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Part 10 — Fuel Cell Basics

Hydrogen fuel is channeled through field flow
plates to the ancde on one side of the fuel cell,
while oxygen from the air is channeled to the
cathode on the other side of the cell.

Hydrogen

Flow Field Chxygen

Flow Field
At the anode, a

platinum catalyst
causes the
hydrogen to split
into positive
hydrogen ions
{profons) and
negatively charged
electrons.

The Polymer Electrolyte
Membrane (PEM) allows
anly the positively
charged ions to pass

The negatively charged
electrons must travel

along an external circuit
to the cathode, creating
an electrical current.

thraugh it to the cathode.

\ Water

Cathode

Anode

_4___._,,/ At the cathode, the electrons
and posifively charged

hydrogen ions combine with
axygen to form water, which
flows out of the cell.

Figure 1 — PEM Fuel Cell

An exciting component in the
field of alternative energy is the
fuel cell. If powered by
hydrogen its’ fuel source can be
extracted directly from water by
electrolyzing (splitting) it into
hydrogen and oxygen. And
besides heat, the only byproduct
a hydrogen fuel cell produces is,
once again, water when the two
gasses are recombined internally
as electricity is generated. Thus,
the hydrogen fuel cell can be
pollution-free and usually has
more energy output as compared
with a battery of the same size
and weight. As such fuel cells
are beginning to draw the
attention of many commercial
applications including auxiliary
power generators, powering

your electric car and replacing your cell phonddygtto mention a few. Large stationary
fuel cells already power homes and commercial ingkland more are being added daily
to supplement grid power (se8idebar — Types of Fuel Cells

But with all these advantages why aren’t fuel cellsre popular and widespread? There
are two main reasons; one is high cost and the ithiee lack of a safe, pollution-free
fuel source in a form that is suitable for diregergy conversion to electricity. For
example, a hydrogen fuel cell uses platinum foMEA (Membrane Electrode
Assembly- se&idebar - MEA) which is one of the most expensive and rare metals
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earth. Plus, hydrogen is not naturally availabhl&ee form since it is chemically bonded
to other elements like oxygen in water and in redtgas where a great deal of energy is
required to extract it in pure form. There areeotfuel cell types like methanol, alkaline
and solid oxide and each have their own advantagésirawbacks including cost, again,
as well as toxicity and safety issues. But thiagsbeginning to change in favor of fuel
cell technologies to make them more affordable grtater fuel availability along with
safer operating and storage conditions. With thanind let me introduce you to this
technology by doing some interesting experimenth wne of them.

The PEM “Reversible” Fuel Cell

There are many types of fuel cells out there taoslbdrom but the one that can
demonstrate most of a fuel cell’'s characteristecavall as be affordable, easy to use and
safe is the PEM reversible fuel cell. PEM can meeston Exchange Membrane or
Polymer Electrolyte Membrane, take your pick, anthlyefer to the part that separates
the hydrogen protons and electrons to produceraigt(Figure 1). The reversible part
means that it serves as both an electrolyzer foenwta create hydrogen and oxygen as
well as a fuel cell. You get the best of both wenith this device as it mimics a
rechargeable battery. The main difference isttielectrolyte is external and does not
get used up in the process of generating [DC] et#tyt, and it can continue to generate
electricity as long as hydrogen and oxygen arela@viai.

A reversible PEM fuel cell operates in two distinuddes -Electrolysis ModeandFuel
Cell Mode. There are also two chemical processes involvexidation and reduction.
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Figure 2 — Electrolysis Mode Figure 3 —Uel Cell Mode
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In theElectrolysis Mode (Figure 2) water is introduced to both sides of the MEA véher
it is split into hydrogen at the cathode (negataed oxygen at the anode (positiag)a
small voltage level less than 1.5 volts DC calleeitater decomposition voltagat
you’ll learn more about later. Hydrogen collectsleg cathode and oxygen is created at
the anode. Electrolysis plure water requires excess energy in the form of overgal

to overcome various activation barriers. Withod éxcess energy the electrolysis of
pure water occurs very slowly if at all. This isgart due to the limited self-ionization of
water. Pure water has an electrical conductivitgialone millionth that of seawater;
nevertheless, electrolysis can be accomplisheaufre a chemistry buff, here are the
chemical reactions:

Electrolysis Mode Reactions

Anode reaction: 20 AH + 46+ O,
Cathode reaction: 4Hr 46 2H,
Total reaction: 2D 2H, + O, (twice H, versus Q)

