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T here is much interest in developing fuel cells 
for commercial applications. This interest is 
driven by technical and environmental advan­

tages offered by the fuel cell, including high perfor­
mance characteristics, reliability, durability, and clean 
power. A fuel cell is similar to a battery-it uses an 
electrochemical process to directly convert chemical 
energy to electricity. Unlike a battery, however, a fuel 
cell does not run down as long as the fuel is provided. 
Fuel cells are characterized by their electrolytes since 
the electrolyte dictates key operating factors such as 
operating temperature. The main features of five types 
of fuel cells are summarized in Table I.[1l 

The proton exchange membrane (PEM) fuel cell is 
particularly amenable for use as an undergraduate 
laboratory experiment due to safety and operational 
advantages, including use of a solid polymer electro­
lyte that reduces corrosion, a low operating tempera­
ture that allows quick startup, zero toxic emissions, 
and fairly good performance compared to other fuel 
cells. A cross-sectional diagram of a single-cell PEM 
fuel cell is shown in Figure 1. The proton exchange 
membrane (Nafion®) is in contact with the anode 
catalyst layer (shown on the left) and a cathode 
catalyst layer (shown on the right). Each catalyst 
layer is in contact with a gas diffusion layer. The 
membrane, catalyst layers, and the gas diffusion 
layers make up what is called the membrane-elec­
trode-assembly (MEA). 

Fuel (hydrogen in this figure) is fed into the anode 
side of the fuel cell. Oxidant (oxygen, either in air or 
as a pure gas) enters the fuel cell through the cathode 
side. Hydrogen and oxygen are fed through flow chan­
nels and diffuse through gas diffusion layers to the 

TABLE 1 
Summary of Fuel Cell Technologies 

Alkaline (AFC) 

Phosphoric Acid 
(PAFC) 

Molten Carbonate 
(MCFC) 

Solid Oxide 
(SOFC) 

Proton Exchange Membrane 
(PEMFC) 

Temperature 
Electrolyte 

Potassium Hydroxide 

Phosphoric Acid 

Lithium. Sodium. and/or 
Potassium Carbonate 

Zirconium Oxide 
Doped by Yttrium 

Solid polymer 
(poly-perfluorosulfonic acid) 

.dJ 
90-100 

175-200 

650 

1000 

<100 

Applications 

Military 
Space F1ight 

Electric Utility 
Transportation 

Electric Utility 

Electric Utility 

Electric Utility 
Portable Power 
Transportation 
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catalyst on their respective sides of the MEA. Activated by the catalyst in the 
anode, hydrogen is oxidized to form protons and electrons. The protons move 
through the proton exchange membrane and the electrons travel from the anode 
through an external circuit to the cathode. At the cathode catalyst, oxygen re­
acts with the protons that move through the membrane and the electrons that 
travel through the circuit to form water and heat. 

Since the hydrogen and oxygen react to produce electricity directly rather 
than indirectly as in a combustion engine, the fuel cell is not limited by the 
Carnot efficiency. Although more efficient than combustion engines, the fuel 
cell does produce waste heat. The typical efficiency for a Nafion PEM fuel cell 
is approximately 50%. 
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Figure 1. PEM fuel cell cross section. 
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Figure 2. Representative fuel cell performance curve at 25 °C, 1 atm. 
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Fuel cells can be used to demonstrate a 
wide range of chemical engineering prin­
ciples such as kinetics, thermodynamics, and 
transport phenomena. A general review of 
PEM fuel cell technology and basic electro­
chemical engineering principles can be found 
in the literatureY-sJ Because of their increas­
ing viability as environmentally friendly en­
ergy sources and high chemical engineering 
content, fuel cell experiments have been de­
veloped for the chemical engineering under­
graduate laboratory as described in the re­
mainder of this paper. 

OBJECTIVES 
The objectives of the fuel cell experiment 

are 

• To familiarize students with the 
working principles and performance 
characteristics of the FEM fuel cell 

• To demonstrate the effect of oxygen 
concentration and temperature on fuel 
cell performance 

• To fit experimental data to a simple 
empirical model 

Students will measure voltage and mem­
brane internal resistance as a function of op­
erating current at various oxygen concentra­
tions and temperatures; generate current den­
sity vs. voltage performance curves; and cal­
culate cell efficiency, reactant utilization, and 
power density. Current density is defined as 
the current produced by the cell divided by 
the active area of the MEA. By fitting cur­
rent density vs. voltage data to a simple em­
pirical model, students can estimate ohmic, 
activation (kinetic), and concentration (trans­
port) polarization losses and compare them 
to experimental or theoretical values. 

