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Chapter 11

Oxidations and Reductions
THE MAIN IDEA

Oxidation is the loss of electrons, and 
reduction is the gain of electrons.

11.1 Losing and Gaining Electrons
11.2 Harnessing the Energy
11.3 Electricity from Batteries
11.4 Electricity from Fuel Cells
11.5 Energy from Photovoltaics
11.6 Electrolysis Produces Change
11.7 Producing Metals
11.8 Corrosion and Combustion

11.4 Electricity from Fuel Cells

A fuel cell is a device that converts the energy of a fuel to elec-
trical energy. Fuel cells are an efficient means of generating 
electricity. A hydrogen–oxygen fuel cell is shown in Figure 
11.10. It has two compartments, one for entering hydrogen 
fuel and the other for entering oxygen, separated by a set of 
porous electrodes. Hydrogen is oxidized upon contact with 
hydroxide ions at the hydrogen-facing electrode (the anode). 
The electrons from this oxidation flow through an external 
circuit and provide electric power before meeting up with 
oxygen at the oxygen-facing electrode (the cathode). The 
oxygen readily picks up the electrons (in other words, the 
oxygen is reduced) and reacts with water to form hydroxide 
ions. To complete the circuit, these hydroxide ions migrate 
across the porous electrodes and through an ionic paste 
of potassium hydroxide, KOH, to join with hydrogen at the 
hydrogen-facing electrode.

As the oxidation equation shown at the top of Figure 
11.10 demonstrates, the hydrogen and hydroxide ions react 
to produce energetic water molecules that arise in the form of 
steam. This steam may be used for heating or for generating 
electricity in a steam turbine. Furthermore, the water that 
condenses from the steam is pure water, suitable for drinking.

Although fuel cells are similar to batteries, they will 
run continuously as long as fuel is supplied. The International 
Space Station uses hydrogen–oxygen fuel cells to meet its 

What is a fuel cell?
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electricity needs. The cells also produce drinking water for the astro-
nauts. Back on the Earth, researchers are developing fuel cells for 
buses and automobiles. As shown in Figure 11.11, experimental 
fuel-cell buses are already operating in many cities. These vehicles 
produce very few pollutants and can run much more efficiently than 
vehicles that burn fossil fuels.

A number of problems are associated with using hydro-
gen as a fuel for fuel cells. Perhaps foremost is that hydrogen gas, 
H2, is not a naturally abundant material. The hydrogen, therefore, 
must be manufactured, which is an energy-requiring process that 
defeats much of the utility of the fuel cell. For example, a most 
direct way of producing hydrogen gas is from the electrolysis of 
water. As described in Section 11.6, electrolysis requires a source of 
electrical energy. If this energy comes from a pollution-producing 
power plant, the environmental benefits of the fuel cell are lost. 
Alternatively, as discussed in Section 11.5, photovoltaic cells can 
produce the electricity needed for electrolysis. But today’s photo-
voltaic cells are relatively expensive to produce, and they only work 
when the Sun is shining. 

Hydrogen gas, however, can be produced from fossil fuels. 
The most efficient and environmentally friendly fossil fuel is meth-
ane, CH4, also known as natural gas, which is now in great supply 
because of the advent of fracking, discussed in Chapter 17. When 
heated with steam in the presence of a catalyst, this methane can 
be converted to hydrogen and carbon dioxide:

CH4 (g) + 2 H2O (g)  → 4 H2 (g) +        CO2 (g)
methane steam           hydrogen      carbon dioxide

^ Figure 11.10 
In the hydrogen–oxygen fuel cell, 
hydrogen, H2, combines with hydrox-
ide ions, OH−, at the anode to form 
water in addition to electrons that 
power an external circuit. The elec-
trons then return to the cathode where 
oxygen, O2, combines with water to 
form hydroxide ions that migrate back 
to the anode.

^  Figure 11.11
Because this bus is powered by a fuel 
cell, its tail pipe emits mostly water 
vapor.



