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Appropriate Level:
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	Abstract:
	Students will get an understanding of how a solar cell works by constructing their own solar cell.  They will learn about the role of each component of the cell during construction.  They will measure the voltage of their solar cell using a multi meter.

	Time Required:
	80 – 120 minutes

	NY Standards Met:
	Standard 1:  Students will use mathematical analysis, scientific inquiry, and engineering design, as appropriate, to pose questions, seek answers, and develop solutions.

Standard 2:  Students will access, generate, process, and transfer information using appropriate technologies.

Standard 5:  Students will apply technological knowledge and skills to design, construct, use, and evaluate products and systems to satisfy human and environmental needs.

Standard 6:Students will understand the relationships and common themes that connect mathematics, science, and technology and apply the themes to these and other areas of learning.

Standard 7:Students will apply the knowledge and thinking skills of mathematics, science, and technology to address real-life problems and make informed decisions.

	Special Notes:
	This laboratory activity was created via Cornell University’s NSF GK12 Grass Roots Program: Award 1045513


Student Learning Objectives: the students will:
· Understand the components of a dye-sensitized solar cell (DSSC).
· Describe how an electron moves through the solar cell.

· Understand the settings on a multimeter.

· Use a multimeter to collect data on the performance of their cell.

· Relate power produced by their solar cell to the power consumed by everyday devices.
· Explain the Photovoltaic solar cell in the questions provided in the activity packet.

· Create a poster to present the solar cell and their data (optional).

Class Time Required:

·  80 – 120 minutes 
Teacher Preparation:

The following materials need to be secured/prepared:

· Nanocrystalline TiO21
· Very dilute acetic acid (~35mM or use white vinegar)

· Dishwashing detergent (if desired)
· Syringe, eye dropper, or dropper bottle

· Conductive FTO glass2
· Multimeter

· Transparent tape

· Microscope slide, old credit card, or razor blade 
· Hotplate, oven or Bunsen burner
· Frozen blackberries, blueberries, raspberries, pomegranate, or bing cherries. The anthocyanin used as the dye must complex with the titanium (IV). Testing a variety of red or blue colored plant material is a possible source for inquiry-based extensions. Strawberries and red grapes do not work. 

· Coffee filter and funnel (optional: for filtering berries. Carefully)
· Petri dish, watch glass, or another other shallow container
· Water wash bottle

· Ethanol wash bottle

· Candle and a way to light it

· Clamp or tongs to hold glass while carbon coating

· Cotton swabs, paper towel, or KimWipes 
· Binder clips

· Solution of potassium iodide and iodine in ethylene glycol

· Strong light source (projector or sun)

[1] Degussa P25 TiO2 can be purchased from Sigma-Aldrich, SKU # 718467

[2] (1" x 1" x 2.3mm TEC 15 glass) from Hartford Glass Co, 735 E Water Street, Hartford City, IN 47348 Phone: 765-348-1282.

Tips for the Teacher: 

The following will typically need to be prepared ahead of time:
1) TiO2 paste. The TiO2 will be a fine white powder and needs to be suspended in a liquid to coat the FTO glass. 

· The liquid should be ~35-50 mM acetic acid which can be made from concentrated acetic acid or by diluting white vinegar in a 20:1 water:vinegar ratio.
· Add liquid to the TiO2 powder and mix thoroughly until the paste is the consistency of latex paint

· Add 1-2 drops of dishwashing soap. Be very careful not to stir/shake the solution too robustly after adding the soap. You do not want bubbles to form.

2) TiO2 coated FTO glass – The following instructions cover the coating of the FTO glass (1 required per solar cell) with TiO2. It takes some time and a furnace or hotplate capable of 350C at a minimum. If the lab will be done in multiple sessions and this equipment is available to the students, then the students can do this part of the lab. When the lab is performed in a single session, or when it is impractical or unsafe to have students using equipment with high temperatures, this step can be done ahead of time and the students given pre-coated FTO. The instructions are written such that they could be included in the student’s packet if the students will perform this part of the preparation. (instructions on next page).
3) Electrolyte.  Iodine redox can be made by dissolving KI and I2 in ethylene glycol at 0.1M concentration. Alternatively, for “all food” solar cells dissolve I2 in ethylene glycol at 0.1M and add 1 part iodine solution to 3 parts Gatorade. NOTE: Iodine solutions are VERY caustic, appropriate safety equipment needs to be used.
Preparing TiO2 Electrode

1. Take a single FTO glass slide and ensure that the conductive side is facing up –use multimeter probes to measure resistance across two points on the glass surface. If no resistance is measured (multimeter display reads nothing or OL), turn the electrode over and measure again. The resistance should be around 10–30 ohms. Be careful to handle the sides of the glass,  avoid touching the faces of the glass.
2. Tape the electrode down to a clean, sturdy surface so that the tape masks off about 0.5 cm down along the length of the electrode (Figure 1a). This will create a lane down the center of the electrode where the TiO2 paste will be spread. 