BACKGROUND 
The performance of a fuel cell can be char­

acterized by its 

1. Current density versus voltage plot as 
shown in Figure 2 

2. Efficiency 

3. Reactant utilization (ratio of moles of 
fuel consumed to moles of fuel fed) 

4. Power density (ratio of power produced 
by a single cell to the area of the cell 
(MEA) 
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Current Density-Volta,:e Characteristics 

Since a fuel cell is a device that facilitates the direct con­
version of chemical energy to electricity, the ideal or best­
attainable performance of a fuel cell is dictated only by the 
thermodynamics of the electrochemical reactions that occur 
( a function of the reactants and products). The electrochemi­
cal reactions in a hydrogen/oxygen fuel cell are shown in 
Eqs. (1) and (2). 

Anode Reaction 

(1) 

Cathode Reaction 

(2) 

The reversible standard (i.e., ideal) potential E0 for the H/0
2 

cell reaction is 1.23 volts per mole of hydrogen (at 25 °C, 
unit activity for the species, liquid water product) as deter­
mined by the change in Gibbs free energy. Reference 1 pro­
vides a derivation of this potential. The reversible standard 
potential for the hydrogen/oxygen cell is indicated on the 
current density-voltage diagram in Figure 2 as the horizontal 
line drawn at a voltage of 1.23. The Nemst equation can be 
used to calculate reversible potential at "non-standard" con­
centrations and a given temperature. Equation (3) is the Nemst 
equation specifically written for the H/0

2 
cell based on the 

reactions as written. 

where 

R gas constant (8.314 Joule/mol °K) 
T temperature (°K) 
F Faraday's constant (96,485 coulombs/equiv) 
n moles of electrons produced/mole ofH

2 
reacted 

(n=2 for this reaction) 

(3) 

E O reversible potential at standard concentrations and 
temperature T (volts) 

E reversible potential at non-standard concentrations 
and temperature T (volts) 

P m,P 02,P H2o partial pressures of8i, 0 2, and Hp, respectively 
( atrn) 
Note: 1 volt = 1 joule/coulomb 

The Nemst equation cannot be used to make both tempera­
ture and concentration corrections simultaneously. To do this, 
one must first apply Eq. ( 4) to "adjust" the standard potential 
E0 for temperature and then apply the Nernst equation to 
adjust for concentration at the new temperature.[6l 

(4) 

Subscripts 1 and 2 on E O denote "at temperatures T 
1 
and T 

2
" 
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and AS is the entropy change of reaction(= - 163.2 J!°K for 
the H/0

2 
reaction at 25 °C, unit activity for the species, liq­

uid water product). 

When a load ( external resistance) is applied to the cell, non­
equilibrium exists and a current flows. The total current passed 
or produced by the cell in a given amount of time is directly 
proportional to the amount of products formed ( or reactants 
consumed) as expressed by Faraday's law 

I= mnF 
sMt 

(5) 

where I (A) is the current, m (g) is the mass of product formed 
( or reactant consumed), n and F are defined above, s is the 
stoichiometric coefficient of either the product (a positive 
value) or reactant (a negative value) species, M (g/mol) is 
the atomic or molecular mass of the product ( or reactant ) 
species, and t (s) is the time elapsed. Equation (5) is valid for 
a constant current process. Faraday's law can be written in 
the form of the kinetic rate expression for H/0

2 
cell as 

_I = d(moles H20) = -d(moles H2 ) = -2d(moles 0 2 ) 

2F dt dt dt 
(6) 

There is a trade-off between current and voltage at 
nonequilibrium (nonideal) conditions. The current density­
voltage relationship for a given fuel cell (geometry, catalyst/ 
electrode characteristics, and electrolyte/membrane proper­
ties) and operating conditions ( concentration, flow rate, pres­
sure, temperature, and relative humidity) is a function of ki­
netic, ohmic, and mass transfer resistances. The current den­
sity vs. voltage curve shown in Figure 2 is referred to as the 
polarization curve. Deviations between the reversible po­
tential and the polarization curve provide a measure of 
fuel cell efficiency. 

Kinetic Limitations • Performance loss (voltage loss) re­
sulting from slow reaction kinetics at either/both the cathode 
and anode surfaces is called activation polarization ('riact,c and 
11act,J Activation polarization is related to the activation en­
ergy barrier between reacting species and is primarily a func­
tion of temperature, pressure, concentration, and electrode 
properties. Competing reactions can also play a role in acti­
vation polarization. 

Kinetic resistance dominates the low current density por­
tion of the polarization curve, where deviations from equi­
librium are small. At these conditions, reactants are plentiful 
(no mass transfer limitations) and the current density is so 
small that ohmic (= current density x resistance) losses are 
negligible. The Tafel equation describes the current density­
voltage polarization curve in this region. 

llact = B loglij - A (7) 

where 11act is the voltage loss due to activation polarization 
(m V), i is current density (mA/cm2

), and constants A and B 
are kinetic parameters (B is often called the Tafel slope).[6l 
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As shown in Figure 2, the kinetic loss at the cathode, 'Tlact,c 
(the reduction of 0

2 
to form water) is much greater than ki­

netic loss at the anode, 'Tlact,a' in the H/O2 cell. 

