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Student Questions

1. Name two advantages for the electric car.
2. For what use is the electric car primarily designed?

3. What helps to minimize “range anxiety”?

4. True or false: The first electric car was the Nissan Leaf. Explain your answer.
5. What is the chemical term for the process that happens at the lead plate in a lead-acid battery? Describe this process.
6. What happens when a lead-acid battery recharges?
7. What type of battery is used in today’s electric cars?
8. Describe the composition of the two electrodes in a lithium-ion battery.

9. List four advantages that lithium-ion batteries have over lead-acid batteries.
10. List three disadvantages of using electric cars.
Answers to Student Questions

1. Name two advantages for the electric car.
Advantages of the electric car are:

a) Fewer moving parts, so less maintenance is required,

b) Brakes, part of the energy-recovery system, last much longer than ordinary car brakes.
2. For what use is the electric car primarily designed?
City driving is the main use for which electric cars are designed. This includes commuting, running local errands and trips around town.
3. What helps to minimize “range anxiety”?
Onboard computers in electric cars indicate level of charge and remaining range of travel, making it less likely that you will allow the battery to run down, minimizing “range anxiety”.
4. True or false: The first electric car was the Nissan Leaf. Explain your answer.
This statement is false. Electric cars were built as early as 1828, and had become prevalent in the 1900s, until improvements in the gasoline-powered car gave it dominance.
5. What is the chemical term for the process that happens at the lead plate in a lead-acid battery? Describe this process.
Oxidation occurs at the lead plate in the lead-acid battery. This process involves the loss of electrons from the lead plate as it reacts to form lead(II) sulfate.
6. What happens when a lead-acid battery recharges?
Recharging a lead-acid battery involves pumping electrons into the battery from an outside source. This causes the oxidation of lead(II) to lead(IV), releasing two electrons in the process.
7. What type of battery is used in today’s electric cars?
Today’s electric cars (unlike those of the 1900s, which used lead-acid batteries) use lithium-ion batteries.
8. Describe the composition of the two electrodes in a lithium-ion battery.
The cathode (the positive terminal) is made of “a type of layered lithium oxide, such as lithium cobalt oxide (LiCoO2)”, while the “negative electrode, or anode, is made of graphite—a form of pure carbon.
9. List four advantages that lithium-ion batteries have over lead-acid batteries.

Four advantages of lithium-ion batteries over lead-acid batteries:

a) They’re much lighter (think atomic weights: Li, 7; Pb, 207)

b) Lithium is much more reactive than lead, providing a higher charge density, 6:1 over lead.
c) Lithium-ion batteries hold a charge much longer than lead-acid batteries. They only lose 5% of their charge per month.
d) They have no “memory effect”, so they can be recharged at any level of charge.
10. List three disadvantages of using electric cars.

Three disadvantages of electric cars:

a) Their relatively short range of travel

b) Their high price

c) Their contribution to pollution, since the electricity they use for recharging is generated by burning coal.
Anticipation Guide

Anticipation guides help engage students by activating prior knowledge and stimulating student interest before reading. If class time permits, discuss students’ responses to each statement before reading each article. As they read, students should look for evidence supporting or refuting their initial responses.
Directions: Before reading, in the first column, write “A” or “D” indicating your agreement or disagreement with each statement.  As you read, compare your opinions with information from the article. In the space under each statement, cite information from the article that supports or refutes your original ideas.

	Me
	Text
	Statement

	
	
	1. Electric cars require much less maintenance than cars with internal combustion engines.

	
	
	2. Electric cars in use today require 220-volt charging stations.

	
	
	3. Today’s electric cars can travel about 400 miles before being recharged.

	
	
	4. Electric cars were available in the early 20th century.

	
	
	5. Lead-acid batteries can be recharged indefinitely.

	
	
	6. Lead-acid batteries are found in today’s golf carts and gasoline-fueled cars.

	
	
	7. Lithium batteries were not developed until the late 20th century.

	
	
	8. Lithium-ion batteries are much lighter than lead-acid batteries, and they can store much more energy per kilogram than lead-acid batteries.


Reading Strategies  
These matrices and organizers are provided to help students locate and analyze information from the articles.  Student understanding will be enhanced when they explore and evaluate the information themselves, with input from the teacher if students are struggling. Encourage students to use their own words and avoid copying entire sentences from the articles. The use of bullets helps them do this. If you use these reading strategies to evaluate student performance, you may want to develop a grading rubric such as the one below.

	Score
	Description
	Evidence

	4
	Excellent
	Complete; details provided; demonstrates deep understanding.

	3
	Good
	Complete; few details provided; demonstrates some understanding.

	2
	Fair
	Incomplete; few details provided; some misconceptions evident.

	1
	Poor
	Very incomplete; no details provided; many misconceptions evident.

	0
	Not acceptable
	So incomplete that no judgment can be made about student understanding


Teaching Strategies: 

1. Links to Common Core State Standards: There are several opportunities to compare alternatives in this issue of ChemMatters. For example, you might ask students to take sides and find support for one of the following:

a. Using brand-name vs. generic drugs

b. Driving electric cars vs. cars with internal combustion engines

2. To help students engage with the text, ask students what questions they still have about the articles.

3. Vocabulary that may be new to students:

a. VOCs

b. Internal combustion engine

4. Important chemistry concepts that will be reinforced in this issue:

a. Reaction rate

b. Oxidation and reduction

Directions: As you read, compare lead-acid and lithium-ion batteries using the chart below.

	
	Lead-Acid Battery
	Lithium-ion Battery

	When were they developed?
	
	

	What chemicals are involved?
	
	

	How do they work?
	
	

	What are the electrodes made of?
	
	

	Where are they used?
	
	

	Compare the reactivity of the metals involved.
	
	


Background Information 
(teacher information)
More on the history of electric cars
As mentioned in the article, electric cars were more popular than gasoline powered cars in the late 1890s and early 1900s. In addition to being easier to start (no manual crank like gasoline-powered cars) and having no gears to change while driving, they were also quieter and did not have any smells attached to them, as did gasoline cars. Some electric car and truck drivers utilized exchangeable batteries, instead of recharging their own. Typical use for electric cars in those times was for city driving, much like electric cars today (so far). In those days that was sufficient because most roads were confined to urban areas. Typical drivers were the well-to-do and women, due to ease of operating the electric cars. Taxi companies also used electric cars.


Popular use of electric cars also occurred because they were more economical to drive than gasoline cars. But gradually, as mass production (think, Henry Ford and his assembly line) resulted in cheaper gasoline-powered cars (half the cost of an electric car), other technological advances like the electric starter were made, improved highways were developed, and a national gasoline pipeline infrastructure became reality, the internal combustion engine became the propulsion mechanism of choice and electric car sales declined significantly. By the 1930s, the electric car was all but gone from US roadways.
Here’s an interesting story from the early days of electric cars involving the use of a car on a cold night. 

Perhaps you have noted that if you have been trying to start the car and you let it "rest" for a few minutes the battery will have renewed zest. Why?

A Related Anecdote--from the Life of Eddie Rickenbacker
Concerning his trip in a Waverly Electric Car taken without permission from his employer. He was about 14 years old of the time (1904).

Contributed by Arra Nergararian, Worcester Polytechnic Institute

"After supper I started back to the garage. Mr. Evans would be in next morning. . . But I hadn't gone one quarter of the way when the little car began to give signs that I had driven it too much. It slowed down and came to a stop. It was out of juice. The batteries were dead. Darkness was coming on and I had a mile and a half to go . . . no wrecker service . . . only the Evans Garage which was going to be minus its one employee should its irate owner return to find said employee out with a customer's car. 

"In discussing electrical energy with me, Evans had observed that frequently a battery would regain some current if allowed to sit idle for a while . . . I decided to wait an hour. Never had time dragged so slowly. My Ingersoll dollar watch was in and out of my pocket a. dozen times . . .I gingerly pushed the control lever, fully expecting nothing to happen, but . . . the car lurched forward . . . several blocks before it died. Again I sat for an hour . . . the refreshed batteries took me a few more blocks. As the night wore on, the hope became shorter and the waits longer, but finally about 3:00 A.M. I reached the garage. I hooked up the battery charger and took the streetcar home. . . ."

(J. Chem. Educ., 1970, 47 (5), p 383, DOI: 10.1021/ed047p383.1, also online at http://pubs.acs.org/doi/abs/10.1021/ed047p383.1—reminder: subscription required to read content)

In the US, little progress was made in the electric vehicle arena, until the 1990s. The energy crises of the 1970s and ‘80s renewed interest in electric cars, as potential buyers viewed them as a way to exert energy independence from oil shortages and crude oil price increases.