3. Using a pipette, dispense a few drops of the TiO2 solution halfway down the center of the plate and immediately squeegee the solution down with a clean microscope slide. The tape should act as a bumper, allowing for an even coating of the FTO center lane (Figure 1b, c). 

4. Allow the electrodes to dry overnight undisturbed until the next lab period.

5. Once the film is dry remove the tape and place the slide on a hot plate or in a furnace. The minimum temperature is 350 °C, the optimum temperature is 525 °C. The slides will initially turn light brown and then turn white again once all the organic binders in the TiO2 paste have burned away, typically 15-45 minutes depending on the temperature used. Allow appropriate cool down time before using the slides.
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Figure 1

Assumed Prior Knowledge of Students:

· Basic electrical circuits (parallel vs. series, difference between current and voltage).
· Light has energy which can be collected (via PV or photosynthesis, among other things).

· Electricity is the result of electron flow through a conductor.

Background Information for Teacher:

Energy production is an important issue both for economic and scientific reasons.  With the exception of nuclear energy, all of the ways we consider producing energy are in some way derived from the sun.  Fossil fuels such as coal and oil are stored solar energy from millions of year old plants, wind and hydropower are driven by solar heating of the earth’s surface, and most clearly photovoltaics directly convert sunlight into electricity.

The amount of sunlight that hits the earth every day is vastly more than our current energy consumption, or even the highest projections of our future energy consumption.  To put a number on it, 120,000 terawatts (TW) of light is hitting the earth every second, on average we consume 15 TW of power every second. Enough energy hits the earth’s surface in an hour to provide more energy than we use in an entire year!
Understanding how energy from the sun gets to the earth’s surface to be collected is important for understanding why solar cells work the way they do.  The sun is at approximately 5250 °C.  Physics has provided a model that predicts the wavelength of light emitted by a body when it heats up.  This model explains why metal goes from red, to yellow, to “white hot” when it is heated.  It also predicts that the sun will produce a light spectrum corresponding to the black line in the graph below.  As you can see in the graph below, the actual spectrum from the sun is very similar to the predicted spectrum.  As sunlight travels through the atmosphere, some light is reflected back into space and some light is absorbed by the gases in the atmosphere.  The result is that at the surface of the earth, we have a lower, jagged spectrum hitting the surface (the red spectrum). An interesting side note is that the visible region of the spectrum for humans is in the region of highest intensity, which is not an accident, but rather a neat evolutionary trick.
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Ideally, we would like to get all of the energy out of the sunlight incident on the surface of the planet. However, due to various physical and technological constraints, we are only able to get at most 33% of the energy using the simplest solar cells.  There are several reasons for this, and you can see in the graph below how big a chunk of the total energy is taken by each inefficiency. First, some of the light is not absorbed, if the light does not have enough energy to excite an electron in the solar cell then the energy cannot be captured (energy is inversely proportional to wavelength, so low wavelengths have high energy and vice versa).  Second, in general the solar cell cannot make use of the extra energy in high energy light, these losses are called thermalization losses because the lost energy is turned into heat instead of electricity.  The last way you lose energy has to do with the process of getting the excited electrons out of the solar cell and into a circuit, these extraction losses also decreases the efficiency to its maximum theoretical value of 33%.
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In the chart from the National Renewable Energy Lab above, you can see the increase in solar cell efficiency over time.  Currently there are several technologies that can exceed the theoretical maximum discussed earlier.  The maximum efficiency discussed is only valid for the simplest types of solar cells that absorb at one wavelength of light.  If you create a more complicated and expensive solar cell, called a multijunction solar cell, efficiency can be increased.  These multijunction cells are in purple at the top of the chart, due to how expensive they are, the technology is mostly used in large scale concentrated solar energy plants.  The large black panels that everyone thinks of as solar cells are the blue lines in this chart.  These are made from silicon, which has properties very close to the ideal solar cell used to get the theoretical maximum efficiency.  As a result, silicon solar cells are bumping up next to the theoretical limit, and haven’t shown much recent growth.

