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Experiments with Alternative Energy 

By John Gavlik WA6ZOK – President, LearnOnLine, Inc. 
For Nuts and Volts Magazine – May, 2010 

 
Part 10 – Fuel Cell Basics 
 

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  

Figure 1 – PEM Fuel Cell 
 
your electric car and replacing your cell phone battery to mention a few.  Large stationary 
fuel cells already power homes and commercial buildings and more are being added daily 
to supplement grid power (see   Sidebar – Types of Fuel Cells).   
 
But with all these advantages why aren’t fuel cells more popular and widespread?  There 
are two main reasons; one is high cost and the other is the lack of a safe, pollution-free 
fuel source in a form that is suitable for direct energy conversion to electricity.  For 
example, a hydrogen fuel cell uses platinum for its MEA (Membrane Electrode 
Assembly- see Sidebar - MEA) which is one of the most expensive and rare metals on 
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earth.  Plus, hydrogen is not naturally available in free form since it is chemically bonded 
to other elements like oxygen in water and in natural gas where a great deal of energy is 
required to extract it in pure form.  There are other fuel cell types like methanol, alkaline 
and solid oxide and each have their own advantages and drawbacks including cost, again, 
as well as toxicity and safety issues.   But things are beginning to change in favor of fuel 
cell technologies to make them more affordable with greater fuel availability along with 
safer operating and storage conditions. With that in mind let me introduce you to this 
technology by doing some interesting experiments with one of them.   
 

The PEM “Reversible” Fuel Cell 

There are many types of fuel cells out there to choose from but the one that can 
demonstrate most of a fuel cell’s characteristics as well as be affordable, easy to use and 
safe is the PEM reversible fuel cell.  PEM can mean Proton Exchange Membrane or 
Polymer Electrolyte Membrane, take your pick, and both refer to the part that separates 
the hydrogen protons and electrons to produce electricity (Figure 1).  The reversible part 
means that it serves as both an electrolyzer for water to create hydrogen and oxygen as 
well as a fuel cell.  You get the best of both worlds with this device as it mimics a 
rechargeable battery.  The main difference is that the electrolyte is external and does not 
get used up in the process of generating [DC] electricity, and it can continue to generate 
electricity as long as hydrogen and oxygen are available.   

A reversible PEM fuel cell operates in two distinct modes – Electrolysis Mode and Fuel 
Cell Mode.  There are also two chemical processes involved – oxidation and reduction.  

 

       Figure 2 – Electrolysis Mode    Figure 3 – Fuel Cell Mode 
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In the Electrolysis Mode (Figure 2) water is introduced to both sides of the MEA where 
it is split into hydrogen at the cathode (negative) and oxygen at the anode (positive) by a 
small voltage level less than 1.5 volts DC called the water decomposition voltage that 
you’ll learn more about later. Hydrogen collects at the cathode and oxygen is created at 
the anode. Electrolysis of pure water requires excess energy in the form of overpotential 
to overcome various activation barriers. Without the excess energy the electrolysis of 
pure water occurs very slowly if at all. This is in part due to the limited self-ionization of 
water. Pure water has an electrical conductivity about one millionth that of seawater; 
nevertheless, electrolysis can be accomplished. If you’re a chemistry buff, here are the 
chemical reactions: 

Electrolysis Mode Reactions 

·  Anode reaction: 2H2O  �   4H+ + 4e- + O2 
·  Cathode reaction: 4H+ + 4e-  �  2H2 
·  Total reaction:  2H2O  �  2H2 + O2  (twice H2 versus O2)     

In Fuel Cell Mode (Figure 3) the process is reversed along with the polarities of the 
anode and cathode. As hydrogen flows into the fuel cell on the anode (negative) side of 
the MEA the platinum catalyst facilitates the separation of the hydrogen gas into 
electrons and protons (hydrogen ions).  The hydrogen ions pass through the membrane 
and combine with oxygen and electrons on the cathode (positive) side producing water. 
The electrons, which cannot pass through the membrane, flow from the anode to the 
cathode through an external load, which consumes the power generated by the cell. The 
overall electrochemical process of a fuel cell is called "reverse electrolysis," or the 
opposite of electrolyzing water to form hydrogen and oxygen.  Once again, here are the 
chemical reactions: 

Fuel Cell Mode Reactions  

·  Anode reaction: 2H2   �   4H+ + 4e-  
·  Cathode reaction: 4H+ + 4e- + O2  �  2H2O 
·  Total reaction:  2H2 + O2  �  2H2O (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 
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experiments, plus it’s a car and is one of the least expensive and most versatile ones on 
the market without sacrificing quality by any means.   We’ll use it for this and the 
following two fuel cell articles in this series. If you have another kind of hydrogen 
reversible fuel cell you’re, of course, free to use it.  
 