General Motors actually produced an electric car in 1994, that proved to be a commercial bust. Called the EV1, it was a two-seater sports coupe that was simply battery powered. A total of only 1400 vehicles were sold. One major problem was price. The EV1 had a cost about 30% higher than comparable traditional vehicles. General Motors’ states that its own customer research has lead it to believe that the typical consumer will not pay more for a vehicle just for the “sake of the environment.” Another problem was that the range of the car was only about 60 miles before recharging was required. Northern winters posed another problem to EV1 drivers---Run the heater or run the car, your choice! 
(ChemMatters Teacher’s Guide, December 2000) 
Yet another problem with the EV1 was that the state of California’s Air Resources Board (CARB) rescinded its stringent air quality law requiring more energy-efficient, low-emissions vehicles, eventually moving to zero-emissions vehicles. The eventual rescission of the law was due to continued pressure from automobile manufacturers and the oil industry. It was this law that had pushed GM’s research into and production of the EV1 in the first place. This new, less-stringent atmosphere in California law resulted in fewer people interested in purchasing the all-electric vehicle and a subsequent lack of sales. GM eventually recalled all the EV1 electric cars and demolished them, save for a very few, stripped of their batteries, that were donated to museums. A 2006 feature-length film that discussed this situation, “Who Killed the Electric Car?”, appeared at the Sun Dance Film Festival. Apparently it is still available as a DVD, available on Amazon for $9.52 at the time of the writing of this Teacher’s Guide. It’s also available on Netflix at http://movies.netflix.com/WiMovie/Who_Killed_the_Electric_Car/70052424?locale=en-US. 


Around the world, many multiple-passenger battery-powered electric vehicles (BEVs) have been produced and put in trial-use since the mid-1990s. Many bus and shuttle BEVs are in use today for urban transit that take advantage of the BEV’s lack of emissions. Often these vehicles have their batteries swapped out for recharge, in order to allow 24-hour operation of the vehicles. Vans and trucks that operate in urban settings have also been fitted out with batteries for electric propulsion. (http://en.wikipedia.org/wiki/Battery_electric_vehicle#Vehicles)

In 1910, Seoul, South Korea was the first city to put into use a fleet of five (soon thereafter to be 14) commercial electric buses, which utilize Li-ion batteries, for part of its transit system. Recharge times for these batteries is under 30 minutes! Their plan is to have 120,000 electric vehicles in use in the city by 2020.
(http://www.gizmag.com/korea-begins-first-commercial-electric-bus-service/17385/)

More on electric cars and the environment

Studies have shown that battery-powered electric vehicles (BEVs) are environmentally friendly, relative to today’s gasoline-powered cars. One such study, “Contribution of LI-Ion Batteries to the Environmental Impact of Electric Vehicles”, published in the American Chemical Society journal Environmental Science &Technology, reported the results of tests that compared the environmental impact of the BEV with that of the internal combustion engine vehicle (ICEV). Their report on BEVs and ICEVs used four different assessment methods. All four methods showed that ICEVs had greater negative impact on the environment than BEVs, in one method by as much as 60%. And these findings were based on a “new efficient gasoline car”. “This ICEV consumes 5.2 L of gasoline per 100 km.” This is equivalent to 45.2 miles per gallon, so they are comparing BEVs to a very technologically advanced ICEV, not the typical car on the road in the U.S. today. (You might want to have students do the conversion for themselves, using dimensional analysis.) 

In analyzing the environmental impact, the study says

There are no differences between ICEV and BEV with respect to the environmental burden related to road use (infrastructure, maintenance, and disposal) and the glider [the body of the car, without the propulsion system]. Small differences are related to the drivetrain, maintenance, and disposal of the car. The main difference is reflected in the operation phase, which rises far above the impact of the battery.

(Notter, D. et al. Contribution of Li-Ion Batteries to the Environmental Impact of Electric Vehicles. Environmental Science & Technology, 2010, 44 (17), pp 6550–6556) abstract here: http://pubs.acs.org/doi/abs/10.1021/es903729a?prevSearch=Contribution%2Bof%2BLi-Ion%2Bbatteries&searchHistoryKey=)


Operation of the BEV does not produce air pollutants as does the ICEV. Discussion here also must take into account the environmental impact of creating the electricity needed to recharge the batteries in BEVs. The study found that even including the pollution produced from burning fossil fuels to generate the electricity to recharge the Li-ion batteries, less pollution was produced by BEVs. Actually, the choice of electricity generation was the major factor in the environmental impact of BEVs. 

…the choice of the electricity generation led to considerable variations in the results. Propelling a BEV with electricity from an average hard coal power plant increases the environmental burden by 13.4%. On the other hand, using electricity from an average hydropower plant decreases environmental burden by 40.2%. This results in a decrease for the operation from 41.8% to 9.6% when charging the battery with electricity from hydropower plants.
(Notter, D. 6550-6556)
Of course, if the majority of drivers in the United States changes over to electric cars, recharging all their batteries will cause a major problem for electricity producers.

The time of day when plug-in electric cars are charged will determine the impact they will have on the national power grid, says a new study by Oak Ridge National Laboratory (ORNL).
The Department of Energy lab study assumes that by 2025, one-quarter of U.S. cars will run on a combination of electric and liquid fuels and will require plug-in charging. If all cars are charged at 5 PM, when electricity demand is high, some 160 large power plants will be needed nationwide to supply the extra electricity, according to the study. However, it says, if the charging is done after 10 PM, when demand is minimal, as few as eight—or possibly no—new power generation facilities will be needed, depending on the availability of regional electricity.

The study comes at a time when several automakers are exploring plug-in electric vehicles. Earlier studies, including one by Pacific Northwest National Laboratory, found that off-peak, idle capacity at existing electric utilities could provide enough power to fuel 84% of the U.S.'s 220 million cars if all of them were shifted to hybrid plug-in electric vehicles (C&EN, Dec. 18, 2006, page 40).

"That assumption doesn't necessarily take into account human nature," says ORNL's Stan Hadley, who led the study. "Consumers' inclination will be to plug in when convenient, rather than when utilities would prefer.

"Utilities will need to create incentives to encourage people to wait," Hadley continues. "There are also technologies such as ???smart' chargers that know the price of power, the demands on the system, and the time when the car will be needed next to optimize charging for both the owner and the utility. That can help too," he adds.
(Johnson, J. Plug-in Vehicles May Lead To More Power Plants. Chemical & Engineering News 2008, 86 (12) 
More on lithium
Some physical and chemical properties of lithium

· Appearance: soft, silvery-white metal

· Member of Group I, the alkali metal family

· Symbol: Li

· Atomic Number: 3

· Electron configuration: 1s2 2s1
· Atomic mass: 6.941 g/mol

· Atomic radius: 155 pm

· Atomic volume: 13.1 cm3/mol

· Covalent radius: 163 pm

· Ionic radius: 68 pm (+1 charge)

· Density: 0.534 g/cm3
· Melting point: 180.54 oC

· Boiling point: 1342 oC
· 
Specific gravity: 0.534 (at 20 oC)

· Oxidation state: +1

· Specific heat: 3.489 J/g-K
· Heat of fusion: 2.89 kJ/mol

· Heat of vaporization: 148 kJ/mol

· Heat of combustion: -298 kJ/mol

· First Ionization energy: 519.9 kJ/mol

· Second Ionization energy: 7,298 kJ/mol

· Third ionization energy: 11,815 kJ/mol

· Pauling electronegativity: 0.98

· Lattice structure: Body-centered Cubic (BCC)

· Electrical resistivity: 92.8 nΩ-m

· Thermal conductivity: 84.8 W/m-K

· Mohs hardness: 0.6

Lithium is the lightest (lowest density) of all the metals. It has the highest specific heat of any metal. 

Sources of lithium

	Lithium mine production (2011) and reserves in tonnes

	Country
	Production
	Reserves
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 Argentina
	3,200
	850,000
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 Australia
	9,260
	970,000
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 Brazil
	160
	64,000
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 Canada (2010)
	480
	180,000
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 Chile
	12,600
	7,500,000
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 People's Rep. 

 of China
	5,200
	3,500,000
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 Portugal
	820
	10,000
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 Zimbabwe
	470
	23,000

	World total
	34,000
	13,000,000


Although lithium is widely distributed on Earth, it does not naturally occur in elemental form due to its high reactivity. The total lithium content of seawater is very large and is estimated as 230 billion tonnes, where the element exists at a relatively constant concentration of 0.14 to 0.25 parts per million (ppm), or 25 micromolar; Higher concentrations approaching 7 ppm are found near hydrothermal vents.
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Estimates for crustal content range from 20 to 70 ppm by weight. In keeping with its name, lithium forms a minor part of igneous rocks, with the largest concentrations in granites. Granitic
pegmatites also provide the greatest abundance of lithium-containing minerals, with spodumene and petalite being the most commercially viable sources. Another significant mineral of lithium is lepidolite. A newer source for lithium is hectorite clay, the only active development of which is through the Western Lithium Corporation in the United States. At 20 mg lithium per kg of Earth's crust, lithium is the 25th most abundant element.

