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Accumulator:  the electrochemical reaction is reversible; it can be re-charged after 
becoming discharged. 

Fuel cell:  can be used without discharging, can be refuelled with reactants as 
required. 

 

7.2. Principles of operation of the Methanol Fuel Cell 

The operating voltage and current of the Methenol Fuel Cell (order No. 1200-03) are more sensitive 
to previous treatment in methanol fuel cells than in hydrogen fuel cells. The electrical power data 
are influenced by how long the unit has been running before the experiment, how dry the 
membrane was before the experiment, and the waiting time after the unit was filled with methanol. 

As a rule the causes are as follows: 

1. Since the electrolyte membrane bulges slightly when the fuel cell is filled, but shrinks when it is 
dry, the membrane can become undulating; there is no way of influencing this process . This 
can lead to variations in the cell’s current, and it will take longer to start up, particularly if it has 
been dry for an extended period of time. 

2. The tank and the porous electrode structures of the methanol fuel cell always contain a small 
amount of oxygen from the air after filling. This may lead to the formation of a mixed potential 
immediately after filling, with the result that the off-load voltage does not reach its maximum 
value. This is why the instructions advise the user that no air bubbles must be left in the tank 
after filling. 

3. The oxidation of methanol is a complex reaction in which CO2 is one of the reaction products. 
Small volumes of pre-oxidation products, e.g. formic acid, are also produced. All of these 
substances affect the electric potential at the methanol anode and must be transported from 
there. This can lead to inhibitions which can influence the levels of voltage and current. 

The combined impact of all three effects is that the voltage and current can fluctuate from one 
experiment to another. This is entirely normal! 

The off-load voltage should have settled down at > 500 mV by 10 minutes after the cell has been 
filled with methanol. However, there can sometimes be delays for the above-mentioned reasons. 
Then the voltage fluctuates more strongly, and it may settle at about 400 mV. 

The following procedures are recommended in such a case in order to stabilise the voltage (and 
hence the measurement data): 

1. Wait for a few more minutes before starting with the experiments. Make sure that the tank 
really is completely full. Shake the cell a few times or knock it gently against the worktop. 
Usually the voltage will then increase above 500 mV. 

2. Connect the fuel cell to the load measurement box and set the rotary switch to 1 Ω for about 2 
minutes. Then wait for about 3 more minutes with the rotary switch at OPEN". The off-load 
voltage should now be above 500 mV. 

In very rare cases it happens that the off-load voltage does not rise above 500 mV. You can still 
carry out your experiments, however: for example you can drive the electric motor. This effect is 
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very unlikely to reoccur (the cell had dried out once in the meantime) in the next series of 
experiments. 

7.3. Principles of operation of the Dismantable Fuel Cell 

The Dismantable Fuel Cell (order No.1200-02) uses polymer electrolyte membrane technology. 
The term polymer electrolyte membrane fuel cell (PEMFC) refers to the proton-conductive polymer 
membrane that serves as the electrolyte. The term PEM stands for "proton exchange membrane". 

The PEM fuel cell operates with hydrogen and oxygen. The electrochemical conversion of energy 
inside the PEM fuel cell is practically the reversal of water electrolysis. 

 

Anode

Hydrogen H+

H+

Electric load
- +

Cathode

Water

Oxygen
or air

Polymer electrolyte  
Fig. 3: Principle of operation of a PEM fuel cell 

 

 

At the anode, hydrogen molecules are 
oxidised to positively charged hydrogen 
ions, releasing electrons. The hydrogen 
ions diffuse through the ion-conducting 
polymer electrolyte membrane 
(electrolyte) to the cathode. 

At the cathode, the hydrogen ions react 
with oxygen and the electrons supplied 
via the electric conductor, forming water. 

If the anode and cathode are connected 
with an electric conductor (e.g. an electric 
motor), the electrons flow from the anode 
to the cathode (electric current). 

 

Anode: 2 H2 → 4 H+ + 4 e- oxidation (release of electrons) 

Cathode: O2 + 4 H+ + 4 e- → 2 H2O reduction (absorption of electrons) 

Overall reaction: 2 H2 + O2 → 2 H2O ∆ G = -237 kJ/mol (at 25°C) 

 

A single cell's maximum theoretical voltage depends on the thermodynamic data of the reaction between hydrogen and 

oxygen to water. Under standard conditions, the figure for an individual cell is 1.23 volts. 

zF
ΔGV1.23 =
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Current conduction losses (overvoltage) occur during operation, e.g. as a result of reaction 
inhibition (experiment z3), internal resistance (experiment z5) or insufficient gas diffusion 
(experiment z4). In practice, this leads to lower cell voltages, which generally lie between 0.4 and 
0.9 volts for an individual cell.  