 
 
Figure 5 – Parallax BS2 Schematic                         Figure 6 – PicAXE Schematic 
 
To measure everything we will use our familiar Parallax BS2 and PicAxe 28X2 circuits 
(Figure 5 and Figure 6, respectively). You can find the complete materials requirements 
and experiments for both circuits on my website at www.learnonline.com �  
Experimenter Kits �  BS2 or 28X2 �  Hydrogen Experiments.  Before we get started 
with the experiments; however, you should first “hydrate” your fuel cell so that it is ready 
to produce maximum voltage and current.  You’ll find these instructions in your fuel cell 
User Manual.  Also, please adhere to the safety precautions that are always important for 
proper use; these are in the fuel cell’s User Manual, as well.  
 
 
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 experiment.  
This is because the motor presents a 
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variable resistance to the fuel cell as it spins, and I want to avoid this for now; we’ll get to 
this in a future article.  
 

 
Figure 8 – Start of Electrolysis Mode Figure 9 – Electrolysis Mode Stabilization 
 
With the REEL Power software running on your Window PC attach the 3 volt battery or 
solar panel to the circuit and witness a plot similar to Figure 8.  If you use a solar panel it 
will take much longer to electrolyze the water as the solar panel can’t deliver the same 
level of current, but you’re free to do so if you wish.  As you can see electrolysis starts 
with nearly a short-circuit as the reversible fuel cell begins to split water into hydrogen 
and oxygen, but the internal resistance of the PEM begins to rise rapidly allowing a 
higher voltage and more current from the battery or solar panel to flow into the device.  
Figure 9 shows the stabilization of the Electrolysis Mode as the electrolyzing voltage, 
current and power level off.  Notice it takes about 1.4 volts for the electrolysis process to 
work; this voltage is important for a later experiment. Also, don’t use a voltage much 
over 3 volts; otherwise, it may damage the fuel cell.  Allow the process to continue until 
20 ml of hydrogen are produced then remove the battery or other power source from the 
setup.  If you’re using another fuel cell and you need to clamp off the hydrogen from 
escaping, do so now.  Notice that the level of hydrogen in its cylinder is twice that of 
oxygen, which confirms the 2-to-1 ratio in the familiar H2O symbol.   
 
 
Fuel Cell Mode 
 
Now we need to reconfigure our microprocessor setup to remove the battery or solar 
panel and replace it with the fuel cell as the power source (but don’t attach the fuel cell 
just yet).  We also want to add a 10 ohm load resistor where the fuel cell used to be.  
Again, don’t connect the motor to the fuel cell as a load.  Refer to Figure 10 and Figure 
11 for these new schematic hookups. Once again with the REEL Power software running 
attach the fuel cell to the circuit and witness a plot similar to Figure 12.  This is the 
transition from Electrolysis to Fuel Cell Mode.  Notice the voltage, current and power 
drops as the fuel cell now begins to deliver its stored energy into the 10 ohm load.  
Figure 13 illustrates just how well the fuel cell performs over an extended period of time 
delivering a constant voltage and current into the load.  This is important in that as long 
as hydrogen fuel is available the voltage and current outputs remain constant.  This is 



Copyright © Nuts and Volts Magazine    May 2010   Page 6 

quite similar to the modern lithium and nickel metal hydride batteries we studied in Part 
3.   Also notice that the average voltage output from the fuel cell is about 0.6 volts; this is 
the norm for hydrogen PEM fuel cells.  Allow the entire amount of hydrogen to be 
consumed as we want to be able to start fresh with our next experiment.   
 

 
Figure 10 – BS2 Schematic  for   Figure 11 – PicAXE Schematic for 
Fuel Cell Mode     for Fuel Cell Mode    
 
 

 
Figure 12 – Start of Fuel Cell Mode          Figure 13 – Electrolysis & Fuel Cell Modes 
 
 
Determining the Water Decomposition Voltage 
 
I mentioned earlier that there was a minimum voltage necessary to separate hydrogen and 
oxygen called the Water Decomposition Voltage.  The theoretical voltage is 1.23 volts 
DC; however, it’s higher in actual practice due to impurities in the electrolysis process.    
The difference between the theoretical decomposition voltage and the measured voltage 
is called “overpotential”.   Overpotential is a function of the fuel cell’s inability to expel 
the hydrogen and oxygen gasses that form on the metal electrodes below a certain 
voltage; in this case, about 1.47 volts as compared with 1.23 volts.  Many other factors 
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are involved in this difference of decomposition voltage; however, the reasons for these 
differences are beyond the scope of this experiment.  So let’s do the experiment to find 
out for ourselves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14 - Parallax BS2 Water Decomposition Voltage Schematic 
 