Ohmic Limitations • Performance loss due to resistance to 
the flow of current in the electrolyte and through the elec­
trodes is called ohmic polarization (TJ

0
m)· Ohmic polariza­

tion is described using Ohm's law (V=iR), where i is current 
density (mA/cm2

) and R is resistance (fl-cm2
). These losses 

dominate the linear portion of the current density-voltage 
polarization curve as shown in Figure 2. Improving the ionic 
conductivity of the solid electrolyte separating the two elec­
trodes can reduce ohmic losses. 

Transport Limitations• Concentration polarization (TJ 
and TJ ) occurs when a reactant is consumed on the surf;~~ 
of thec

0

~l~ctrode forming a concentration gradient between 
the bulk gas and the surface. Transport mechanisms within 
the gas diffusion layer and electrode structure include the 
cmwection/diffusion and/or migration of reactants and prod­
ucts (H

2
, 0

2
, H+ ions, and water) into and out of catalyst sites 

in the anode and cathode. Transport of H+ ions through the 
electrolyte is regarded as ohmic resistance mentioned above. 
Concentration polarization is affected primarily by concen­
tration and flow rate of the reactants fed to their respective 
electrodes, the cell temperature, and the structure of the gas 
diffusion and catalyst layers. 

The mass-transfer-limiting region of the current-voltage 
polarization curve is apparent at very high current density. 
Here, increasing current density results in a depletion of re­
actant immediately adjacent to the electrode. When the cur­
rent is increased to a point where the concentration at the 
surface falls to zero, a further increase in current is impos­
sible. The current density corresponding to zero surface con­
centration is called the limiting current density (~n), and is 
observed in Figure 2 at approximately 1200 mA/cm2 as the 
polarization curve becomes vertical at high current density. 

The actual cell voltage (V) at any given current density can 
be represented as the reversible potential minus the activa­
tion, ohmic, and concentration losses, as expressed in Eq. 
(8). 

V = E - ( llact,c + llact,a )- iR - ( llconc,c + llconc,a) (8) 

Note that activation (TJact,c' 'Tlact) and concentration (TJconc,c' 
TJconc,aJ losses ( all positive values in Eq. 8) occur at both elec­
trodes, but anode losses are generally much smaller than cath­
ode losses for the H/O

2 
cell and are neglected. Ohmic losses 

(iR) occur mainly in the solid electrolyte membrane. An ad­
ditional small loss will occur due to the reduction in oxygen 
pressure as the current density increases. Current fuel cell 
research is focused on reducing kinetic, ohmic, and transport 
polarization losses. 
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Cell Efficiency 
Fuel cell efficiency can be defined several ways. In an en­

ergy-producing process such as a fuel cell, current efficiency 
is defined as 

theoretical amount of reactant 
required to produce a given current 

£r=-~--~--~---­
actual amount of reactant consumed 

(9) 

In typical fuel cell operation, current efficiency is 100% be­
cause there are no competing reactions or fuel loss. Voltage 
efficiency is 

actual cell voltage V 
Ey=-------

reversibJe potential E 
(10) 

The actual cell voltage at any given current density is repre­
sented by Eq. (8) and reversible potential by Eq. (3). Overall 
energy efficiency is defined as 

(11) 

The H/O
2 

fuel cell of Figure 2 operating at 0.8 V has a volt­
age efficiency of about 65% (=0.8/1.23*100). The overall 
efficiency at this voltage, assuming that the current efficiency 
is 100%, is also 65%. In other words, 65% of the maximum 
useful energy is being delivered as electricity and the remain­
ing energy is released as heat (35%). 

A fuel cell can be operated at any current density up to the 
limiting current density. Higher overall efficiency can be ob­
tained by operating the cell at a low current density. Low 
current density operation requires a larger active cell area to 
obtain the requisite amount of power, however. In designing 
a fuel cell, capital costs and operating cost must be optimized 
based on knowledge of the fuel cell's performance and in­
tended application. 

Reactant Utilization 
Reactant utilization and gas composition have major im­

pact on fuel cell efficiency. Reactant utilization is defined as 

Molar flowratereactant in - Molar flowratereactant au 1 U= , , 
Molar flowratereactant,in 

Mo! H 2 / s consumed 

Mo! H 2 / s fed 
(12) 

"Molar flow rate consumed" in this equation is directly pro­
portional to the current produced by the cell and can be cal­
culated from Eq. (6). In typical fuel cell operation, reac­
tants are fed in excess of the amount required as calcu­
lated by Faraday's law (i.e., reactant utilization< 1). 
Higher partial pressures of fuel and oxidant gases gener­
ate a higher reversible potential and affect kinetic and 
transport polarization losses. 
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Power Density 
The power density delivered by a fuel cell is the product of 

the current density and the cell voltage at that current den­
sity. Because the size of the fuel cell is very important, other 
terms are also used to describe fuel cell performance. Spe­
cific power is defined as the ratio of the power generated by 
a cell (or stack) to the mass of that cell (or stack). 