The membrane electrode assembly (MEA) is the heart of a PEM fuel cell. The membrane is coated 
with a finely distributed platinum catalyst (approx. 0.1 – 0.5 mg of platinum per cm2). The 
membranes coated in this way are subsequently press-bonded with porous carbon electrodes in 
the fuel cell. This creates an electric/electrical contact. 

By contact pressure, the polymer electrolyte membrane partially extends into the porous electrode 
structures, forming the gas/catalyst/electrolyte interface. The catalyst must have simultaneous 
contact with the gas, the proton conductors (polymer electrolyte membrane) and the electron 
conductors (electrodes). This is where the electrochemical reactions take place (Fig. 4, right). 

Hydrogen and oxygen are catalytically converted during the reaction; the electrodes themselves 
remain unaffected. The platinum particles function as catalytic centres whose effectiveness 
increases with surface area.  
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Fig. 4: Cross-section of a (polymer electrolyte) membrane electrode assembly, illustrating the 
processes taking place during fuel-cell reactions 

 

The electrolyte membrane functions like an ion exchanger. The protons of the acid groups present 
in the membrane are mobile. When humidified, the membrane conducts protons between the 
anode electrode and the cathode electrode. 

The electric contact is made via the electricity conductors, in this case special-steel perforated 
plates. In large-scale fuel cells, too, the electricity conductors must ensure gas supply and water 
removal, i.e. they must be gas- and water-permeable. 

The electric current of a fuel cell is a function of the surface area of the electrodes and reaches 
levels of up to 2 amp/cm2. 
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The current/voltage characteristic curve of a fuel cell 

The current/voltage characteristic curve and the power curve of the dismantable fuel cell can be 
determined in the experiments. In addition, the influence of specific parameters on the shape of the 
characteristic curve can also be examined in experiments z3-z5. 

 

Current (mA)  
Fig. 5: Current/voltage characteristic curve of a fuel cell divided into the three areas: catalysis, 
resistance of the fuel cell and transport of the reactands 

What does the shape of such a characteristic curve tell us? 

U0 (H2/H3O+//H2O/O2) is the thermodynamically maximum voltage that a fuel cell can deliver. The 
figure is taken from the electrochemical series and amounts to 1.23 volts. Actual cell voltages are 
always lower than this. The difference between the measured cell voltage and the thermodynamic 
voltage is termed overvoltage. The size of the overvoltage is the decisive parameter that 
determines a fuel cell's efficiency. 

Overvoltage is made up of various contributors. The size of these contributors determines the 
shape of the characteristic curve, as a function of current conduction. The individual contributors 
are as follows: 

 

 (I) Penetration overvoltage – influence of the catalyst 

At low currents and at voltages close to the thermodynamic voltage, the shape of the characteristic 
curve is determined by the catalytic processes taking place at the electrodes. This is shown here 
by an exponential increase in current in relation to the overvoltage. The decisive determinant of the 
level of current is the speed of the catalytic conversion of the gases H2 and O2, i.e. the speed with 
which the electrons pass through the border between the Pt catalyst and the electrolyte. This 
elementary process is depicted in Fig. 4 (right). The overvoltage involved is termed penetration 
overvoltage. 

(II) Internal resistance – influence of the fuel cell's structure 

Every fuel cell has an internal resistance (electrolyte, electricity conductors, interior structure, 
external wiring) which is recorded as ohmic voltage drop at high currents. In this case, the 
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voltage/current characteristic curve is linear, i.e. voltage falls in proportion to the increase in 
current. 

This resistance must be kept very small, particularly in large fuel cells, because it otherwise results 
in excessive power losses. In experiment z5 this difference is simulated by a plug-in resistance, i.e. 
the behaviour of the characteristic curve relative to total resistance is examined. 

(III) Diffusion overvoltage – influence of the transport of material 

At higher currents, the input of the gases through the porous electrode structure (Fig. 4, middle) 
becomes decisive. Diffusion overvoltage occurs when the gases at the catalyst are used up more 
quickly than they can diffuse to the catalyst. A typical symptom of diffusion overvoltage is when the 
voltage/current characteristic curve suddenly dips. The fuel cell's voltage then declines very quickly 
as the current rises, and the electrode is "starved" of gas. 