According to the Handbook of Lithium and Natural Calcium, "Lithium is a comparatively rare element, although it is found in many rocks and some brines, but always in very low concentrations. There are a fairly large number of both lithium mineral and brine deposits but only comparatively a few of them are of actual or potential commercial value. Many are very small, others are too low in grade." 
One of the largest reserve base of lithium is in the Salar de Uyuni area of Bolivia, which has 5.4 million tonnes. US Geological Survey, estimates that in 2010 Chile had the largest reserves by far (7.5 million tonnes) and the highest annual production (8,800 tonnes). Other major suppliers include Australia, Argentina and China. Other estimates put Chile's reserve base (7,520 million tonnes) above that of Argentina (6 million).
(http://en.wikipedia.org/wiki/Lithium)

Alkali metals are always found combined with other elements, due to their high chemical reactivity, and lithium is no exception. Since they are such active metals, no other metal can be used to replace them from their compounds, as might be done to extract less active metals. So, to extract the elemental form, electrolysis must be used, which is highly energy intensive. An advantage of using lithium in Li-ion batteries is that lithium-ion batteries don’t contain elemental lithium; they use lithium compounds.
There are two principle methods by which lithium is extracted from ores. The first involves spodumene, a silicate compound of lithium and aluminum. In order to produce lithium from this mineral, spodumene must first be ground into a powder and heated to 1100 oC, treated with sulfuric acid at 250 oC to produce lithium and aluminum sulfates, put into a solvent to extract the sulfates, put into a separator to extract the aluminum sulfate, and finally the lithium is precipitated by reaction with soda ash (sodium carbonate) to form lithium carbonate. Until about 1997, this was the principle method for lithium extraction from ores. It is still used for some specific purposes, such as making certain types of glass and ceramics. But the second method is much simpler and less energy-intensive—therefore more economical.

Most lithium today is extracted commercially from salt brine that forms underground. This is a mixture of salts—mostly chlorides—of lithium, sodium, potassium and magnesium dissolved in water to form a saturated solution. South America has several large deposits in desert areas in salt flats called salares along the Andes Mountain chain, one in Chile in the Atacama Desert, one in Argentina in the Salar del Hombre Muerto (Salt Flat of Dead Men) and the other in Bolivia, in the Salar de Uyuni (Uyuni Salt Flat). Together, these salt flats are estimated to contain more than two-thirds of all the world’s reserves of lithium.
The salt flats themselves are made of the solid form of some of these compounds (but not much of lithium salts). When winter snow-melt runs off the mountains in the spring and summer, the water flows underneath these flats and travels through their porous surface and dissolves them to form a saturated liquid called brine. The brine is anywhere from 10s of centimeters to possibly 30 meters below the surface of these desert areas. Any of the salt (halite or rock salt) below that depth is believed to have undergone complete recrystallization so that it is no longer porous, and the brine cannot penetrate that. Even though the brine is well below the surface, wells dug into the salt flat can bring the brine to the surface, where it is pumped into shallow pools. The sun then evaporates much of the water, until the concentrated material can be removed and trucked to processing plants. 
The solubility of lithium chloride (83 g/100 mL of water) is much greater than the other alkali metal chlorides (sodium chloride: 35.7 g/100 mL of water, potassium chloride: 34.2 g/100 mL of water, and magnesium chloride: 54.6 g/100 mL of water, all at 20 oC). So, as the sun evaporates the water from the brine solution, the sodium, potassium and magnesium chlorides crystallize out first, as solids and fall to the bottom of the pool, leaving the remaining liquid ever more concentrated in lithium chloride. Eventually, the sun evaporates off all the water, leaving the lithium chloride solid on the surface of the pool, where it can be scraped off and sent off for processing into lithium carbonate for shipment to battery manufacturers. (The chloride of lithium is much easier to convert to the carbonate than is the silicate, from spodumene processing.) 
Even though the salt flats are desert areas and there are rarely clouds or rain, this process of solar evaporation from the pools of brine can still take as long as 6 months to two years to accomplish. Since the sun is the principal energy source, this is a very inexpensive source of this lithium salt. Of course, the resulting solid material must still be purified, because it will still contain a mixture of lithium, sodium, potassium and magnesium salts, but it will be predominantly lithium chloride.

So, with the anticipated worldwide proliferation of BEVs in the decades to come, and their demand on lithium resources, should we be worried that we will run out of lithium any time soon?
According to a 2011 study conducted at Lawrence Berkeley National Laboratory and the University of California Berkeley, the currently estimated reserve base of lithium should not be a limiting factor for large-scale battery production for electric vehicles, as the study estimated that on the order of 1 billion 40 kWh Li-based batteries could be built with current reserves. Another 2011 study by researchers from the University of Michigan and Ford Motor Company found that there are sufficient lithium resources to support global demand until 2100, including the lithium required for the potential widespread use of hybrid electric, plug-in hybrid electric and battery electric vehicles. The study estimated global lithium reserves at 39 million tons, and total demand for lithium during the 90-year period analyzed at 12–20 million tons, depending on the scenarios regarding economic growth and recycling rates. 
(http://en.wikipedia.org/wiki/Lithium#Production)

Some companies are not so sure the estimated resources are realistic. The Meridian International Research group, after extensive study of the area, has made the following conclusions regarding the Salar de Atacama, the Chilean salt flat that has already been mined for about 20 years.

Since 1984 some 100,000 tonnes of Lithium have been extracted from the richest grade deposit on the Southern Edge of the Salar.

The most realistic assessment based on the known low porosity of this Southern Edge is that before production commenced, this southern high grade zone contained 200,000 tonnes of Lithium. The maximum it would have contained was 450,000 tonnes.

There 50% of the highest grade Lithium deposit in the world may already have been extracted.

While the nucleus may contain 3MT (million tonnes) or more of Lithium in total, access can only be gained to this by wholesale destruction of the salar by expanding wells and pipelines over a much greater area of its surface. In reality, the realistic recoverable reserve is less than 1MT.

Increasing investment and resources will be required to maintain production at current levels as the Lithium content in the salar continues to fall. Any increase in production will require accessing lower grade areas of the salar and an exponential increase in resources per unit production increase.
(http://www.meridian-int-res.com/Projects/Lithium_Microscope.pdf)

And an overall conclusion they reach is that “…maximum sustainable production of battery grade Lithium Carbonate will only be sufficient for very limited numbers of Electric Vehicles.” (This very thorough report contains much detailed information about many sources of lithium—including spodumene and ocean water—around the globe. The study includes environmental issues as well as economic and political concerns.)
More on “Why lithium in batteries?”

Lithium is the element of choice for use in batteries used for electric cars for many reasons:
1) Lithium is the lightest of all metals: 6.94 g/mol—compare to lead, 207.2 g/mol, so batteries weigh less and require less energy to propel in a vehicle
2) Lithium offers one of the greatest electrochemical potentials (3.04 Volts) of all elements, resulting in
a. Higher energy density: Li-ion battery, 150-250 W-h/kg (400 W-h/kg experimental, February 2012, 500 W-h/kg experimental, October 2012)—compared to lead-acid battery, 22 W-h/kg
b. Higher specific power (power to mass ratio): 250-1500 W/kg—compare to lead-acid battery, 180 W/kg 
(http://en.wikipedia.org/wiki/Lead_acid and 
http://en.wikipedia.org/wiki/Lithium-ion_batteries)

3) Li is reasonably inexpensive and easy to obtain from brine deposits
4) The Li-ion battery requires little maintenance, unlike many other types
5) The Li-ion battery has no memory effect (no need to fully discharge before recharging)
6) It has low self-discharge rate (5-10%/month, compared to 30% for NiMH batteries)
7) It has no required scheduled cycling to prolong battery life

Several disadvantages to the Li-ion battery also exist:

1) Charging produces deposits inside the electrolyte that inhibit movement of ions, decreasing the cell’s capacity.

2) Maintaining a high charge level increases the rate of capacity loss. (It’s better to store Li-ion batteries at 40-60% charge level to minimize this loss)

3) High ambient temperature also increases the rate of capacity loss.