TABLE2 
Experimental Conditions: All at P=l atm 

Anode Feed Cathode Feed 
Dry basis 

Temp Flow rate Composition 
Dry basis 

Temp Flow rate Composition 

EQUIPMENT, PROCEDURE, 
AND IMPLEMENTATION 

(
0C) (ml/min) (Mole %) 

80 98 100%H
2 

80 98 100%H
2 

80 98 100%H
2 

80 98 100%H
2 

18 98 100%H
2 

Effluent 

PEMFuelCell 

Fuel Cell Load <==> 

(
0C) (ml/min) (Mole %) 

80 376 100%0, 

80 376 Air-21 % 0
2 

in N
2 

80 376 10.5% 0
2 

in N
2 

80 376 5.25% 0
2 

in N
2 

18 376 100%0, 

Humidifier 

The experiments presented here are designed to give the 
experimenter a "feel" for fuel cell operation and to demon­
strate temperature and concentration effects on fuel cell per­
formance. The manipulated variables are cell temperature, 
concentration of oxygen fed to the cathode, and current. Flow 
rates are held constant and all experiments are performed at 
1 atm pressure. The measured variables are voltage and re­
sistance, from which polarization curves are generated and 
fuel cell performance is evaluated. A simple empirical 
model can be fit to the data, allowing students to sepa­
rately estimate ohmic resistance, kinetic parameters, and 
limiting current density. Table 2 summarizes the condi­
tions investigated in this study. 

0 
Effluent 

Many other experimental options are available with the 
system described in this paper, including an iINestigation of 
the effect of 1) catalyst poisoning, 2) relative humidity of the 
feed gases, or 3) flow rate on fuel cell performance. 

I Computer 

N, 

Switch Valve 

Rotameter 

Humidifier 

N, 

H, 

0 2/N2 

Figure 3. Schematic of experimental setup. 
Equipment 

A schematic diagram of the 
experimental setup is shown 
in Figure 3. An equipment list 
for in-house-built systems, in­
cluding approximate cost and 
the names of several suppli­
ers, is provided in Table 3. 
Completely assembled sys­
tems can be purchased from 
Scribner Associates, Inc. 
(www.scribner.co m), 
Lynntech Inc. (www.lynn­
tech.com), ElectroChem Inc. 
(www.fuelcell.com), and 
TVN (www.tvnsystems.com). 

Hydrogen, supplied from a 
pressurized cylinder, is sent 
through the heated anode hu­
midifier before being fed 
through heated tubes to the 
anode side of the fuel cell. 
Similarly, oxidant with any 
desired composition (oxygen 
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TABLE3 
Equipment List for In-House-Built Systems 

Quant Equipment/Supplies Approx. Cost Vendor* 

Fuel cell load (sink and power supply) $2,000 Scribner, Lynntech, Electrochem, TVN 

Computer ( optional) $1,000 Dell, IBM, Compaq 

Data acquisition card ( optional) $1,000 National Instruments 

Single cell hardware w/heating element (5 cm2
) $1,500 Electrochem, Fuel Cell Technology 

Membrane-electrode-assembly (5 cm2
) $200 Electrochem, Lynntech, Gore Associates 

5 Temperature controller: 0-100°C $1,000 OMEGA 

4 Heating element (heating tape) $400 OMEGA 

5 Thermocouple $200 OMEGA 

2 Humidifier (2" ID stainless pipes and caps) $200 Mc Master-Carr 

2 Rotameter (0-200 cc/min for H
2 

fuel; 0-400 cc/min for oxidant) $400 OMEGA 

NIA Valves and fittings (stainless steel) $1,500 Swagelok 

20 ft Tubing (1/4" stainless steel) $200 

4 Regulator $1,000 Airgas 

NIA Gas (H
2

, N
2

, Air, O/N
2

) $1,000 Airgas 

Digital flow meter (for calibration ofrotameter) $500 Humonics 

Other $1,000 

TOTAL ~$13,000 

* List is not exhaustive 
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in nitrogen) is supplied from a pressurized cylinder and sent 
to the heated cathode humidifier before being fed through 
heated tubes to the cathode side of the fuel cell. Constant 
volumetric flow rates for anode and cathode feeds are manu­
ally controlled by rotameters. Humidification of the feed 
streams is necessary to maintain conductivity of the electro­
lyte membrane. Heating of the humidifiers, the tubes leading 
to the fuel cell, and preheating of the fuel cell is accomplished 
using heating tape, and temperatures of the feed streams and 
fuel cell are maintained using temperature controllers. To 
avoid flooding the catalyst structure, the humidifier tempera­
ture is maintained at or slightly below the cell temperature. 
The relative humidity of a stream exiting a humidifier can be 
determined manually by flowing the stream across a tem­
perature controlled, polished metal surface and measuring its 
dew point. Effluent from the fuel cell is vented to a hood for 
safety purposes. 