The instructions for experiment z4 describe how to measure the characteristic curve in air 
operation mode. It dips at approx. 40 mA, a typical example of diffusion overvoltage. When the air 
end plate is installed, the voltage is almost as high as in oxygen operation, i.e. the fuel cell receives 
enough oxygen from the ambient atmosphere. 

The aim of all fuel-cell development is to minimise these three elements which contribute towards 
overvoltage by using (I) better electrocatalysts, (II) highly conductive materials and contacts, and 
(III) optimised electrode structures and gas ducts. 

 

8.  Evaluation of experiments 

8.1. Experiment 1: Dark and Light IV Curve of the Solar Module  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The dark IV curve of a solar module corresponds to the IV characteristic curve of a semiconductor 
diode. 
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At the interface between the p-area and n-area there is a thin layer (barrier layer) which contains 
virtually no mobile charge carriers and therefore has a high resistance. The thickness of this layer 
can be changed by applying an external voltage. If the solar module is connected in the conducting 
direction, electrons are forced into the barrier layer, making it conductive again, so that a current 
can flow through the diode. 

The dark IV curve of the solar module shows that a minimum voltage must be applied in the 
conducting direction in order to overcome the barrier layer. This is called the threshold voltage. In 
silicon diodes it amounts to about 0.6 volts. For our five silicon cells connected in series it is 
approx. 2.5 volts. 

If the positive pole of the power-supply unit is connected to the negative pole of the solar module, 
and the negative pole of the power-supply unit to the positive pole of the solar module, the barrier 
layer broadens when voltage is applied, because some of the mobile charge carriers are attracted 
to the poles. This polarity blocks the diode; this is termed the blocking direction. 

You can verify this with a small experiment. Swap over the polarity at the power-supply unit and 
gradually increase the voltage. This measurement should only be made within a range of 0 to 3 
volts, however; otherwise the solar module will be destroyed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The shape of a solar module's characteristic curve corresponds to that of an individual solar cell, 
since a solar module is made up of individual solar cells connected in series (the leXsolar-H2 Large 
solar module consists of five silicon solar cells connected in series). 

The following data are of importance when looking at a characteristic curve: the no-load voltage 
(rotary switch “Open Circuit”), the short-circuit current (“Short Circuit”)and the Maximum Power 
Point ("MPP"). 

When there is no current drain, the solar module has a no-load voltage of approx. 2.6 volts (R = ∞). 
An individual silicon solar cell typically has a no-load voltage of 0.5 - 0.6 volts. 

If we short-circuit the solar module (R = 0 Ω), the maximum current (short-circuit current) flows. In 
our example of a characteristic curve, the short-circuit current amounts to about 240 mA. 
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The Maximum Power Point "MPP" refers to the point at which the solar module can output its 
maximum power at a specific level of irradiation. This point is at the "knee" of the IV characteristic 
curve and can be determined by two different methods: 

2. By drawing the rectangle with the largest possible area within the characteristic curve  

  (P = U • I). 

2. By drawing a PU diagram and reading the value of maximum power. 

 

In our example measurement, the MPP is at about 473 mW. 

Adapting a solar module to the power of the respective load plays a crucial role in practical 
applications. Wherever possible, the power of the load should always be close to the "MPP". 

 

 

 

Experiment Variations: 

You can very easily determine e.g. the influence of the light intensity on the power of the solar 
module. To do so, record two further characteristic curves, changing the distance between the 
lamp and the solar module (to e.g. 20 cm and 40 cm). 

At a distance of 20 cm the Solar Module must only be illuminated for the duration of the 
experiment. 

Draw graphs plotting P against U and compare them with the PU diagram at a lamp distance of 30 
cm. 
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8.2. Experiment 2: Characteristic Curve of the Fuel Cell 

In order to understand the characteristic curve of a fuel cell, recall the characteristic curve of the 
electrolyser (see experiment 5). The processes in the fuel cell are the reverse of those that take 
place in electrolysis. In the electrolysis of water, at least 1.23 volts must be applied before the 
water begins to split; as a rule the voltage is higher (overpotential).  