More on batteries
Many different types of batteries have been in use over the past 100 years or so. These include:

Primary batteries: these batteries are “once-and-done” or “throw-aways”. They are not designed to be rechargeable. The chemicals in these batteries are used up at the end of their discharge cycle and cannot—or should not—be recharged.
· Zinc-carbon (Zn-C) battery with carbon electrode surrounded by manganese dioxide and an ammonium chloride (the electrolyte) paste (typical “AAA”, “AA”, “C”, or “D” cells used since “way back”, and even today, that are not rechargeable)
A newer version of this battery uses zinc chloride instead of the ammonium chloride electrolyte—these are often marketed as “heavy duty” cells.

· Lead-acid battery (car battery—rechargeable)

· Mercury oxide (HgO) battery (banned in 1995 in the US)

· Silver oxide (Ag2O) battery (chemistry similar to mercury oxide battery)

· Alkaline battery (chemistry similar to Zn-carbon battery, but higher energy density—higher even than the “heavy duty” zinc chloride cell. Most are not rechargeable, a few are.)

· Lithium battery (“button” cells, high charge density, not Li-ion battery and not rechargeable)

Secondary batteries: these batteries are designed to be rechargeable. At the end of the discharge cycle, voltage at a slightly higher level than their discharge level is applied to reverse the chemical reactions inside the battery and “bring it back to life”. (Note that some of the alkaline batteries mentioned above, may be designed to be rechargeable.)
· Nickel-cadmium (Ni-Cd or “Nicad”) battery (rechargeable battery)

· Nickel metal hydride (Ni-MH) battery (similar to, but higher energy density than 
Ni-Cd)
· Li-ion battery (one of the highest charge-density batteries on the market today)
More on chemical reactions in batteries

The following information describes the chemical reactions involved in a select few of these.

Zinc carbon batteries
In a zinc–carbon dry cell, the outer zinc container is the negative terminal. The zinc is oxidised according to the following half-equation.

Zn(s) → Zn2+(aq) + 2 e− [e° = −1.04 volts]
A graphite rod surrounded by a powder containing manganese(IV) oxide is the positive terminal. The manganese dioxide is mixed with carbon powder to increase the electrical conductivity. The reaction is as follows:
2MnO2(s) + 2 e− + 2NH4Cl(aq) → Mn2O3(s) + 2NH3(aq) + H2O(aq) + 2 Cl− [e° ≈ +.5 v]
and the Cl− combines with the Zn2+. In this half-reaction, the manganese is reduced from an oxidation state of (+4) to (+3).
There are other possible side-reactions, but the overall reaction in a zinc–carbon cell can be represented as:
Zn(s) + 2MnO2(s) + 2NH4Cl(aq) → Mn2O3(s) + Zn(NH3)2Cl2 (aq) + H2O(l)
(http://en.wikipedia.org/wiki/Zinc%E2%80%93carbon_battery)
Alkaline batteries


The alkaline battery anode is composed of zinc powder. This provides more surface area than the zinc sheet in the Zn-C battery above. This, in turn, provides a faster chemical reaction (think reaction kinetics) and results in greater current. The cathode is manganese dioxide, and the electrolyte is a paste of potassium hydroxide.

Zn(s) + 2OH−(aq) [image: image10.png]


 ZnO(s) + H2O(l) + 2e− [e° = -1.28 V]
2MnO2(s) + H2O(l) + 2e− [image: image11.png]


 Mn2O3(s) + 2OH−(aq) [e° = +0.15 V]
Overall reaction:
Zn(s)  +  2 MnO2(s)  [image: image12.png]


  Mn2O3(s)  +  ZnO(s)  [eo = 1.43 V]
(http://en.wikipedia.org/wiki/Alkaline_battery#Chemistry)
Lead-acid batteries

In the discharge cycle of the normal operation of lead-acid batteries, the lead “plate” electrodes are the anode, reacting with HSO41- ions to produce lead sulfate, releasing electrons. These flow externally through the connecting wires to the lead dioxide electrode, the cathode. Here they are used up along with PbO2 and HSO41- ions in the production of lead sulfate, according to the equations on the next page. For both half-reactions, sulfuric acid acts as the electrolyte and provides the sulfate ions for the formation of lead sulfate. Lead and lead dioxide plates are alternated in the battery with a separator material between them to prevent contact and a resultant short-circuit.

Each lead plate is actually a very thin lead grid that appears waffle-like. The holes in the grid are filed with a paste of red lead and 33% H2SO4. Red lead is lead(II,IV) oxide; its formula is Pb3O4 or PbO•PbO2. The paste is pressed into the holes of the grid. This porous paste allows the acid inside to react with the lead inside the pate, increasing surface area significantly. The plates must be charged or “formed” before the battery is ready for use. After forming, the cathodic plates are brown, the color of lead dioxide, and the anodic plates are slate gray, the color of lead.


In the charge cycle, the reverse electrochemical reaction occurs, and the notations of anode and cathode are reversed as the lead sulfate in both half-reactions reverts to lead and lead dioxide, respectively. This charging occurs constantly in the car battery via the alternator (in the old days, this was a generator) as the engine runs. The alternator provides current to the battery at a slightly higher voltage—14.4-14.6 volts—(referred to as “overvoltage”) than the normal voltage of the discharging battery (~12 volts) to drive the normally spontaneous reaction in the reverse direction. This is a great example of spontaneous and non-spontaneous reactions, and electrochemical and electrolytic cells. In the spontaneous discharge, it is an electrochemical cell, and when it is being charged, it is an electrolytic cell.

Problems arise as the lead-acid battery is discharged and charged repeatedly. As the active materials absorb sulfate from the acid during discharge, they increase in size, and as they release the sulfate during the charge cycle, they decrease in size. This causes the plates to gradually “shed” some of the paste. This loose material can short-circuit that cell of the battery if it builds up enough to touch both anode and cathode plates simultaneously.  
(http://en.wikipedia.org/wiki/Leadacid_battery)
Construction of a typical lead-acid battery:
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(http://hyperphysics.phy-astr.gsu.edu/Hbase/electric/leadacid.html#c2)
Lithium-ion batteries


Since lithium is an alkali metal and reacts vigorously with water, a non-aqueous solvent must be used in the formulation of the electrolyte that connects the anode and cathode in these batteries. In the lithium-ion battery, lithium ions move through the electrolyte from the negative electrode to the positive electrode during discharge; they move in the reverse direction during charging. The ions move into the positive electrode material (usually lithium cobalt oxide, LiCoO2) by a process known as intercalation, where they are inserted into openings in the structure of the electrode. They are deintercalated during charging and flow through the electrolyte once more, this time back to the graphite electrode. 

During discharge, at the anode, some of the lithium ions that are intercalated in the graphite material at that electrode move away from the electrode, and the electrode loses electrons to the outside circuit leading to the cathode:

LinC      (      n Li+    +    C    +    n e1-
While at the cathode, the lithium ions already in the electrolyte are attracted to electrons coming from the anode. They react with the electrons and intercalate into the lithium cobalt oxide on the cathode.
Li1-nCoO2  +  n Li+  +  n e1-  (  LiCoO2
During this process, the cobalt in the lithium cobalt oxide is reduced, from Co(IV) to Co(III). 

During charging, the two equations above are reversed. 

The equation for the overall electrochemical reaction is:

LinC  +  Li1-nCoO2  (  C +  LiCoO2

The movement of intercalated lithium ions out of their structure (deintercalation) at one electrode and movement into the structure of the other electrode (intercalation) is sometimes referred to as the “rocking chair” or “swing” effect. The process involves only lithium ions moving back and forth between electrodes, so that no potentially dangerous elemental lithium atoms should ever be present in the lithium-ion battery.

This YouTube video from BASF, “The Chemical Company”, shows in animation how a cell in a Li-ion battery works: http://www.youtube.com/watch?v=2PjyJhe7Q1g.

And this site from Panasonic contains much information about Li-ion batteries. In particular, it shows a schematic diagram at the molecular level that depicts Li+ ions intercalated within the graphite and lithium cobalt oxide electrodes: http://industrial.panasonic.com/www-data/pdf/ACA4000/ACA4000PE3.pdf.
More on modern batteries

Lithium-ion


Today’s lithium-ion batteries contain a carbon cathode and a lithium oxide anode, with an electrolyte containing lithium salts. The specific energy capacity of LI-ion batteries is typically in the 100–200 watt-hours per kilogram (Wh/kg) range. The Nissan Leaf, for example, has a specific energy capacity of 120 Wh/kg.

Li-ion batteries are typically only used over 80% of their capacity, in order to avoid damaging the recharge capacity in future recharge cycles. A study at Penn State University showed that Li-ion batteries lose as much as 18% of their peak energy capacity after 5200 recharge cycles, under typical hybrid-electric vehicle conditions.
Lithium-sulfur


Lithium-sulfur batteries are currently being researched. Although they are not yet “ready for prime time,” they do have several theoretical advantages over lithium-ion batteries. One version of these batteries, from Oxis Energy, contains a sulfur-based cathode, a lithium metal anode and a lithium sulfide electrolyte. 


