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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

11.5 Energy from Photovoltaics

Photovoltaic cells are the most direct way of converting sun-
light to electrical energy. Since their invention in the 1950s, 
photovoltaics have made remarkable strides. The first major 
application was in the 1960s with the U.S. space program—
space satellites carried photovoltaic cells to power radios and 
other small electronic devices. Photovoltaics gained further 
momentum during the energy crisis of the mid-1970s.

The cost of receiving electricity through photovoltaics 
is primarily a function of the cost of purchasing the equipment 
and having it installed. But the system pays for itself in sav-
ings from utility bills within about a decade, or earlier in sunny 
climates. Also, payback time will become quicker as the cost 
of purchasing electricity from fossil fuel-based utility compa-
nies continues to rise. Further, keep in mind that the price of 
photovoltaic systems continues to drop as photovoltaic cell 
technology improves. Beyond economic reasons, many people 
are switching to photovoltaic systems simply because it is a 
clean source of energy and good for the environment. Today’s 
average residential photovoltaic system has an estimated life 
span of 25 years.

Worldwide, sales of photovoltaics have grown expo-
nentially over the last several decades. Photovoltaics are now a 
multi-billion-dollar industry with a strong promise of continued 
growth. Because they need minimal maintenance and no water, 
they are well suited to remote or arid regions. Photovoltaics can 
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operate on any scale and are now cost-competitive with electricity 
from fossil and nuclear fuels (Figure 11.15). 

Conventional photovoltaic cells are made from thin slabs of 
ultrapure silicon. The four valence electrons in a silicon atom allow 
four single bonds to four silicon atoms, as shown in Figure 11.16a. 
This configuration can be changed by incorporating trace amounts 
of other elements that have either more or fewer than four valence 
electrons. Arsenic atoms, for example, have five valence electrons 
each, also shown in Figure 11.16a. Within the silicon lattice, four 
of these arsenic electrons participate in bonding with four silicon 
atoms, but the fifth electron remains free. This is n-type silicon, 
so called because of the presence of free negative charges (elec-
trons) brought in by the arsenic. Boron atoms, on the other hand, 
have only three valence electrons, represented in Figure 11.16b. 

^  Figure 11.15
Photovoltaic cells come in many sizes, 
from those in a handheld devices to 
those in a rooftop unit that provides 
electricity to a house.

^  Figure 11.16
(a) The four valence electrons in a silicon atom can form four bonds. The fifth valence electron of arsenic is unable 
to participate in bonding in the silicon lattice and so remains free. Silicon that contains trace amounts of arsenic 
(or any other element whose atoms have five valence electrons) is called n-type silicon. (b) Boron has only three 
valence electrons for bonding with four silicon atoms. One boron–silicon pair therefore lacks an electron for cova-
lent bonding. Silicon containing trace amounts of boron (or any other element whose atoms have three valence 
electrons) is called p-type silicon.
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Incorporating boron into a silicon crystal lattice creates “electron 
holes,” which are bonding sites where electrons should be but are 
not. This is p-type silicon, so called because any passing electron is 
attracted to this hole as though the hole were a positive charge.

What happens when a slice of n-type silicon is pressed 
against a slice of p-type silicon? Remember that the n-type con-
tains free electrons and the p-type contains electron holes just 
waiting to attract any available electrons. Sure enough, electrons 
migrate across the junction from the n-type to the p-type, as shown 
in Figure 11.17a. This occurs only up to a certain point, however, 
because losing or gaining electrons upsets the electron-to-proton 
balance. As the n-type silicon loses electrons, it develops a posi-
tive charge on its side of the junction. As the p-type silicon gains 
electrons, it develops a negative charge. This charge buildup at 
the junction serves as a barrier to continued electron migration, 
as Figure 11.17b illustrates.

Photovoltaic cells rely on the photoelectric effect, which 
is the ability of light to knock electrons away from the atoms in an 
object. In most materials, the electrons either are completely ejected 
from the object or simply fall back to their original positions. In a 
select number of materials, however, including silicon, dislodged 
electrons roam about randomly in and among neighboring atoms 
without being locked into any one place, as represented in Figure 
11.18. However, random electron motion is not an electric current, 
because for every one electron moving to the left, there is another 
canceling that motion by moving to the right. Greater random 
motion simply means higher temperatures. This is why solar energy 
shining onto a piece of silicon produces nothing more than heat.

The junction barrier between adjacent slices of n-type and 
p-type silicon acts like a one-way valve. Electrons knocked loose in 
the n-type slice are inhibited from migrating across the junction to 
the p-type slice. Electrons knocked loose in the p-type slice, how-
ever, are readily drawn into the n-type slice, as shown in Figure 
11.19. So, the flow of electrons across the barrier is unidirectional, 
always from the p-type to the n-type.

What happens to n-type 
silicon as it loses electrons 
to p-type silicon?