In the case of a fuel cell (a galvanic cell), less voltage is generated for the same reasons. Here, 
too, the characteristic curve is affected by the materials used for the electrodes (catalysis), the 
internal resistance, the temperature and the volume of hydrogen and oxygen being supplied. 
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electrolyser. The energy efficiency must be as high as possible, since electrical energy is 
expensive. 

Commercial systems reach an energy efficiency of 90% at high power densities, i.e. they work at 
low overpotentials (see experiment  5). 

8.8. Experiment 8: Water = 2 Portions Hydrogen + 1 Portion Oxygen 

Decomposition of water in the electrolyser: 

Volume of Hydrogen ≈ 10 ml 

Volume of Oxygen    ≈   5 ml 

 

Consumption by the Fuel Cell: 

Consumption of Hydrogen ≈ 10 ml 

Consumption of Oxygen    ≈   5 ml 

 

Interpretation/Notes: 

The experiments carried out demonstrate the decomposition of water at a ratio of 2 portions of 
hydrogen to 1 portion of oxygen, as with the Hoffmann apparatus: 

2H2O → 2H2 + O2 

In the fuel cell, the reverse of electrolysis takes place, i.e. the gases stored during electrolysis are 
reconverted into water. 

2H2 + O2 → H2O 

This proves that this electrochemical reaction is reversible. The first reaction (electrolysis) requires 
electrical energy, whereas the second reaction (fuel cell) releases electrical energy. Altogether 
such a cycle involves energy losses, i.e. the efficiency level is less than 1. 

8.9. Experiment 9: Photocurrent as a Function of Distance and Incident 
Angle 

The power output of solar modules and/or solar generators is directly determined by the respective 
irradiation conditions. A solar module or solar generator cannot compensate fluctuations in the 
supply of radiation.  

The two experiments allow statements to be made on the photocurrent's dependence on the angle 
of irradiation and distance of the light source.  

The photocurrent is highest when the light strikes the solar module perpendicularly. 
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The photocurrent of the solar module is proportional the cosine of the angle of incidence (I ~ cos 
α). 
 

 
 
The second experiment shows that the photocurrent of the solar module decreases in proportion to 
the increasing distance of the light source. Depending on the type of lamp used, the decline in the 
current follows the law of radiation from a certain distance. 

The photocurrent of the solar module is inversely proportional to the square of the distance of the 
light source (I ~ 1/d2). 

These functional relations correspond to the laws of radiation in physics, which are connected to 
the theory of the diffusion of light. 

The dependence of the photocurrent on the angle of incidence is crucial to practitioners in the 
installation of solar modules. 
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In this context, the sun's angle of altitude and the supply of solar radiation are important factors 
when calculating the concrete technical alignment of photovoltaic systems.  

For example, the sun's maximum angle of altitude (at 12 o'clock sun time) in the south of the 
Federal Republic of Germany (latitude 48° north) varies between 65.5° on 21st June and 18.5° on 
21st December. When installing and aligning large-scale solar plants, a rough calculation of the 
sun's angle of altitude is of crucial importance.  

Pointing the solar modules towards the south (e.g. on the roof of a building) proves to be 
favourable, since this makes it possible to tap the radiation both in the morning and in the 
afternoon.  

The solar module's angle of inclination relative to the horizon affects the incident direct and 
diffusion radiation. The larger the angle of incidence, the smaller the percentage of diffusion 
radiation that can be harnessed.  

The steeper the angle at which the direct solar radiation strikes the surface of the solar module, the 
smaller the usable radiation intensity. 

8.10. Experiment 10: Characteristic Curve of the Methanol Fuel Cell* 

Fluctuations in the figures for current and voltage can occur when recording the fuel cell’s 
characteristic curve. These variations are entirely normal. The figures depend on the previous 
treatment of the cell (how dry the membrane was before the experiment, how long the unit has 
been running before the experiment, waiting time after the unit was filled with methanol). 

In order to understand the characteristic curve of the methanol fuel cell, it is useful to recall the 
fundamental principles of a battery. 

A battery consists of 2 separate half-cells. Each half-cell usually contains different precious metals 
or alloys as electrodes. The metals in the two half-cells are subject to different chemical reactions 
when an external electric circuit is connected. A current flows. The two electrodes are chemically 
transformed and the battery is discharged. In a battery the positive electrode is called the cathode, 
the negative electrode the anode. 
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8.17. Experiment 17: Impact of Total Resistance on the Characteristic Curve 
of the Fuel Cell** 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The interpretation of the results is summarised in the experiment instructions. 
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