The advantages of the lithium sulfide electrolyte are that the electrolyte instantly forms a film on the metal, reducing or eliminating the risk of explosion of the lithium metal. Even at high temperatures, this coating, which melts at 938 oC, can protect the lithium. The electrolyte’s high flash point further protects the battery.


The current version of the Li-S battery already has a specific energy capacity of 320 Wh/kg, already about twice that of the Li-ion battery. But the theoretical value is as high as 2700 Wh/kg, five times that of the Li-ion battery. Oxis hopes to increase its value to 410 Wh/kg by 2014. Sion, a spin-off from Brookhaven National Laboratories, already has a Li-S battery with a specific energy capacity of 350 Wh/kg.

Oxis Energy also claims that its Li-S battery weighs only about half that of the equivalent output Li-ion battery. And since the batteries are a significant portion of the entire weight of the car, this decreased weight could result in a large increase in energy efficiency for the vehicle, possibly resulting in a greater range of travel.


Another advantage is that the Oxis Li-S battery can be discharged and recharged to 100% of its capacity over multiple cycles, compared to only 80% in Li-ion batteries. Also, the Li-S battery from Oxis is now stable for up to 350 cycles, with the target of 1000 cycles by 2014. 

Even though the Li-S battery seems to have theoretical advantages, Li-ion technology has already been developed and is far ahead of Li-S technology. And many technical challenges exist that must be overcome before the widespread use of Li-S batteries becomes a reality. Thus the eventual success of Li-S technology is not ensured over the long term.

(Scott, A. Lithium-Sulfur Battery Boost. Chemical & Engineering News 2012, 90 (43), pp 26–7)
(http://cen.acs.org/articles/90/i43/Lithium-Sulfur-Battery-Boost.html)
Connections to Chemistry Concepts 
(for correlation to course curriculum)
1. Oxidation-reduction—All the reactions discussed with the lead-acid and lithium-ion batteries involve oxidation and reduction reactions.
2. Electronegativity—Metal’s low electronegativity results in their being easily oxidized.
3. Activity Series—This table compares the reactivity of various metals. Lithium is very high on this table, indicating that it will replace from a compound any metal below it on the table, making lithium a very good choice for an electrochemical cell. 
4. Electromotive Series—This list will tell us which redox reactions are likely to be spontaneous.
5. Reduction potential—These values allow us to predict voltages and spontaneity (or lack thereof) in electrochemical reactions.
6. Electrolytes—The sulfuric acid in the lead-acid battery and the polymer gel in the lithium-ion battery serve to transfer electrons from anode to cathode.
7. Half-reactions—Oxidation half-reactions occur at the anode and reduction half-reactions occur at the cathode in all batteries/electrochemical cells.
8. Electrochemical cells—Spontaneous redox reactions happen within electrochemical cells. Both battery types (primary and secondary) are electrochemical cells.
9. Electrolytic cells—Secondary batteries, when being charged, are electrolytic cells.
10. Chemical and physical properties—Lithium’s chemical and physical properties make it very useful in batteries. (See “Anticipating Student Questions” #1, below.)
Possible Student Misconceptions 
(to aid teacher in addressing misconceptions)
1. “All batteries are alike.” Nope. Many different types of batteries have been developed over the years. Each has its own strengths and weaknesses. See “More on Chemical reactions in batteries”, above.

2.  “All batteries are rechargeable.” Actually, this is true—up to a point. Although all batteries can be recharged by subjecting them to a higher voltage than they typically produce—in order to drive the chemical reaction in the non-spontaneous direction and rejuvenate the electrochemical reaction—this sometimes results in the disintegration of one of the electrodes, rendering the battery useless after any number of discharge-recharge cycles. This is the case for the old-style Zn-MnO2 battery and the alkaline battery, and even for the lead-acid battery, after many cycles. It can also be dangerous to recharge one-use disposable batteries as the recharging may cause the casing to corrode and rupture, causing the electrolyte paste, which is often very alkaline, to leak out. Heat generated in the recharging process can also cause containment failure—and even fire!
3. “Lithium ion batteries use lithium metal, which is dangerous, since it reacts with water.” It is true that lithium does react with water and that could make it dangerous if the lithium in a battery containing lithium were exposed to water. However, Li-ion batteries use either lithium oxide (on the anode), or other lithium compounds for the electrolyte. There is no elemental lithium metal used in a Li-ion battery. There IS, however, lithium metal inside lithium batteries, such as the button cells and others used in electronic equipment like cameras.

Anticipating Student Questions
(answers to questions students might ask in class)
1. “How did chemists know lithium would work in a battery?” Using the activity series of metals, chemists know that lithium is a very active metal, which means a lithium atom will easily oxidize to its cation in a chemical reaction.
http://www.files.chem.vt.edu/RVGS/ACT/notes/activity_series.html (From the periodic table, chemists also know that Li is one of the group of elements know as the alkali metals, and they’re all active metals.) And from the table of reduction potentials, they know that the lithium half-cell produces 3.04 volts when combined with the hydrogen oxidation half-cell (0.0 volts). (http://hyperphysics.phy-astr.gsu.edu/hbase/tables/electpot.html#c1) This voltage (3.04 volts) is one of the highest oxidation potentials of any element, which will result in a large overall voltage for a lithium battery. From the periodic table, chemists know that lithium is the lightest of all the metals, meaning that it won’t add much weight when it is used in a battery (unlike lead, which is one of the heaviest metals). All this makes lithium a prime candidate for use in batteries. And it is all based on the physical and chemical properties of lithium—on chemistry.
2. “Are electric cars really environmentally friendly?” Yes, they are. See “More on electric cars and the environment”, above.

3. “Can I buy an electric car where I live?” Electric cars are probably available anywhere in the United States as of the writing of this Teacher’s Guide; however, the support structure needed to keep electric cars running is not presently ubiquitous. Several western states have gotten federal support to build charging stations and to subsidize the installation of charging stations in individuals’ homes, to keep their electric cars running. Nine states and 21 major metropolitan areas are now participating in this federal support. Without this support, it may be difficult to find places to charge an electric vehicle elsewhere in the US. This is the “range anxiety” mentioned in the Tinnesand article. (Note: GE sells chargers for electric cars online on Amazon for $899.)
4. “How can both reactions in a lead-acid battery produce the same substance? I thought the two half-reactions in an electrochemical reaction always produced different materials.” The two half-reactions in the lead-acid battery ARE different reactions; they just produce the same chemical at the end. The anode starts with lead metal reacting with the sulfuric acid. The lead metal is oxidized to Pb2+ and that ion reacts with the sulfate ion (SO42-) to produce low-solubility lead*(II) sulfate, while the cathode begins with lead(IV) oxide reacting with sulfuric acid. At the cathode, the Pb4+ ion in lead(IV) oxide is reduced to Pb2+ that reacts with the sulfate ion (SO42-) to produce lead*(II) sulfate. So the two half-reactions are different, and one is oxidation while the other is reduction. They just both coincidentally produce the same chemical substance.

5.  “Is it really that easy to recharge a battery—just provide more electrons?” Yes, it is this easy, if you can provide a voltage higher than the voltage produced by the battery. But after recharging repeatedly, most batteries get run-down and don’t recharge as efficiently as they did when they were new. See “Possible Student Misconceptions” #2, above.
6. “Is the voltage produced by the lithium-ion battery the highest voltage chemists can produce in an electrochemical cell?” No, there are other chemical combinations of oxidation half-cell and reduction half-cell that can result in a higher voltage. One of the highest voltages would come from a reaction involving the reduction of fluorine atoms in acidic solution to produce hydrogen fluoride, and the oxidation of lithium atoms to their ions, according to the following half-reactions:

F2(g)  +  2  H+  +  2  e−   [image: image15.png]


  2  HF (aq)

Eo = +3.05 V


    2 Li (s)   [image: image16.png]


  2 Li+  +  2  e− 

Eo = +3.04 V

F2(g)  +  2 H+  +  Li(s)   [image: image17.png]


  2 HF(aq)  +  2 Li+   
Eo = +6.09 V

The total voltage for this cell is 6 volts. To get higher voltages, as already happens in many, if not most, applications; e.g., the automobile battery, which is 12 volts, one must connect multiple electrochemical cells in series with one another. The 12-volt lead-acid car battery is actually composed of 6 cells, connected in series. Each produces 2+ volts, so combined they produce 12+ volts. Note also the difference between a “cell” and a “battery”. The cell is a single electrochemical reaction; a battery is a group of cells connected, usually in one package, to produce a pre-determined voltage. Besides the lead-acid battery, another example is the 9-volt battery. This is actually a series of 6 1.5-volt cells connected together in series and arranged in one small case.