The PEM fuel cell comprises an MEA with an active area 
of 5 cm2 (prepared at the University of Connecticut) and is 
housed in single-cell hardware with a single-pass serpentine 
flow channel. Our fuel cell load and data acquisition elec­
tronics are integrated in a single unit manufactured by Scribner 
Associates. 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 read from built-in meters in the load. The 
fuel cell load uses the "current-interrupt technique"[3l to mea­
sure the total resistance between the two electrodes. 

Procedure 

A fuel cell with a prepared or commercial MEA is first 
connected to the fuel cell test system. Before feeding the hy­
drogen and oxidant into the fuel cell, humidified nitrogen is 

TABLE 4 
Sample Flow-Rate Calculation 

m Is 
Faraday's Law: - = -mo! /time 

Mt nF 
Hydrogen consumption in fuel cell= I/(2F) mol/time 
Oxygen consumption in fuel cell= I/( 4F) mol/time 
To produce a current ofl = 1 Amp, H

2 
consumption is: 

= I/(2F) = 1/(2 x 96485) = 5.18 * 10-' molls 
=3.11 * 104 mol/min 

According to gas law: PV = NRT 
At 80C and 1 atm, VIN= RT/P = 0.082*(273.15 + 80)/1 = 29 Limo! 
So H

2 
consumption is: V Hz= 9.0 ml/min@ 1 Amp current 

0
2 

consumption is: V
02 

= 4.5 ml/min@ 1 Amp current 
Corresponding V ,;,- = 4.5/0.21 = 21.4 ml.min@ 1 Amp current 

To convert the above numbers to vol flowrates at a desired current 
density ( amp/cm2

), divide ml/min by 1 cm2 to get ml/min/cm 2. 

For desired 45% H
2 

utilization at 1 Amp/cm2 current density 
U = moles consumed/moles fed= 0.45 
H

2 
feed flow rate is: V Hz= 9.0/0.45 = 20 ml/min/cm2 @ 1 Amp/cm2 

= 100 ml/min@ 1 A current with 5 cm2 MEA 
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introduced to purge the anode and cathode sides of the single 
cell. During the purge (at 50 cc/min), the cell and humidifi­
ers are heated to their respective operating temperatures (e.g., 
cell, 80 °C, humidifiers, 80 °C). When the cell and humidifi­
ers reach the desired temperature, the humidified nitrogen is 
replaced by humidified hydrogen and oxidant for the anode 
and cathode, respectively. During experiments, fuel and oxi­
dant are always fed in excess of the amount required to pro­
duce a current of 1 A as calculated by Faraday's law (Eq. 
5). The hydrogen and oxidant flow rates used in these ex­
periments are based on operating at 1 A/cm2 with an ap­
proximate reactant utilization of 45% for the hydrogen 
and 30% for oxidant (based on air). A sample calculation 
is provided in Table 4. 

After introducing the fuel and oxidant into the cell, the open 
circuit voltage (zero current) should be between 0.8 and 1 
volt. Fuel cell performance curves are generated by record­
ing steady state voltage at different currents. Approximately 
5 minutes is required to reach steady state for changes in cur­
rent at constant composition and temperature, but it might 
take 20 to 30 minutes to reach steady state for a change in 
either oxidant composition or temperature. The system should 
be purged with nitrogen during shutdown. Short-circuiting 
the fuel cell will destroy the MEA. 

Implementation and Assessment 

This experiment will be included as part of a three-credit 
senior-level chemical engineering undergraduate laboratory. 
The course consists of two 4-hour labs per week, during which 
groups of 3 to 4 students perform experiments on five differ­
ent unit operations throughout the semester (e.g., distillation, 
heat exchanger, gas absorption, batch reactor, etc.). Each unit 
is studied for either one or two weeks, depending on the com­
plexity and scale of the equipment. Given only general goals 
for each experiment, students are required to define their own 
objectives, develop an experimental plan, prepare a pre-lab 
report (including a discussion of safety), perform the experi­
ments, analyze the data, and prepare group or individual writ­
ten and/or oral reports. 

The fuel cell experiment described above can easily be com­
pleted in one week (two 4-hour lab periods). Additional ex­
periments can be added to convert this lab into a two-week 
experiment. Due to their similar nature and focus (genera­
tion of performance/characteristic curves and analysis of 
efficiency at various operating conditions), the fuel cell 
experiment could be used in place of the existing cen­
trifugal pump experiment. 