In Fuel Cell Mode (Figure 3) the process is reversed along with the polardfebe
anode and cathode. As hydrogen flows into thedaklon the anode (negative) side of
the MEA the platinum catalyst facilitates the sepian of the hydrogen gas into
electrons and protons (hydrogen ions). The hydroges pass through the membrane
and combine with oxygen and electrons on the ca&lipdsitive) side producing water.
The electrons, which cannot pass through the membflow from the anode to the
cathode through an external load, which consumepadlver generated by the cell. The
overall electrochemical process of a fuel cellabexl "reverse electrolysis," or the
opposite of electrolyzing water to form hydrogen axygen. Once again, here are the
chemical reactions:

Fuel Cell Mode Reactions

Anode reaction: 2K 4H" + 4
Cathode reaction:  4Hr 4€é + O, 2H,0
Total reaction: 2bl+ O, 2H,0 (back to water again)

Experiment Setup

There’s obviously a lot more to say
about fuel cell technology, but the best
way to learn about it is through
experimenting with it. For our
reversible fuel cell I've chosen one
manufactured by Horizon Fuel Cell
Technologies that comes in a neat little
package called the Hydrocar . It has
everything you'll need to do all of the

Copyright © Nuts and Volts Magazine May 2010 agé 3




experiments, plus it's a car and is one of thetleagensive and most versatile ones on
the market without sacrificing quality by any meang/e’ll use it for this and the
following two fuel cell articles in this series.ybu have another kind of hydrogen
reversible fuel cell you're, of course, free to itse
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Figure 5 — Parallax BS2 Schematic Figure 6 — PicAXE Schematic

To measure everything we will use our familiar HakaBS2 and PicAxe 28X2 circuits
(Figure 5 andFigure 6, respectively). You can find the complete materralquirements
and experiments for both circuits on my websitenatv.learnonline.com

Experimenter Kits BS2 or 28X2 Hydrogen Experiments. Before we get started
with the experiments; however, you should firstdmte” your fuel cell so that it is ready
to produce maximum voltage and current. You'ltfimese instructions in your fuel cell
User Manual. Also, please adhere to the safetygoteons that are always important for
proper use; these are in the fuel cell's User Marasawell.

Electrolysis Mode

We'll start the experiment by electrolyzing
water into hydrogen and oxygen. After
you've setup the BS2 or 28X2 circuits
(don’t connect the battery or solar panel
yet) fill each of the two cylinders with
“distilled water” up to the 10 ml line.
Also, raise the car’s wheels so they don’t
touch the floor or table and purge any
residual hydrogen in the system as it will
affect the results. Notice that we are not
connecting the reversible fuel cell to the
car's motor at any point in this experimen
This is because the motor presents a
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variable resistance to the fuel cell as it spingl, bwant to avoid this for now; we’ll get to
this in a future article.

o~

Figure 8 — Start of Electrolysis Mode Figure 9 — HEctrolysis Mode Stabilization

With the REEL Power software running on your WindB® attach the 3 volt battery or
solar panel to the circuit and witness a plot amibFigure 8. If you use a solar panel it
will take much longer to electrolyze the waterlas $olar panel can’t deliver the same
level of current, but you're free to do so if yoistv. As you can see electrolysis starts
with nearly a short-circuit as the reversible foell begins to split water into hydrogen
and oxygen, but the internal resistance of the RENIns to rise rapidly allowing a
higher voltage and more current from the battergadar panel to flow into the device.
Figure 9 shows the stabilization of the Electrolysis Moddlze electrolyzing voltage,
current and power level off. Notice it takes abbut volts for the electrolysis process to
work; this voltage is important for a later expeeimh Also, don’t use a voltage much
over 3 volts; otherwise, it may damage the fuel.céllow the process to continue until
20 mlof hydrogen are produced then remove the batteoyh@r power source from the
setup. If you're using another fuel cell and yaed to clamp off the hydrogen from
escaping, do so now. Notice that the level of bgén in its cylinder is twice that of
oxygen, which confirms the 2-to-1 ratio in the fiariH20O symbol.