7. “Is a ‘battery’ the same thing as a ‘cell’?” In most cases in normal use, the two terms mean the same thing, but to a chemist, they are NOT the same. To a chemist, a “cell” really means an electrochemical cell—a chemical reaction that spontaneously produces an electric current. A battery is a series of electrochemical cells linked together, either to produce a higher voltage, or to extend the life of the battery. Thus to a chemist a “D-cell” is not truly a battery, because it consists of only one chemical reaction inside its casing, producing 1.5 Volts of electric current from that one chemical reaction. But a 9-Volt “battery” really IS a battery, because it contains within its casing six individual 1.5-Volt “cells”, each producing its own 1.5 Volts of electricity. Similarly, “C”, “AA”, and “AAA” cells are really NOT batteries, while “lantern” batteries (6-Volt batteries,) car and truck batteries (12- and 24-Volts, respectively) and BEV batteries truly ARE batteries because they all contain more than one electrochemical cell.
In-class Activities 
(lesson ideas, including labs & demonstrations)
1. For a series of PowerPoint slides dealing with the lead-acid battery, see this site from the Department of Electrical, Computer, and Energy Engineering from the University of Colorado at Boulder: http://ecee.colorado.edu/~ecen4517/materials/Battery.pdf. The first 11 slides contain basic stuff, nicely prepared. The remaining slides become a bit much for first-year chemistry students.
2. This site provides a series of six questions with pull-down tabs offering multiple choice answers to what is happening inside the lead-acid battery. It also provides a very simplistic animation illustrating what happens during discharge and charge cycles inside this battery. After discussing the half-reactions that occur during both cycles, the author asks students to write the equation for the overall reaction. This might make a good way to teach students about the reactions in the lead-acid battery. (Note that the discussion of pH may cloud the issue somewhat—but you can simply skip this small section without losing any significant meaning.) The solution to the final question is available right on the site. (http://www.dynamicscience.com.au/tester/solutions/chemistry/redox/leadacidaccumulator.htm)
3. For an AP (possibly Honors) class, you can investigate with students the relationship of temperature on battery performance, using this article from J Chem Ed: “Chemical Principles Exemplified”, “Car Won’t Start?” (Plumb, R., suggested by Nash, L. J. Chem. Educ. 1970, 47 (5), pp 382–383) (This article is the source of the quote by Rickenbacker, cited in the Background section above.)
4. Students can make their own battery or galvanic cell in the lab (or at home) from a variety of starting materials. Examples include:
a. Instructions for making an aluminum-air battery can be found in a J. Chem. Educ. “Classroom Activity” (Tamez, M. and Yu, J. JCE Classroom Activity # 93, Aluminum-Air Battery. J. Chem. Educ. 2007, 84 (12), pp 1936A–1936B). The abstract can be found at http://pubs.acs.org/doi/abs/10.1021/ed084p1936A?prevSearch=classroom%2Bactivity%2Baluminum%2Bair&searchHistoryKey=. Subscribers can sign in and access the article.
b. Here’s the link for subscribers to another JCE article using an aluminum beverage can and copper wire as electrodes: http://pubs.acs.org/doi/abs/10.1021/ed070p495?prevSearch=aluminum%2Bcan%2Belectrochemical&searchHistoryKey=. (The aluminum can must be stripped of its outer and inner coatings, and this set of instructions uses concentrated nitric or sulfuric acid, so you may want to do the cleaning prior to class.) (Schmidt, N. The Aluminum Can as Electrochemical Energy Source. J. Chem. Educ. 1993, 70 (6), pp 495-6)
c. This JCE article, “A Lemon Cell Battery for High-Power Applications” (abstract and subscriber sign-in at http://pubs.acs.org/doi/abs/10.1021/ed084p635) discusses the use of magnesium and copper as electrodes in cells using lemons as the electrolyte. By connecting lemon cells in series the authors are able to produce enough current to run an electric DC motor. (Muske, J, Nigh, C. and Weinstein, R. J. Chem. Educ. 2007, 84 (4), pp 635-8)

d. You might want to have students make their own battery out of a potato and two dissimilar metals. Here’s a source: http://www.allaboutcircuits.com/vol_6/chpt_3/16.html.
5. If students need information or a refresher on oxidation-reduction reactions and how to write and balance redox reactions, this is a good source: Kolb, D. “chemical principles revisited”, The Chemical Equation Part II: Oxidation-Reduction Reactions. J. Chem. Educ. 1978, 55 (5), pp 326–331. 
6. To demonstrate the effect of electricity on a chemical reaction (similar to the recharge cycle of an electric-car battery), you can show the electrolytic decomposition of water using a Hoffman’s apparatus or students can do the experiment with simpler set-ups using batteries and pencil-lead electrodes. Of course, in the electric car battery, the electricity to recharge the system is provided by a power-generating station, not a battery. In a hydrogen fuel cell, the hydrogen and oxygen produced as above would be reused to again produce electricity.
7. To show students how to make spontaneous chemical reactions reverse themselves (with outside help from a battery), you can use these lab activity materials from Cornell Center for Materials Research: http://www.ccmr.cornell.edu/education/lendinglibrary/getlessonplan.php?id=26 and
http://www.ccmr.cornell.edu/education/lendinglibrary/getdocument.php?id=77. The first URL provides the lesson plan for “Making a Copper Nickel” (copper-plating a nickel coin) and “Making a ‘Silvery’ Penny” (zinc-plating the penny). The lesson plan uses the 5E model of student inquiry and it provides a simple assessment technique. The second URL is the student activity sheets that you can photocopy for distribution to students. The site says that a whole series of entire kits that include the materials for doing the activities is available for loan via the Cornell Web site at http://www.ccmr.cornell.edu/education/lendinglibrary/.
8. Establish an activity series for selected metals using any/all of these: Cu, Al, Mg, Zn, Fe, Pb, and Ag, and the nitrate solutions of each metal (see standard lab manual); do this in microscale using well plates. 
a. Here is an example of this type of lab: http://www.instruction.greenriver.edu/knutsen/chem150/actseres.html. Note that this includes alkali metals which, it suggests, will be demonstrated by the instructor.
b. Another student experiment, complete with data tables, also asks students to include halogens, to develop the non-metal activity series, to include reduction of elements, as well as oxidation. (http://teachers.yourhomework.com/Chemistry/labactivityseriesap.pdf)
c. In this problem-based activity, students are asked to work in teams to complete the experimental work involving the activity series of metals and then to submit a complete report to The Information Standard organization. They must first predict the activity series, then perform the experiments, and finally, generate their report that establishes the actually series. (http://faculty.coloradomtn.edu/jeschofnig/class/class_jeschof/ch1-lb11.htm) Although it is written for a college-level class, it can easily fit into an honors level first-year high school course.
9. If you don’t want to actually DO the activity series experiment, you can use a virtual lab. 
a. The Virtual Chemistry Lab has a nice virtual “activity series” experiment. It uses photos of various metals placed in test tubes containing solutions of the metals. Students view these photos of the reactions of metals in solutions and determine an activity series from the photos. (http://www.harpercollege.edu/tm-ps/chm/100/dgodambe/thedisk/series/series.htm). The activity takes students through background information, a pre-lab, the experiment itself, and then a post-lab that asks students to predict other reactions that do not appear in the photos already viewed, and they must then write equations for those reactions (based on work they did in the pre-lab section).
b. Here is another activity series activity using a virtual lab. This activity uses animation to show the reactions or lack thereof as the student controls which metal goes into which solution: http://group.chem.iastate.edu/Greenbowe/sections/projectfolder/flashfiles/redox/home.html. It also uses animation to show, at the atomic scale, atoms and ions exchanging electrons as oxidation-reduction occurs (or doesn’t occur) in each reaction.
10. You can discuss with students the similarities and differences between electrochemical cells (in batteries) and electrolytic cells (as in recharging a battery). The brief, professionally-done 3-minute video “Understanding Electrolysis” found on YouTube will help explain with photos and animation. (http://www.bing.com/videos/search?q=electrolysis+of+metal+working+video&view=detail&mid=278FA26D4A86686FD5D0278FA26D4A86686FD5D0&first=21)
11. Reactions inside batteries are not the only electrochemical reactions that happen spontaneously. Another example of a spontaneous electrochemical reaction is corrosion. Students can investigate in the lab corrosion as well as cathodic protection from corrosion. This Word document from the University of Manitoba contains a series of 10 stations-based activities dealing with corrosion and corrosion protection. It includes the Table of Standard Reduction Potentials and asks students to use it to explain many of the reactions. It also includes extension activities. (http://www.umanitoba.ca/outreach/crystal/resources%20for%20teachers/Corrosion%20Activities%20C12-1-12.doc)

This document is the first of the two activity sets alluded to in the activity above: http://www.umanitoba.ca/outreach/crystal/resources%20for%20teachers/Corrosion%20Investigation%20C12-1-12.doc. It offers teacher background as well as a student activity to identify what corrosion is and ways to prevent it.

