fig. 20.42. Al-
though the ionic resistance of the electrode can be esti-
mated by employing a complex equivalent circuit model
such as the one presented in Fig. 20.44, accurate eval-
uation of the proton resistance of the electrode is more
difficult in this case because of the Faradaic process of
oxygen reduction occurring at the cathode.

A number of experimental and modeling papers
describe determination of the electrode ohmic resis-
tance, also referred to as the electrode sheet resistance,
via impedance spectroscopy [20.32, 40, 44, 45]. Typi-
cally, the method to assess the catalyst layer electrode
resistance using impedance spectroscopy consists of
bathing the fuel cell cathode (WE) in N2 instead of
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RΩ, electrode, A+C

3
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–0.3

–0.4

Z ' (Ω cm2)

Z '' (Ω cm2)
Fig. 20.48 Nyquist plot
of PEM fuel cell operated
with H2/N2 at 33% RH.
The combined ionic re-
sistance of the anode and
cathode is R
;electrode,A+C D
0:390� cm2 . See text for
additional discussion

oxygen (or air) so as to minimize charge transfer re-
actions at the WE. Liu [20.45] report that if the N2-fed
WE is potentiostated at ca. C0:2V versus the H2-fed
counter electrode/reference electrode (CE/RE), the H2

that permeates through the membrane to the WE will
be oxidized at the permeation-rate limited current den-
sity. As such, during the impedance experiment, the H2

permeation current does not contribute to the overall
impedance. The WE then behaves nearly as a pure ca-
pacitor which simplifies evaluation of the impedance
data for the electrode ionic resistance, that is, the transi-
tion from the high-frequency 45ı line to a semicircular
arc at low frequency is eliminated in the near-absence of
Faradaic reactions.Murthy [20.44] noted that in certain
instances, a low-frequency arc can be observed due to
oxidation on the cathode of H2 resulting from nonrate
limited oxidation of H2 permeation through the mem-
brane from the CE/RE.

Both the fuel cell anode and cathode were purged
with 33% RH gases to accentuate their proton resis-
tance; the cell was operated at 80 ıC. After equilibrat-
ing the cell for at least 30 to 60min, an impedance
analyzer and potentiostat were used to measure the
impedance of the cell at the OCV (ca. 0:10V). The WE
(fuel cell cathode) was scanned from 65 kHz to 0:1Hz
at an AC perturbation of 15mV.

Measurements of electrochemical cells with
impedance on the same order of magnitude as the cell
leads are susceptible to corruption at high-frequency
by cable inductance. For this reason, attention was
given to decrease the effect of cable-inductance on the
measured impedance. A four-electrode configuration
was used as shown in Fig. 20.47. In this configuration,
the voltage sense leads (labeled reference and work-
ing sense) are completely separate from the current
carrying leads (counter and WE) therefore eliminating
the contribution of the inductance in the latter to the
measured impedance. In addition, the reference and
working sense leads were twisted together and kept
away from the current carrying leads.

Figure 20.48 shows the complex plane plot for
the H2/N2 configuration. When presented as a Nyquist
plot, the spectrum exhibits two features worth not-
ing. First, there is a 45ı branch at high frequencies
which is characteristic of proton transport in the cata-
lyst layer. Second, at lower frequencies, the spectrum
becomes nearly vertical (or at least more-so) as the
impedance gradually becomes dominated by the ca-
pacitance of the electrode. For the results presented
in Fig. 20.48, although there is a distinct transition
at Z0 D 0:55� cm2, ideal capacitive behavior at low
frequency was not evident. As noted earlier, non-
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ideal capacitive behavior at low frequency was likely
due to the presence of H2 oxidation at the cathode
due to fuel crossover through the membrane from the
anode.

The average ionic resistance of the electrodes can
be obtained by projecting the 45ı branch onto the
real axis. The projected value of the 45ı branch
equals R
;electrode,A+C=3. From this, we determine that
R
;electrode,A+C, the combined resistance to proton trans-
port in the two electrodes, is 0:390� cm2. Assum-
ing symmetrical electrodes with equal resistance dis-
tributed between the anode and cathode, each electrode
exhibits R
;electrode D 0:195� cm2.

Although using a four-electrode configuration de-
creased the magnitude of the inductance at high fre-
quency, this effect was not eliminated. The bulk of the
residual inductive behavior was an inherent character-
istic of the analytical instruments used to conduct the
impedance measurements.

Summary – Diagnostics Using Impedance
Spectra and Modeling

In this section, we summarize that the technique of
electrochemical impedance spectroscopy is a valuable
analysis tool. Data acquired during the laboratory ex-
periments demonstrate the utility of impedance spec-
troscopy as a diagnostic tool to characterize the source
of losses and performance of PEMFC. The interpreta-
tion of the data and concepts explored in this laboratory
are taken largely from Springer and coworkers’ seminal
article on impedance spectroscopy of PEMFC [20.26]
and can be summarized as follows:

� An impedance spectrum for a PEM fuel cell cath-
ode characterized by a single high-frequency arc
which decreases in diameter with increasing cath-
ode overpotential (decreasing voltage) is indicative
of the condition where the only source of losses is
due to interfacial kinetics of the ORR. The decrease
in the diameter of the semicircular impedance loop
(i. e., Rct,ORR) with increasing cathode overpotential
is consistent with the potential dependence of the
ORR interfacial rate constant.� When the proton resistance in the catalyst layer con-
tributes significantly to the cathode voltage loss,
the impedance loop terminates at high frequency
with a well-defined 45ı branch. The 45ı branch at
high frequencies reflects coupling of the distributed
ionic resistance and distributed capacitance in the
catalyst layer. Therefore, the existence of a 45ı

slope at the high frequency portion of the kinetic
(high-frequency) loop can be used as the diagnostic
criterion for significant ionic resistance within the
electrode catalyst layer.� Resistance within the GDL is observed at low
frequencies. Therefore, the presence of a second,
low-frequency impedance loop indicates substantial
losses associated with oxygen diffusion through the
GDL. The low-frequency loop is generally observed
in a PEM fuel cell operating on air as opposed to
pure O2 and arises because of the resistance to oxy-
gen diffusion through nitrogen in the GDL and the
porous electrode (catalyst) layer, as well as oxy-
gen diffusion through ionomer films in the catalyst
layer.
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