Immediate assessment of the experiment will be based on 
student feedback and student performance on the pre-lab pre­
sentation, lab execution, and technical content of the written/ 
oral reports. Existing assessment tools (End-of-Course Sur­
vey, Senior Exit Interview, Alumni Survey, Industrial Advi-
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sory Board input, and annual faculty curriculum review) will 
be used to evaluate the overall impact of the experiment. 

RESULTS AND DISCUSSION 

Performance 

Performance curves (voltage vs. current density) and mem­
brane resistance vs. current density at 80 °C with different 
oxidant compositions (pure oxygen, air, 10.5% 0 2 in N2 and 
5.25% 0 2 in NJ are shown in Figure 4. Measured open cir­
cuit voltage (V

0
) can be compared to reversible potential cal­

culated viaEqs. (3) and (4). These values are presented in the 
legend of Figure 4. Students will observe that the actual open 
circuit voltage is slightly lower than the theoretical maxi­
mum potential of the reactions. Activation polarization (ki­
netic limitation) is observed at very low current density (0-
150 mA/cm2). Kinetic losses increase with a decrease in oxy­
gen concentration. At low current densities, membrane resis­
tance ( ohmic polarization) is nearly constant ( about 0 .14 fl­
cm2) and is independent of oxidant composition. Membrane 
resistance begins to increase slightly with increasing current 
density at 800 mA/cm2 due to dry-out of the membrane on 
the anode side. Dry-out occurs at high current density be­
cause water molecules associated with migrating protons are 
carried from the anode side to the cathode at a higher rate 
than they can diffuse back to the anode. Mass transport limi­
tations due to insufficient supply of oxygen to the surface of 
the catalyst at high current density is observed, especially for 
gases containing low concentrations of oxygen. Limiting cur­
rents are evident at about 340 mA/cm2 and 680 mA/cm2 for 
the 5.25% and 10.5% oxygen gases, respectively, but are not 
obvious for pure oxygen and air. Limiting current density 
can be shown to be directly proportional to oxygen content. 

The effect of operating temperature (18°C vs. 80°C, both 
at 100% relative humidity) on cell performance and mem­
brane resistance for a pure O/H2 cell is shown in Figure 5. 
Measured open-circuit voltage and reversible potential at 80°C 
are slightly lower than the corresponding voltages at 18°C. 
This is due to higher concentrations of reactants when fed at 
lower temperatures and 100% relative humidity. Elevated 
temperatures favor faster kinetics on the catalyst surface and 
lower membrane resistance, however, resulting in better cell 
performance. Under fully hydrated environments (100%RH), 
membrane resistance decreases with increasing temperature 
due to increased mobility of the protons. Again, limiting cur­
rent density for pure oxygen is not obvious in this plot. 

A linear relationship between current density and reactant 
utilization (per Eq. 5) is clearly evident in Figure 6. Reactant 
utilization decreases with increasing inlet oxygen concen­
tration (at constant flow rate) because of an increase in 
the moles reactant feed. 

Power density (W /cm2) delivered by a fuel cell is defined 
by the product of current density drawn and voltage at that 
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current density. The effect of current density on power den­
sity for various oxidant compositions is shown in Figure 7. 
For a given feed composition, maximum power density is 
achieved approximately halfway between no-load and limit­
ing current densities. The selection of "optimal" operating 

1.0------------------~ 1.0 

0.9 

0.8 

0.7 
,-., 
i:::.. 0.6 

'-' 
: 0.5 

! 0.4 

0.3 

0.2 

0.1 

---- Performance with Oxygen (V oc- 1 .01 V, E=l. l 7 V) 

----9-- Resistance with Oxygen 0.9 --a-- Performance with Air (V oc=0.96 V, E=I.14 V) 

---B- Resistance with Air 0.8 
__....... Performance with 10.5 ¾ 02 in NZ (Voc=0.94 V, E=l.13 V) ,-.... 
---A- Resistance with 10.5 ¾ o2 in N2 
--+- Performance with 5.25 % 02 in N2 (Voc=0.92 V, E=l.12 V) 

0.7 Ma 
s 

0.6 .= 

0.5 e, 
'-' 
Cl 

0.4 1 
0.3 ,,; 

~ 
0.2 

0.1 

o.o ~~~~~~~~~~~~~~~~~~o.o 
0 200 400 600 800 1000 1200 1400 1600 1800 2000 

Current Density (mA/cm2
) 

Figure 4. Effect of oxidant concentration on cell perfor­
mance and membrane resistance at Bo 0e, 1 atm. 
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conditions depends on how the fuel cell is to be used. For 
example, for vehicular applications, higher power density is 
required to minimize the weight of the car at the expense of 
efficiency. For residential (non-mobile) applications, a cell 
with higher efficiency would be preferred. 
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Figure 7. Effect of current density and oxidant 
composition on power density at Bo 0e, 1 atm. 
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TABLE 5 