Fuel Cell Mode

Now we need to reconfigure our microprocessor setupmove the battery or solar
panel and replace it with the fuel cell as the poseeirce (but don't attach the fuel cell
just yet). We also want to add a 10 ohm load t@sshere the fuel cell used to be.
Again, don’t connect the motor to the fuel celbdsad. Refer téigure 10 andFigure

11 for these new schematic hookups. Once again W#REEL Power software running
attach the fuel cell to the circuit and witnesda pimilar toFigure 12 This is the
transition from Electrolysis to Fuel Cell Mode. tie the voltage, current and power
drops as the fuel cell now begins to deliver itsexl energy into the 10 ohm load.
Figure 13illustrates just how well the fuel cell performgeo an extended period of time
delivering a constant voltage and current intoldla&l. This is important in that as long
as hydrogen fuel is available the voltage and cdimatputs remain constant. This is
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quite similar to the modern lithium and nickel mdtgdride batteries we studied in Part
3. Also notice that the average voltage outpunfthe fuel cell is about 0.6 volts; this is
the norm for hydrogen PEM fuel cells. Allow thetiesmamount of hydrogen to be
consumed as we want to be able to start freshautinext experiment.
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Figure 12 — Start of Fuel Cell Mode Figurd3 — Electrolysis & Fuel Cell Modes

Determining the Water Decomposition Voltage

| mentioned earlier that there was a minimum vatagcessary to separate hydrogen and
oxygen called thg&Vater Decomposition VoltageThe theoretical voltage is 1.23 volts
DC; however, it’s higher in actual practice duenbpurities in the electrolysis process.
The difference between the theoretical decompaosit@tage and the measured voltage

is called ‘bverpotential. Overpotential is a function of the fuel celirgbility to expel

the hydrogen and oxygen gasses that form on thal elettrodes below a certain

voltage; in this case, about 1.47 volts as compaitdd1.23 volts. Many other factors
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are involved in this difference of decompositioritage; however, the reasons for these
differences are beyond the scope of this experim8otlet’s do the experiment to find
out for ourselves.
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Figure 14 - Parallax BS2 Water Decomposition Voltag Schematic

First, setup the equipment as showirigure 14. I'll only show the Parallax setup for
sake of space, but the PICAXE setup is basicallysdime. In effect, we're attaching the
solar panel to the fuel cell through a 1 ohm cursemse resistor to see how much
voltage and current are required to begin electislyAlso purge any excess hydrogen
that may be left in the cylinder. Next, slowlyatd the solar panel into the light and
watch the voltage increase until it “jumps” andreat begins to flowKigure 15). This

is when electrolysis begins and the voltage junmpdgative of the internal resistance of
the electrolyzer going from a near short circuiséonething higher thus allowing current
to flow. You learned about this in the ElectroyyMode experiment. Now tilt the solar
panel away from the light to stop the electrolya@mentarily. Then “very slowly”
adjust it back into the light until you find theaet minimum voltage where electrolysis
begins. Figure 16illustrates that our minimum voltage is 1.47 voiisere a minimum
current of 24 milliamps is flowing. More voltagelwesult in a lower internal resistance
that allows for more current to flow as showrFigure 17.

Figure 15 — Finding the
General Water Decomposition
Voltage
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Figure 16 — Determining
the Exact Water
Decomposition Voltage

Figure 17 — Adding More
Voltage for Greater
Electrolysis

Summary

With this first of three articles on fuel cells yauere introduced to some of its basic
operational characteristics like the dual modespafration and minimum water
decomposition voltage. Future articles will addre®re of its inner workings as well as
applications for portable electronics and for pangwrehicles. If recent history is any
guide the fuel cell will most likely gain greataiominence in the coming years. For
example, the first decade of the*Qtentury lead the way to the expansion of the ireter
and the “always connected generation” with Intesreble portable computers and cell
phones. The second decade will most likely leaddependent, portable power sources
that run off grid and produce little or no pollutie plus be economically competitive and
ready to use 24/7 — and fuel cells will be a big péthis. If that's sounds impractical or
a bit too optimistic then just look back 10 yearsée what’s happened to computer and
communications technologies in that short amountitheé. We shall see. In the
meantime conserve energy and “stay green”.

Credits: Unless otherwise noted, photo and otheage credits used in this article go to
Wikipedia, Fuel Cell Store and Horizon Fuel Celteologies.
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Sidebar -Types of Fuel Cells

PEMFC -Polymer exchange membrane fuel cell

The Department of Energy (DOE) is focusing on tB&FC as the most likely candidate
for transportation applications. The PEMFC hasgh lpower density and a relatively low
operating temperature (ranging from 60 to 80 deg@sius, or 140 to 176 degrees
Fahrenheit). The low operating temperature meaasttdoesn't take very long for the
fuel cell to warm up and begin generating eledfici

SOFC - Solid oxide fuel cell

These fuel cells are best suited for large-scalgosiary power generators that could
provide electricity for factories or towns. Thipeyof fuel cell operates at very high
temperatures (between 700 and 1,000 degrees Qelgiich makes reliability a problem
because parts of the fuel cell can break down afteling on and off repeatedly.
However, solid oxide fuel cells are very stable wirecontinuous use. In fact, the SOFC
has demonstrated the longest operating life offaalycell under certain operating
conditions. The high temperature also has an adgarih that the steam produced by the
fuel cell can be channeled into turbines to gerearatre electricity. This process is called
co-generation of heat and power (CHP) and it impsabhe overall efficiency of the
system. The Bloom Box is one type of SOFC.