READING CHECK

^  Figure 11.17
(a) Initially, free electrons migrate 
from the n-type silicon to the p-type 
silicon. (b) Quickly, however, charge 
buildup at the junction prevents the 
continued flow of electrons.

^  Figure 11.18
The photoelectric effect in silicon. 
Light rays knock out bonding elec-
trons, which are free to travel about 
the crystal lattice.
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As Figure 11.19 shows, a complete electric circuit can be 
made by connecting a wire to the outside faces of the two slices of 
silicon. When light hits either slice, dislodged electrons are forced 
by the junction barrier to move in one direction: from the n-type 
slice through the wire. This, in turn, creates holes in the p-type slice 
which accepts electrons returning from the external circuit. Thus, 
rather than being transformed completely to heat, energy from 
sunlight is transformed to electricity.

C O N C E P T   C H E C K
Why is the unidirectional nature of the n-type/p-type silicon junction so important?

CHECK  YOUR  ANSWER   The unidirectional nature of this junction forces electrons knocked loose 
by the sunlight to flow in a specific direction, which is an electric current. Otherwise, the silicon 
would merely get warmer.

^  Figure 11.19
Free electrons in the n-type wafer are 
repelled by the negative charge of 
the p-type wafer. Free electrons in the 
p-type wafer, however, are attracted 
to the positive charge of the n-type 
wafer. The energy of sunlight gets 
these electrons moving to the point 
that they are pushed into an external 
circuit in a unidirectional fashion.

The goal of the photovoltaic industry is to create a cell that 
is highly efficient, inexpensive to manufacture, and easily mass-pro-
duced. Traditional photovoltaic cells manufactured from ultrapure 
crystalline silicon yield efficiencies as high as 15 percent, which is 
good. However, the high cost of producing ultrapure crystalline 
silicon prevents these cells from being cost-competitive. Although 
great strides have been made in the past 20 years, electricity from 
these cells still remains three to four times more expensive than 
electricity from conventional sources.

A promising area of photovoltaic research involves the 
second- and third-generation photovoltaic cells. These cells are 
not produced from expensive crystalline silicon. Rather, they are 
formed as vaporized silicon or some other photovoltaic material 
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is deposited on a glass or plastic substrate. The resulting films are 
about 400 times thinner than traditional silicon wafers, which saves 
in material costs. Furthermore, the films are easy to mass-produce. 
The silicon “first-generation” cells, however, are well entrenched in 
the market, which means that it will still be a few years until these 
updated cells become commonly used. By that time, however, all 
these cells may be supplanted by even more efficient fourth-gen-
eration cells now being developed using nanotechnology.

Solar Fuels
Photovoltaic cells can be designed to produce chemical changes, 
such as the conversion of water into hydrogen, H2, and oxygen, O2. 
The hydrogen from this conversion can aptly be called a solar fuel, 
because it arises directly from solar energy. Any fuel is a form of 
chemical energy that can be stored for later use or transported for 
use elsewhere. In many ways, creating a solar fuel mimics the pro-
cess of photosynthesis where a leaf uses sunlight to convert carbon 
dioxide and water into glucose and oxygen (See Chapter 13). A solar 
fuel cell is thus sometimes referred to as “artificial photosynthesis”.
 To be able to efficiently generate a fuel from sunlight is a 
major, if not ultimate, goal of present energy research. The technical 
challenges, however, are daunting. Consider that photosynthesis 
itself, which is a product of billions of years of evolution, has an 
energy efficiency of only about 4 percent. To be practical, a solar 
fuel cell would need a much higher level of efficiency. Unfortunately, 
the only known materials able to achieve this are very expensive. 
Most notably, this includes the element platinum. Another issue 
is that the materials of a solar fuel cell need to be durable, as well 
as non-toxic, without corroding over an extended period of time. 
Again, platinum fits this bill. But again, there is not much platinum 
on the planet, and all of it is very expensive.
 At this time, researchers are focusing on various chemical 
element combinations. In a nutshell, the research involves experi-
menting with a bit of this element, bonded to a bit of that element 
in a very specific ratio, and then compounded with yet another 
element, and so on. Because there are only about 100 elements in 
the periodic table, the choice of elements is limited. But the various 
combinations is practically limitless. Progress is being made, but 
there is still much to learn in this important and exciting area of 
chemistry. Stay tuned. Efficient, non-toxic, and durable solar fuel 
cells would be revolutionary. 

^  Figure 11.20
Can photovoltaics be developed to 
create not only electricity, but fu-
els? If so, this would mimic the pho-
tosynthesis occurring within green 
leaves. This would allow us to leap 
frog over the burning of forests and 
fossil fuels for our energy needs.

^  Figure 11.21
The authors of Conceptual Chemistry with 
professor Raj Rajeshwar (far left), a lead 
researcher in the area of solar fuels at 
the University of Texas, Arlington. This 
photo was taken soon after their podcast 
interview concerning recent solar fuel 
developments.