Empirical Model 

Although comprehensive modeling of a fuel cell system is 
beyond the scope of an undergraduate lab, a simple model 
describing voltage-current characteristics of the fuel cell can 
be introduced to the students and tested for 1) its ability to fit 
the data, and 2) its usefulness as an analytical tool. The fol­
lowing empirical model describing the loss of cell voltage 
due to kinetic, ohmic, and transport limitations was proposed 
by Srinivasan, et af.:[9l 

V = E-(B log (i)-A)-iR-w exp(zi) (13) 

where E, B, A, R, w, and z are "fit" parameters. Lumping E 
and A together gives 

V = E+ A-(B log (i))-iR-w exp(zi) (14) 

Equation (14) is modeled after Eq. (8) assuming the anode 
polarization terms in Eq. (8) are negligible, that the kinetic 
limitations of the cathode can be described by the Tafel Eq. 
(7), and that mass transport losses can be fit using the param­
eters w and z. The purely empirical term, w exp(zi), in Eq. 
(14) can be replaced with a more physically meaningful term 

Clogl-
1 

i 1 1--. -
1lim 

(15) 

where ihm (mA/cm2
) is the current density corresponding to a 

zero surface concentration, and C (mV/decade) is a param­
eter related to the Tafel slope. Due to space limitations, how­
ever, the physical meanings and the accurate estimation of C 
and ihm will be explained in a forthcoming publication. [ioJ 

The model fit to experimental data using nonlinear regres­
sion software (Polymath) is shown in Figure 8. All curves 
generated using this model have correlation coefficients in 
excess of O. 999. The model therefore is excellent as a fitting 
function for fuel cell performance curves from which values 
can be interpolated or extrapolated. This is particularly handy 

for estimating limiting current 
density in cases where the data 
is insufficient. 

Best-Fit Values for Kinetic Parameters, Ohmic Losses, and 
Transport Parameters Obtained Using Eq. (14) 

Compared to Values Calculated or Measured by Other Means 
Eq. (14):V ~ E + A- (B log(i)) - iR- w exp(zi) 

Values for the adjustable param­
eters [(E+A), B, R, w, z] calculated 
by the regression software are sum­
marized in Table 5. The "regres­
sion generated" values for R can Eq. (7):TJ~, ~ B loglil - A 

Oxidant Temp E+A BjittoBq.14 BftwBq. 7 RjittoBq.14 

Comp (OC) (mV) (mV/dec) (mV/dec) (fknr) 

Oxygen 80 963 79 85 0.20 

Air 80 927 77 84 0.29 

10.5% 0
2 

in N
2 

80 921 87 94 0.33 

5.25% 0
2 

in N
2 

80 902 88 95 0.51 

Winter 2004 

Rmeasured w z 
(!1-cnr) (mV) (cnrlmA) 

0.14-0.16 4.202 0.0020 

0.14-0.16 0.018 0.0074 

0.14-0.16 0.035 0.0133 

0.14-0.16 0.008 0.0297 

Correlation 
Coefficient 

(RA2) 

0.999 

0.999 

0.999 

0.999 

be compared to experimentally 
measured values (shown on the 
right-hand scale of Figures 4 and 
5) and "regression generated" val­
ues for B can be compared to those 
predicted using theory. In this way 
the model can be tested for its 
"analytical" capability. 
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Contrary to experimental results, resistance calculated us­
ing Eq. (14) increases with decreasing oxygen concentration 
and is 40%-200% higher than measured membrane resistance 
(0.14 - 0.16 fl-cm2 measured by the current-interrupt tech­
nique). This suggests that R from Eq. (14) includes voltage 
losses other than the ohmic resistance of the membrane and 
that the model is not reliable in predicting true physical be­
havior of individual contributions to the polarization curve. 
For instance, "model R" is assumed to be constant over the 
entire range of current densities, but in actual fuel cell opera­
tion, R is a function of current density at high current density. 

Theoretical Tafel slope, B, is equal to 2.303 RT/a.f where 
R is the ideal gas constant, T is absolute temperature, F is 
Faraday's constant, and a a is a lumped kinetic parameter equal 
to 1 for the oxygen reduction reaction occurring on the cath­
ode. [6l According to this theory, the Tafel slope should be about 
70 mV/decade at 80°C. Table 5 shows the regression gener­
ated B is 20-36% higher than the value of 70 mV/decade. 
Again, one might suggest some physical reasons for this dis­
crepancy, 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 significance to the values of the "fit" 
parameters (i.e., a huge range of values for each param­
eter will yield a good fit). 

Tafel slopes are more accurately obtained from raw data 
using the Tafel equation, Eq. (7). In this case, B can be found 
by plotting iR-free voltage (V + iR) vs. log i (see Figure 9) 
and measuring the slope of the line in the kinetically con­
trolled portion of the plot (at low values oflog i). Values for 
B found by using this technique have been included in Table 
5. While those values found from Eq. (7) are more accu­
rate than those from Eq. (14), they still differ from the 
theoretical value of 70. 