12. This Web site, YTeach.com, offers a lab activity where students titrate battery acid to determine its concentration. This site has many teacher resources, but it require paid access.

You can see a preview video of the YTeach.com lab at: http://yteach.com/index.php/resources/acid_base_titration_water_solution_analytical_method_technique_molarity_page_5.html.
13. You might want to have students make their own battery out of a potato and two dissimilar metals. Here’s a source: http://www.allaboutcircuits.com/vol_6/chpt_3/16.html.
Out-of-class Activities and Projects 
(student research, class projects)
1. Students might want to research powering their own electric car (ok, a model electric car) using batteries. This 2007 J Chem Ed article might be a good place to start: Muske, K, Nigh, C. and Weinstein, R. J. Chem. Educ. 2007, 84 (4), pp 635-8 (abstract: http://pubs.acs.org/doi/abs/10.1021/ed084p635.)http://pubs.acs.org/doi/pdfplus/10.1021/ed084p635. It uses a lemon cell battery instead of just a lemon cell (remember that a battery truly is a series of electrochemical cells) with magnesium and copper electrodes.

2. Students can research the development of present-day battery-powered cars.
3. You could assign students or groups of students to research and report on other important electrochemical processes, such as aluminum refining, galvanic corrosion protection, the reactions in rechargeable batteries, photovoltaic cells, etc. 
4. Assign each student a different metal (especially those used in batteries—past and present) and ask them to research and find out the chemical nature of the metal’s ores, where geographically the ores are found, and how the ores are refined into metal. You may choose to ask your students to pay special attention to any issues of geopolitics or economics that relate to their assigned metal. (For example, you may ask the student assigned aluminum to consider why Jamaica is such a poor country despite producing most of the world’s bauxite aluminum ore.) You can also include the requirement that they explain how and why their metal is used in batteries. You may ask your students to present their findings as a written paper, a class presentation, a poster, or in some other medium. 

5. Students could research some of the ores of the more common metals used in batteries and the processes, both chemical and physical, involved in extracting the metals from these ores. (This is a much simplified version of number 4, above.)
6. Students could research the chemistry involved with corrosion, methods to prevent corrosion, and the development of alloys that resist corrosion.
References 
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In this article, author Gough discusses the danger of lead poisoning. Although the lead-acid battery isn’t specifically addressed in the body of the article, there are two photos showing the manufacture of these batteries as early as 1914. (Gough, M. Lead Poisoning. ChemMatters 1983, 1 (4), pp 4–7)

Robert Bunsen (yes, of Bunsen burner fame) also worked with crude batteries. Using them he was able to electrolyze many metals, and eventually discovered cesium and rubidium. An article about him is in the October 1984 issue of ChemMatters. (Davenport, D. “The Back Burner”, Robert Bunsen…more than a burner design. ChemMatters 1984, 2 (3), pp 14–15)
The April 1985 issue of ChemMatters contains a good article on the rebuilding of the Statue of Liberty. Corrosion of supports inside the statue necessitated the repairs. There’s a lot of corrosion chemistry, including the activity series of metals, in the article. The last page of the article is a student lab on corrosion. (Burroughs, T. Statue of Liberty. ChemMatters 1985, 3 (2), pp 8–13)
In the December 1986 issue of ChemMatters Derek Davenport writes of the discovery of fluorine, a very reactive nonmetal, via electrolysis. Read about it here: Davenport, D. “The Back Burner”, Going Against the Flow: The Isolation of Fluorine. ChemMatters 1986, 4 (4), pp 13–15. 

For a story about sunken ships and electrochemical reactions on silver treasure, read this ChemMatters article: Robson, D. Sunken Treasure. ChemMatters 1987, 5 (2), pp 4–9.


“Ernie’s Amazing Journey” is the story of Ernie Electron, residing in zinc. The story revolves around his trips through a zinc-manganese (zinc-graphite) dry cell. Although light-hearted, it does tell the story of the electrochemistry of the cell. (VanOrden, N. Ernie’s Amazing Journey. ChemMatters 1990, 8 (1), pp 10–12).


The ChemMatters Classroom Guide to the February 1990 issue focuses on the Ernie Electron article. It describes several side reactions that occur in the zinc/manganese dioxide cell.

This early ChemMatters article on electric cars describes the then-current technology of batteries, including lead-acid, sodium-sulfur and, still-in-the-distant-future, lithium-ion batteries. Some things haven’t changed much since then. (Holzman, D. Electric Cars. ChemMatters 1993, 11 (2), pp 4–7)


The ChemMatters Classroom Guide that accompanies the April 1993 issue with its article about electric cars has some teacher material about electric cars, ideas for a student project, and a photocopyable student experiment to make a Gerber cell.

Silver Lightning is a product sold on television (in 1996) to clean silverware with no scrubbing. ChemMatters author Shaw investigates the product’s claims in terms of electrochemistry. (Shaw, D. Silver Lightning. ChemMatters 1996, 14 (4), pp 4–5)


The ChemMatters Classroom Guide to the December 1996 issue containing the Silver Lightning article contains useful teacher background information, including a description of how to make an “earth cell” from aluminum and decomposing organic material. The guide also includes a full-page student experiment on removing tarnish from silver.


Here’s a ChemMatters article about another source of electrical power: bacteria! The author used the lead-acid battery to make analogies to the electrochemical reactions occurring with the bacteria. The bacteria oxidize acetate from decaying organic material and oxygen is reduced to water. Holzman, D. Bacteria Power. ChemMatters 2004, 22 (2), pp 11–13, http://portal.acs.org/portal/PublicWebSite/education/resources/highschool/chemmatters/CTP_005378)


In the “Connections to Chemistry Concepts” section of the ChemMatters Classroom Guide to the April 2004 issue containing the article on bacteria power contains a very good, very basic discussion, complete with sketches, on oxidation-reduction in electrochemical cells. (http://portal.acs.org/portal/PublicWebSite/education/resources/highschool/chemmatters/CTP_005414)
This article focuses on corrosion (spontaneous electrochemical processes) of the metal parts of the automobile: Brownlee, C. Flaking Away. ChemMatters 2006, 24 (1), pp 17–19, http://portal.acs.org/portal/PublicWebSite/education/resources/highschool/chemmatters/archive/CNBP_025144.


The ChemMatters Classroom Guide to the February 2006 issue containing the article on corrosion above contains 14 pages of teacher material on corrosion. (http://portal.acs.org/portal/PublicWebSite/education/resources/highschool/chemmatters/CTP_005410)

In the “Open for Discussion” feature of this ChemMatters issue, Barbara and Regis have a dialogue re: the pros and cons of the lithium-ion battery: Sitzman, B.; Goode, R. Lithium-Ion Batteries: A Clean Source of Energy? ChemMatters 2011, 29 (3), p 5)
____________________

J. Chem. Educ. offers a discussion of a “new” (circa 1973) development in race car batteries—the silver/zinc battery. Calculations are provided for (an AP level) discussion of the advantages of this cell over the lead-acid battery. (Plumb, R., Combs, R., Connelly, J. Racing Car Batteries. J. Chem. Educ. 1973, 50 (12), p 857) Here’s the abstract: http://pubs.acs.org/doi/abs/10.1021/ed050p857.

Another J. Chem. Educ. article addresses the fundamentals of batteries. It discusses the basics of how batteries operate, at the level of beginning chemistry students. (Batteries and Fuel Cells. J. Chem. Educ. 1978, 55 (6), p 399) (abstract: http://pubs.acs.org/doi/abs/10.1021/ed055p399) The article also discusses fuel cells, which are very similar to batteries in that they generate electricity, but they are different in that they use a fuel and, as long as fuel is provided, they continue to generate electricity; they will not “run down” as batteries do, and eventually “die”.