In green are thin film technologies, these operate just like silicon solar cells and are also bound by the 33% efficiency limit, they are competitive with silicon solar cells even though they are less efficient because they use less materials in order to produce the solar cell, resulting in lower cost.

The last groups, in red, are the emerging, or next generation solar cells.  These types of solar cells are among the most popular in current university research, as you can see they are showing much faster improvement in efficiency compared to more mature technologies.  These emerging technologies will likely always be less efficient than silicon solar cells, but their promise lies in the fact that they may be able to be mass produced very cheaply, using technologies like roll to roll printing.  The emerging technologies are the opposite of the complicated and expensive multijunction cells.  Rather than put a really efficient and expensive solar cell in the best solar locations, these emerging technologies would work by putting cheap, inefficient solar cells everywhere.  

The solar cell that will be made in this lab is a Dye Sensitized Solar Cell (DSSC).  It is one of the emerging technologies that uses organic components to collect light. DSSCs imitate photosynthesis by using the chemicals that gives berries their color (anthocyanins) to capture solar energy.  Conveniently, all of the components for a simple DSSC can be found in everyday items (with the exception of the transparent conductive glass) such as coffee creamer, berries, Gatorade, and pencil lead.  This makes a DSSC a great type of solar cell to assemble in a classroom. A diagram showing how the berry solar cell works is below.

[image: image5.jpg]HOW THE BERRY SOLBR CELL WORKS

Different types of solar cells use different materials to
absorb light and generate electricity. The most common
type of solar cells use silicon. The berry solar cell uses a
different design (officially called a “dye sensitized solar
cell”), which could be less expensive than silicon solar cells.
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Light passes through the glass slide, electrode, and titanium dioxide, before
being absorbed by the molecules that make up the berry juice.

Energy from the light excites electrons in the berry juice molecules. Excited
electrons are transferred to the titanium dioxide and then to the electrode,
which leaves the berry juice molecules positively charged.

Electrons collected at the electrode flow through the device wired to the cell,
powering the device!

After powering the device, electrons continue flowing to the 2" electrode.

Electrons move from the 2™ electrode to the carbon layer (graphite pencil or
soot from a wax candle).

lodide (I') molecules provide electrons to reduce the excited berry juice mole-
cules from positive to neutral charge, which convertsI" to I,". Electrons from the
1% electrode regenerate I, back to I with the help of the carbon. Whew!
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Courtesy: Marohn Group, Department of Chemistry, Cornell University
Answers to Post Lab Questions:

1.  Draw a diagram of the solar cell you made. Assume you connect it to a tiny motor. Label where energy is transformed from one type to another on your diagram.
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2. Consider two groups with the following solar cells:

	
	Room light voltage (mV)
	Dark voltage (mV)

	Group A
	200
	180

	Group B
	100
	20


Which group has a better solar cell? Why?


The simple answer is, assuming the same current in both devices, Group A as their cell has higher voltage. Power (watts)=V x A.

The better answer is that it cannot be determined from the data given since the current is not give.

The best answer is that the question makes no sense because solar cells don’t produce a voltage in the dark.

3.  Does a solar cell produce direct current (DC) or alternating current (AC)?  Can this type of electricity be used in your home?

Solar cells produce direct current. DC cannot be used directly in your house because houses use AC.

Chemistry (Redox reactions): 

4.  Write out the chemical reactions occurring in the berry solar cell. Call the berry molecule dye. Titanium dioxide is TiO2, and the electrode material is SnO2. 

2Dye + 2photon -> 2Dye+ + 2e-
I3- + 2e- -> 3I-
2Dye+ + 4I- -> 2Dye + 2I2-
2I2- -> I3- + I-
The liberated e- are transferred through the TiO2 but the TiO2 is not actually reduced. The TiO2/e- is better described as a complex.

5. Write a chemical reaction that could reduce your solar cell’s efficiency.

TiO2 + 2e- -> TiO

Many other rections are possible including:

· Formation of other iodide complexes such as I5-, I7-, or I9- which are more difficult to oxidize

· Formation of Dye dimers or trimers 

Physics (Circuits, voltage and current):

6. Draw a circuit diagram showing how you measured the voltage produced by your solar cell. Use the circuit diagram symbols for a solar cell ( [image: image7.png]


) and a voltmeter ([image: image8.png]


 ).
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7. What was the current running through your circuit when you measured the voltage produced?