The Tafel slope should not be a function of the oxygen 
concentration at low current density, so the lines in Figure 9 
should all be parallel. It is clear that mass transport does not 
interfere with the calculation for the oxygen performance 
(straight line over the full decade of 10 to 100 mA/cm2

). The 
5.25% oxygen curve, however, is linear only for two points, 
10 and 20 mA/cm2, as mass transport resistances occur at 
lower current densities. 

The parameters w and z are intended to describe mass trans­
port limitations, but actually have no physical basis. One might 
expect these parameters to be dependent on flow charac­
teristics in the cell that were not investigated in this study. 
Therefore, the predictive or analytical usefulness ofw and 
z cannot be evaluated. 

CONCLUSIONS 

Fuel-cell based experiments embody principles in electro­
chemistry, thermodynamics, kinetics, and transport, and are 
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well suited for the chemical engineering curricula. Students 
are given an opportunity to familiarize themselves with fuel 
cell operation and performance characteristics by obtaining 
voltage-versus-current-density data for the unit at varying oxi­
dant compositions and temperatures. 

A simple model can be used as a fitting function for inter­
polation and extrapolation purposes. Model sensitivity analy­
sis can be performed to evaluate its usefulness as an analyti­
cal tool. The lab can be completed easily in two 4-hour lab 
periods. The experiment is also suitable for use as a demon­
stration in a typical lecture course or as a hands-on project 
for high school students and teachers. The experimental sys­
tem is described, including cost and vendor information. 

NOMENCLATURE 
A kinetic parameter used in Eqs. (7), (13), and (14) 

(mV) 

B Tafel slope (mV/decade) 

C parameter related to the Tafel slope (m V/decade) 

E reversible potential at nonstandard concentration 
at temperature T (V or m V) 

E0 reversible potential at standard concentration at 
temperature T (V or m V) 

F Faraday's constant= 96,485 ( coulombs/equiva­
lent) 

I current (A) 

current density (mA/cm2
) 

11im limiting current density (mA/cm2
) 

M molecular weight (g/mol) 

m mass of product formed or reactant consumed (g) 

n moles of electrons participating in the reaction per 
mole of reactant ( equiv/mol) 

N moles 

P H2'p 02,P H20 partial pressures ( atm) 

R electrical resistance (D-cm2
) 
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0.9 

0.8 
:::::::.··::::::::i:_:;_! • 

E 0.7 

... 
OJ) 0.6 ., 
~ 0.5 ;.. 

0 • 
- ,, ) . 

,, ... ... 0.4 
'9 

- ~ ,,.,,. -,-' 

0 .,\ir (84 mv/ilec) ,, 
== 

0.3 
..... ,,..0 - . !- ~,. 

v 
V 5.25 % Ox gen in Nitrogen (95 mV/i ec) 

0.2 

0.1 

0.0 
1 10 100 1000 

Current Density (mA/cm2
) 

Figure 9. Tafel slope estimation using IR-free voltage plot 
of experimental data at 80°C, 1 atm. 
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R universal gas constant= 8.31 (J/mol-K) 

s Stoichiometric coefficient of the product (positive 
value) or reactant (negative value) species 

~S entropy change of reaction (J/K) 

T temperature (K) 

t time (s) 

U reactant utilization (moles consumed/moles fed) 

V voltage (V or m V) 

w mass transport parameter used in Eqs. (13) and 
(14)(mV) 

z mass transport parameter used in Eqs. (13) and 
(14) (cm2/mA) 

a. a lumped kinetic parameter equal to 1 for the 
oxygen reduction reaction 

£, overall energy efficiency = current efficiency * 
voltage efficiency 

Er current efficiency= theoretical reactant required/ 
amount of reactant consumed (g/g) 

£ v voltage efficiency = actual cell voltage/reversible 
potential (VN) 

TJ.,, .• ,TJ.,,.c activation polarization at the anode and cathode, 
respectively (m V) 

TJ,onc.a' TJ,onc.c concentration polarization at the anode and 
cathode, respectively (m V) 

N anostructured Materials 
Continued from page 37. 

and results of peer evaluation. 

CONCLUSION 

ZSM-5 synthesis serves as an excellent example to intro­
duce students to the basic concepts of templated synthesis 
and self-assembly that govern nanomaterials synthesis. This 
experiment brings together a number of subjects that students 
have learned from their previous courses: infrared spectros­
copy (from organic chemistry), kinetic analysis and reactor 
operation (from reaction engineering), heat transfer (from 
transport phenomena), and phase behavior (from thermody­
namics). The project also requires students to demonstrate 
their creativity and innovation through the experimental de­
sign and implementation of a nanostmctured material syn­
thesis. 
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