© Conceptual Chemistry by John Suchocki

A fuel cell now used on an industrial scale is the molten 
carbonate fuel cell (MCFC). These fuel cells have been engineered 
to work in tandem with the on-site production of hydrogen from 
methane. As shown in Figure 11.12, the resulting hydrogen is 
oxidized at the anode as it reacts with carbonate ions to produce 
carbon dioxide, water, and electrons. The electrons pass through 
an external circuit providing electric power. Meanwhile, the carbon 
dioxide is piped to the cathode where electrons are received by 
oxygen, which reacts with the carbon dioxide to form carbonate 
ions. The carbonate ions migrate through the electrolyte back to 
the anode for subsequent reactions.

The MCFC can be scaled to create a power plant from a few 
kilowatts to as many as 50 MW. For reference, a typical coal-fired 
power plant is about 500 MW. The coal-fired power plant, however, 
is centralized, producing electricity for an entire region. The fuel cell 
power plant, by contrast, is suitable for individual buildings, such 
as a hospital, factory, or skyscraper (Figure 11.13). It runs quietly, 
producing few exhausts from the basement or just outside the 
building it serves. Aside from electricity, the MCFC also produces 
much thermal energy, which can be used to heat water and venti-
lation systems, which boosts the overall efficiency.

The electricity from a fuel cell can be used to charge the bat-
teries of an electric vehicle. But might the fuel cell also be placed on 
board to power the electric vehicle directly? While only 3 kilograms 
of hydrogen are needed to drive a car some 500 kilometers, the 
volume of this much hydrogen is about 36,000 liters. Compressing 
the gas into smaller volumes (as occurs in the bus shown in Figure 
11.11) or chilling it to the liquid phase is an energy-intensive pro-
cess, and this lowers the efficiencies. Researchers, however, are 

<  Figure  11.12
In the molten carbonate fuel cell 
(MCFC), carbonate ions facilitate 
the oxidation of hydrogen, H2, at the 
anode and the reduction of oxygen, 
O2, at the cathode. While the oxygen 
comes from the air, the hydrogen 
can come from the transformation 
of a gaseous hydrocarbon, such as 
methane. Even compost gas, which 
is mostly methane, can be used as the 
fuel source.
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looking to porous materials, such as the carbon nanofibers shown 
in Figure 11.14, that can hold large amounts of hydrogen to their 
surfaces, behaving in effect like hydrogen “sponges.” The hydrogen 
can be “squeezed” out of these porous materials on demand by 
controlling the temperature—the warmer the material, the more 
hydrogen is released.

Alternatively, liquid hydrocarbon such as methanol, CH3OH, 
can also be used for fuel cells. With a liquid fuel, miniature cells can 
be built to power portable electronic devices such as smartphones 
and tablets. Such devices could operate for long periods of time on a 
single ampoule of liquid methanol available at a local supermarket. 
The fuel cell industry holds much promise. Stay tuned for further 
developments.

C O N C E P T   C H E C K
As long as fuel is available to it, a given fuel cell can supply electrical energy indefinitely. Why can’t 
dry-cell or alkaline batteries do the same?

CHECK  YOUR  ANSWER   Dry-cell and alkaline batteries generate electricity as the chemical 
reactants they contain are reduced and oxidized. Once these reactants are consumed, the battery 
can no longer generate electricity.

Figure 11.13 >
Molten Carbonate Fuels Cells 
offer relatively clean and afford-
able power that can be scaled 
to the needs of a single indus-
trial complex or neighborhood, 
which bypasses the older model 
of centralized power. Such sys-
tems have the ability to operate 
on readily available natural gas 
or renewable biogas. (Source: 
fuelcellenergy.com)

Figure 11.14 >
Carbon nanofibers consist of near-sub-
microscopic tubes of carbon atoms. They 
outclass almost all other known materials in 
their ability to absorb hydrogen molecules.