Unknown, the instructions tell us to assume 0.5 amps but it was not measured.

8. Draw a circuit which you could use to calculate the power produced by your solar cell when connected to a light bulb using an ammeter ([image: image10.png]


 ) and voltmeter.
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The voltmeter must be connected in parallel and the ampmeter in series. Note, for question 5 parallel is undefined as there is no load present.
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Sunlight to Energy: The all Food Solar Cell!
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Introduction:


Sunlight enters the earth’s atmosphere in form of photons that are commonly used by plants to grow.  In today’s laboratory, we will be creating a solar cell that will convert these photons into electricity that can power light bulbs and your cell phone.  Every hour enough sunlight reaches the earth’s surface to provide all the world’s energy for an entire year, including all transportation and home uses!  Turning sunlight into electricity is currently challenging and expensive; we have come up with a simple solution: The all Food Solar Cell! 

Procedure:

· Prepare yourself: If you don’t already have your hair pulled back, take a hair elastic. Put on your safety glasses and a pair of gloves.
· Crush up your berries and filter through a strainer.

· Determine which side of your blank slide is conductive using the multimeter.  The conductive side will be able to carry electricity.

· Coat the conductive side of the blank slide with a carbon graphite pencil.

· Soak the titanium dioxide coated slide face down in the filtered berry juice.  We obtained the titanium dioxide from powdered donuts!  Titanium dioxide is a common ingredient in paint to make it white.

· [image: image14.emf]








!


· Rinse the berry juice titanium dioxide coated slide with water and then isopropanol.  Dry using canned air.

· Clip the two slides together with conductive sides facing each other and slightly offset.

· Place 1-2 drops of the Gatorade iodide/tri-iodide solution on the crease between the two slides.  Clip the two halves together

Testing: 
[image: image18.png]
1. Using alligator clips and a multimeter, measure the buildup of electrons (voltage).

A. Voltage under regular room lights: ___________ 

B. Voltage in the dark (covered up): __________

C. Voltage under an additional lamp: ____________

D. Team voltage ( all the cells together!): ___________

2. Calculate the total power output of your solar cell with its max voltage.

      Assumption: current = 0.5 mA

      Power = current x (Voltage of Solar Cell) = 0.5 mA x 

  mV

      Power = 

 x 10^(-6) Watts

3. How many of your solar cells would you need to power the following?

     Hint: # Solar Cells Needed = (Power of Appliance)/(Power of your solar cell)

A. iPhone (0.5 Watts)

# Solar Cells Needed = 0.5 Watts/

     = 

   Solar Cells 

B. Laptop (10 Watts)

# Solar Cells Needed = 10 Watts/

     = 

   Solar Cells 

C. House (600 Watts)

# Solar Cells Needed = 600 Watts /

     = 

   Solar Cells 

Post lab Questions

1. Draw a diagram of the solar cell you made. Assume you connect it to a tiny motor. Label where energy is transformed from one type to another on your diagram.

2. Consider two groups with the following solar cells:

	
	Room light voltage (mV)
	Dark voltage (mV)

	Group A
	200
	180

	Group B
	100
	20


Which group has a better solar cell? Why?


3. Does a solar cell produce direct current (DC) or alternating current (AC)?  Can this type of electricity be used in your home?

Chemistry (Redox reactions): 

4. Write out the chemical reactions occurring in the berry solar cell. Call the berry molecule dye. Titanium dioxide is TiO2, and the electrode material is SnO2. 

5. Write a chemical reaction that could reduce your solar cell’s efficiency.

Physics (Circuits, voltage and current):

6. Draw a circuit diagram showing how you measured the voltage produced by your solar cell. Use the circuit diagram symbols for a solar cell ( [image: image15.png]


) and a voltmeter ([image: image16.png]


 ).

7. What was the current running through your circuit when you measured the voltage produced?

8. Draw a circuit which you could use to calculate the power produced by your solar cell when connected to a light bulb using an ammeter ([image: image17.png]


 ) and voltmeter.

It may be helpful to have students define a few of the following terms:

Berry solar cell terms

· Photon

· Light absorption

· Electrode

· Electrolyte

General electrical terms

· Multimeter

· Electricity

· Voltage

· Current

· Resistance

· Power

· Energy
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