AFC - Alkaline fuel cell

This is one of the oldest designs for fuel celig tnited States space program has used
them since the 1960s. The AFC is very susceptib®htamination thus it requires pure
hydrogen and oxygen. It is also very expensivensotype of fuel cell is unlikely to be
commercialized anytime soon but some companiest#éirgying.

MCFC - Molten-carbonate fuel cell

Like the SOFC, these fuel cells are also bestddidelarge stationary power generators.
They operate at 600 degrees Celsius, so they caraje steam that can be used to
generate more power. They have a lower operatmgeeature than solid oxide fuel
cells, which means they don't need such exotic miagge This makes the design a little
less expensive.

PACF - Phosphoric-acid fuel cell

The phosphoric-acid fuel cell has potential for ulssmall stationary power-generation
systems. It operates at a higher temperature thigmnpr exchange membrane fuel cells,
so it has a longer warm-up time. This makes it ilable for use in most vehicles.

DMFC - Direct-methanol fuel cell

Methanol fuel cells are comparable to a PEMFC gards to operating temperature, but
are not as efficient. Also, the DMFC requires atigely large amount of platinum to act
as a catalyst, which makes these fuel cells vepgesive.

Source -http://wwwl.eere.energy.gov/hydrogenandfuelcelldffalls/fc types.html
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Sidebar - MEA - Membrane Electrode Assembly

The membrane electrode assembly,
MEA, is the heart of a hydrogen fuel

cell. It consists of the ion-exchange
membrane, platinum anode and cathode
electrodes and gas diffusion and catalyst
layers. Here’s basically how it works
with hydrogen and oxygen to create
electricity.

The Anode -the negative side of the

fuel cell - conducts the electrons that are
freed from the hydrogen molecules so
they can be used in an external circuit.

Channels etched into the anode disperse the hyaigagequally over the surface of the

catalyst.

The Cathode -the positive side of the fuel cell - also contashannels that distribute the
oxygento the surface of the catalyst. It conducts tleetebns back from the external
circuit to the catalyst, where they can recombiiite the hydrogen ions and oxygen to

form water.

The Polymer Electrolyte Membrane PEM—a specially treated material that looks
something like ordinary kitchen plastic wrap thahducts only positively charged ions
and blocks the negatively charged electrons. Thd BEhe key to the fuel cell
technology as it permits only the necessary ionddnules stripped of their electrons) to
pass between the anode and cathode. The thickh#ssmembrane varies depends upon
the catalyst and the amount of platinum (Pt) igluseeach electrode.

Image Credit - Wikipedia
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Sidebar - What is a fuel cell?

A fuel cell is a device that converts the chemical
energy of a fuel (hydrogen, natural gas,
methanol, gasoline, etc.) and an oxidant (air or
oxygen) into electricity. Fuel cells are classified
by their electrolyte material. In principle, a fuel
cell operates like a battery as both batteries and
fuel cells are electrochemical devices. Unlike a
battery however, a fuel cell does not run down or
require recharging. It will produce electricity and
heat as long as fuel and an oxidizer are supplied.
As such, both have a positively charged anode, a
negatively charged cathode and an ion-
conducting material called an electrolyte.

Electrochemical devices generate electricity withmmmbustion of the fuel and oxidizer,
as opposed to what occurs with traditional methajddectricity generation. Fuel cell
construction generally consists of a fuel electr@ede) and an oxidant electrode
(cathode) separated by an ion-conducting membfxygen passes over one electrode
and hydrogen over the other, generating electriagter and heat. Fuel cells chemically
combine the molecules of a fuel and oxidizer withmurning or having to dispense with
the inefficiencies and pollution of traditional cbostion (i.e., the Carnot Cycle).

Source - The U.S. Department of Defense (DoD) B&dll Test and Evaluation Center
(FCTeQ http://www.fctec.com/fctec_basics.asp
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