First, setup the equipment as shown in Figure 14.  I’ll only show the Parallax setup for 
sake of space, but the PICAXE setup is basically the same.  In effect, we’re attaching the 
solar panel to the fuel cell through a 1 ohm current sense resistor to see how much 
voltage and current are required to begin electrolysis.  Also purge any excess hydrogen 
that may be left in the cylinder.  Next, slowly rotate the solar panel into the light and 
watch the voltage increase until it “jumps” and current begins to flow (Figure 15).  This 
is when electrolysis begins and the voltage jump is indicative of the internal resistance of 
the electrolyzer going from a near short circuit to something higher thus allowing current 
to flow.  You learned about this in the Electrolysis Mode experiment. Now tilt the solar 
panel away from the light to stop the electrolysis momentarily.  Then “very slowly” 
adjust it back into the light until you find the exact minimum voltage where electrolysis 
begins.  Figure 16 illustrates that our minimum voltage is 1.47 volts where a minimum 
current of 24 milliamps is flowing.  More voltage will result in a lower internal resistance 
that allows for more current to flow as shown in Figure 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 you were introduced to some of its basic 
operational characteristics like the dual modes of operation and minimum water 
decomposition voltage.  Future articles will address more of its inner workings as well as 
applications for portable electronics and for powering vehicles.   If recent history is any 
guide the fuel cell will most likely gain greater prominence in the coming years.  For 
example, the first decade of the 21st Century lead the way to the expansion of the Internet 
and the “always connected generation” with Internet-enable portable computers and cell 
phones.  The second decade will most likely lead to independent, portable power sources 
that run off grid and produce little or no pollution - plus be economically competitive and 
ready to use 24/7 – and fuel cells will be a big part of this.  If that’s sounds impractical or 
a bit too optimistic then just look back 10 years to see what’s happened to computer and 
communications technologies in that short amount of time.   We shall see. In the 
meantime conserve energy and “stay green”.   
 
Credits:  Unless otherwise noted, photo and other image credits used in this article go to 
Wikipedia, Fuel Cell Store and Horizon Fuel Cell Technologies.
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Sidebar -Types of Fuel Cells 

PEMFC -Polymer exchange membrane fuel cell 
The Department of Energy (DOE) is focusing on the PEMFC as the most likely candidate 
for transportation applications. The PEMFC has a high power density and a relatively low 
operating temperature (ranging from 60 to 80 degrees Celsius, or 140 to 176 degrees 
Fahrenheit). The low operating temperature means that it doesn't take very long for the 
fuel cell to warm up and begin generating electricity.  

SOFC - Solid oxide fuel cell  
These fuel cells are best suited for large-scale stationary power generators that could 
provide electricity for factories or towns. This type of fuel cell operates at very high 
temperatures (between 700 and 1,000 degrees Celsius) which makes reliability a problem 
because parts of the fuel cell can break down after cycling on and off repeatedly. 
However, solid oxide fuel cells are very stable when in continuous use. In fact, the SOFC 
has demonstrated the longest operating life of any fuel cell under certain operating 
conditions. The high temperature also has an advantage in that the steam produced by the 
fuel cell can be channeled into turbines to generate more electricity. This process is called 
co-generation of heat and power (CHP) and it improves the 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 cells; the United States space program has used 
them since the 1960s. The AFC is very susceptible to contamination thus it requires pure 
hydrogen and oxygen. It is also very expensive so this type of fuel cell is unlikely to be 
commercialized anytime soon but some companies are still trying.   

MCFC - Molten-carbonate fuel cell 
Like the SOFC, these fuel cells are also best suited for large stationary power generators. 
They operate at 600 degrees Celsius, so they can generate steam that can be used to 
generate more power. They have a lower operating temperature than solid oxide fuel 
cells, which means they don't need such exotic materials. This makes the design a little 
less expensive. 

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

DMFC - Direct-methanol fuel cell 
Methanol fuel cells are comparable to a PEMFC in regards to operating temperature, but 
are not as efficient. Also, the DMFC requires a relatively large amount of platinum to act 
as a catalyst, which makes these fuel cells very expensive.  

Source -  http://www1.eere.energy.gov/hydrogenandfuelcells/fuelcells/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 hydrogen gas equally over the surface of the 
catalyst.  

The Cathode - the positive side of the fuel cell - also contains channels that distribute the 
oxygen to the surface of the catalyst. It conducts the electrons back from the external 
circuit to the catalyst, where they can recombine with 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 that conducts only positively charged ions 
and blocks the negatively charged electrons. The PEM is the key to the fuel cell 
technology as it permits only the necessary ions (molecules stripped of their electrons) to 
pass between the anode and cathode. The thickness of the membrane varies depends upon 
the catalyst and the amount of platinum (Pt) is used in each 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 without combustion of the fuel and oxidizer, 
as opposed to what occurs with traditional methods of electricity generation. Fuel cell 
construction generally consists of a fuel electrode (anode) and an oxidant electrode 
(cathode) separated by an ion-conducting membrane. Oxygen passes over one electrode 
and hydrogen over the other, generating electricity, water and heat. Fuel cells chemically 
combine the molecules of a fuel and oxidizer without burning or having to dispense with 
the inefficiencies and pollution of traditional combustion (i.e., the Carnot Cycle).  

Source - The U.S. Department of Defense (DoD) Fuel Cell Test and Evaluation Center 
(FCTec)  http://www.fctec.com/fctec_basics.asp 
 

 