This article from J Chem Ed that discusses a student project to power a model electric car using a series of electrochemical cells made from lemon juice, with magnesium and copper electrodes. (Muske, K, Nigh, C. and Weinstein, R. J. Chem. Educ. 2007, 84 (4), pp 635-8) (abstract: http://pubs.acs.org/doi/abs/10.1021/ed084p635.) Remember that you need to subscribe to read full content.
NSTA’s The Science Teacher had an article in the April 2008 issue on corrosion of steel, entitled “Corrosion in the Classroom”, which contains two activities for students, one lab-based and the other a paper-and-pencil activity. It is available free for members and costs $0.99 for non-members. (Drigel, G. Sarquis, A. D’Agostino, M. Corrosion in the Classroom. The Science Teacher April, 2008, 75 (4), pp 50–56.) View the abstract for this and other articles in that 2008 issue at http://learningcenter.nsta.org/browse_journals.aspx?action=issue&thetype=buy&id=10.2505/3/tst08_075_04. If you are a member of NSTA, you can copy the article into your own online “NSTA learning center” for future reference.
Web sites for Additional Information 
(Web-based information sources)
More sites on the history of electricity

A vintage (1930) article from J. Chem. Educ. discusses historical developments in our understanding of electricity, from the Greeks to Faraday and Berzelius: 

http://pubs.acs.org/doi/abs/10.1021/ed007p33.
More sites on electric cars

For a “definitive guide” to electric cars, see “Electric Cars: A Definitive Guide” at http://www.hybridcars.com/electric-car. In its defense, this site does offer information about a large number of (more than 40) all-electric and hybrid-electric cars.

There is a budding infrastructure of charging stations growing across the US (and the world). View maps and charts of its progress at http://en.wikipedia.org/wiki/Electric_vehicle_network.
More sites on lithium

Here is a 5-minute 2009 CNN video on the development of the lithium resources in the Bolivian salt flats: http://www.youtube.com/watch?v=JJmXJdp5iHE. The country is adamant that outside companies will not “steal” their resources. They want their own company to extract the lithium, process it, develop the batteries (and maybe even the cars) and sell them for themselves, so that the country benefits at all stages of development. The early part shows the salt flats and how they extract the brine.

More sites on batteries and oxidation-reduction

For just about any information you can imagine about batteries, check out Battery University, a site maintained by Cadex Electronics, at http://batteryuniversity.com/.

The Annenberg/CPB Project’s The World of Chemistry series of ~30-minute videos contains one entitled “The Busy Electron”. The video discusses oxidation and reduction, the role of the electron, the effects of redox (e.g., rusting), and uses of redox reactions. The video also provides lab demonstrations of simple electrochemical and electrolytic cells, and animation depicting the lead-acid battery and electron transfer at the atomic level. The older version, with Roald Hoffman, can be viewed (but not downloaded) by video-on-demand at http://www.learner.org/vod/vod_window.html?pid=807. The “Busy Electron” video is # 15 in the list of videos. (The entire series of 26 videos can be found here: http://www.learner.org/resources/series61.html.) The series includes closed captioning.
And here is a series of 10 student questions, with answers, to accompany the video: http://www.woodrow.org/teachers/chemistry/exchange/topics/WOC/woc15.html.

Here’s an article on a student-made, 3-lemon cell used to power a calculator: http://www.autopenhosting.org/lemon/p181.pdf. 

Free Downloads provides about 50 PowerPoint presentations on the battery: http://freedownloadb.com/ppt/battery. 

The Corrosion Doctors Web site has a wealth of information on corrosion, electrochemical cells and batteries. Battery Basics, here: http://www.corrosion-doctors.org/Batteries/Batteries.htm, provides a good background on batteries.

The Corrosion Doctors Web site also has a series of experiments on corrosion, available at http://corrosion-doctors.org/Experiments/Introduction.htm.

This site, Free Downloads, offers a lot of freely downloadable PowerPoint presentations on corrosion: http://freedownloadb.com/ppt/corrosion-ppt-presentation. And you can search for other topics, as well.

Here’s a series of visuals from Radio Shack depicting cut-away views of various types of batteries:
· Zinc-carbon (zinc chloride) battery:

http://support.radioshack.com/support_tutorials/batteries/Images/carbonzinc.jpg
· Alkaline battery: http://support.radioshack.com/support_tutorials/batteries/images/alkaline.jpg
· Lead-acid battery: http://www.bing.com/images/search?q=lead-acid+battery+radio+shack&qs=n&form=QBIR&pq=lead-acid+battery+radio+shack&sc=0-22&sp=-1&sk=#view=detail&id=96046632CD3ADAE1DD689D923918A13C2DE09C47&selectedIndex=20
· Nickel-cadmium battery:

http://support.radioshack.com/support_tutorials/batteries/Images/rchg-cyl.jpg
· Lithium button battery:
http://support.radioshack.com/support_tutorials/batteries/Images/rchg-cyl.jpg
· Lithium-ion battery:

http://support.radioshack.com/support_tutorials/batteries/images/prism.gif
More sites on lithium-ion batteries

Electropaedia has a Web page on “Rechargeable Lithium Batteries” that provides much information, including newer variations of the Li-ion battery that don’t use lithium cobalt oxide. View it at http://www.mpoweruk.com/lithiumS.htm.

How Stuff Works has a series of two diagrams showing the charge/discharge cycle of a lithium-ion battery at http://electronics.howstuffworks.com/everyday-tech/lithium-ion-battery1.htm.

A YouTube video from BASF, “The Chemical Company”, shows in animation how a cell in a Li-ion battery works: http://www.youtube.com/watch?v=2PjyJhe7Q1g.

More sites on oxidation-reduction reactions

For a very extensive list of electrode potentials (>250 half-reactions), visit theWikipedia site at http://en.wikipedia.org/wiki/Table_of_standard_electrode_potentials.
More sites on lead-acid storage batteries 

The Hyperphysics site contains some nice drawings of the lead-acid battery, along with the chemical reactions occurring therein. View these at http://hyperphysics.phy-astr.gsu.edu/Hbase/electric/leadacid.html#c2. Note that current is shown as traveling opposite the flow of electrons, as is usually the way physicists do it.


The US Department of Energy (US DOE) published a “Primer on Lead-Acid Storage Batteries”. It contains a few diagrams of the battery as well as the chemical equations describing the charge/discharge cycles. Internal hyperlinks help you navigate through the document. You can download a pdf of the document here: http://www.hss.doe.gov/nuclearsafety/techstds/docs/handbook/hdbk1084.pdf.


For a detailed description of the basics of lead-acid batteries, visit this Web site from “autoshop 101” http://www.autoshop101.com/forms/hweb3.pdf.

UStudy’s Web site provides almost 100 links to other sites related to lead-acid batteries. (http://www.ustudy.in/node/4306)

Here’s a < 3-minute video that describes the manufacture of lead-acid batteries: http://www.youtube.com/watch?feature=player_embedded&v=P7tOipB_-38. It was originally from How Stuff Works, but it is no longer on their Web site. 
Here is a 5-minute video on the lead-acid battery that shows the construction of the battery and how it works, and it discusses engineering difficulties in designing batteries to replace the lead-acid battery. (http://www.youtube.com/watch?feature=player_embedded&v=rhIRD5YVNbs)
More Web sites on Teacher Information and Lesson Plans
(sites geared specifically to teachers)


This Word document, geared for middle school (grades 6-9), offers for teachers a complete two-week curriculum on electrochemistry that includes several lab activities and a culminating project. It provides teacher materials as well as student material and is replete with standards, although they are Washington state standards. It uses the 5E approach to teaching/learning. (http://eerc.wsu.edu/SWEET/modules/docs/2006/Fruit-Study-Electrochemistry.doc)

(� HYPERLINK "http://en.wikipedia.org/wiki/Lithium" �http://en.wikipedia.org/wiki/Lithium�)





Pb(s) + HSO4− (aq) → PbSO4(s) + H+(aq) + 2e−      PbO2(s) + HSO4−(aq) + 3H+(aq) + 2e− → PbSO4(s) 


					     + 2H2O(l)


The total discharge reaction can be written:


Pb(s) + PbO2(s) + 2HSO4− (aq) + 2H+(aq) → 2PbSO4(s) + 2H2O(l) + energy











(� HYPERLINK "http://inqu.uprm.edu/upload/blog/32/Imagen1.png" �http://inqu.uprm.edu/upload/blog/32/Imagen1.png�)





The reference below can be found on the ChemMatters �25-year CD (which includes all articles published during the years 1983 through 2008). The CD is available from ACS for $30 (or a site/school license is available for $105) at this site: � HYPERLINK "http://www.acs.org/chemmatters" ��http://www.acs.org/chemmatters�. (At the right of the screen, �click on the ChemMatters CD image like the one at the right.)





Selected articles and the complete set of Teacher’s �Guides for all issues from the past three years are also available �free online at this same site. (Full ChemMatters articles and Teacher’s Guides are available on the 25-year CD for all past issues, up to 2008.) 





Some of the more recent articles (2002 forward) may also be available online at the URL listed above. Simply click on the “Past Issues” button directly below the “M” in the ChemMatters logo at the top of the page. If the article is available online, you will find it there.
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