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Teaching General Chemistry Topics using the Catalytic Reduction of CO2 to Acetaldehyde
Lesson Summary: 
This lesson/module is meant to be incorporated into a traditional general chemistry course. The goal is to teach standard topics and learning objectives using compounds and chemical concepts that are important in the context of climate solutions. After using these materials, students will meet their general chemistry course outcomes and objectives while simultaneous learning about cutting edge research that aims to transform CO2 into a useful feedstock.

Lesson Content and Relation: 
Lessons incorporating the catalytic reduction of CO2 to acetaldehyde can be created for myriad chemistry topics.

CO2 + 2 H2O + 4e- → CH3CHO + 2 OH-
1) Stoichiometry and Chemical Reactions
· Use the CO2 to acetaldehyde reaction as an example when teaching balancing equations and stoichiometric calculations.
· Have students calculate theoretical yields and limiting reagents for this reaction.
2) Thermodynamics
· Discuss the thermodynamics of CO2 reduction, emphasizing concepts like enthalpy, entropy, and Gibbs free energy.
· Use this reaction to illustrate endergonic processes and the role of electrical energy input.
3) Electrochemistry
· Introduce the copper catalyst as an example when teaching about electrodes and electrolysis.
· Discuss half-reactions involved in the CO2 reduction process.
· Use this reaction to explain concepts like standard reduction potentials and the Nernst equation.
4) Acid-Base Chemistry
· Discuss the role of OH- ions produced in the reaction and how they affect solution pH.
· Use this as a context for teaching buffer solutions and pH calculations.
5) Organic Chemistry Introduction
· Use acetaldehyde as an example when introducing basic organic functional groups.
· Discuss the structure and properties of CO2 and acetaldehyde to illustrate molecular geometry and polarity.
6) Catalysis
· Introduce the copper cluster catalyst when discussing catalysis and reaction rates.
· Use this as an opportunity to explain how catalysts lower activation energy without affecting the overall thermodynamics of a reaction.
7) Environmental Chemistry
· Discuss the potential impact of this process on carbon capture and utilization strategies.
· Use this as a starting point for discussions on green chemistry and sustainable industrial processes.


Lesson Resources
1. https://actu.epfl.ch/news/from-co2-to-acetaldehyde-towards-greener-industria/ 
2. https://www.longdom.org/open-access/environmental-and-industrial-implications-of-catalysts-108231.html
3. https://www.alliedacademies.org/articles/the-role-of-catalysts-in-sustainable-chemical-processes.pdf
4. https://ojs.transpublika.com/index.php/TIRES/article/download/1395/1198/10141
5. https://www.acdlabs.com/blog/sustainable-catalysis/
6. https://edu.rsc.org/feature/catalysts-for-a-green-industry/2020110.article
7. https://www.vaia.com/en-us/explanations/engineering/chemical-engineering/environmental-catalysis/
8. https://dst.gov.in/sustainable-efficient-nano-catalyst-developed-can-minimize-environmental-impact-industrial-chemical
9. https://www.cas.org/resources/cas-insights/understanding-power-catalysis

Assessment Tools

Assessment Option 1: Stoichiometry and Thermodynamics Module Activity
Instructions: 
Review the provided resources on CO₂ to acetaldehyde conversion, your textbook chapters on stoichiometry and thermodynamics, and attend/view the weekly lecture. 

Questions:
1. Draw the Lewis structures of carbon dioxide, acetaldehyde (aka ethanal), and water. Give the molecular shape and bond angles of each central atom.
2. Write the balanced equation for the reduction of CO₂ to acetaldehyde. Identify the oxidation states of carbon in both CO₂ and acetaldehyde. How many electrons are transferred per molecule of CO₂ reduced?
3. Calculate the theoretical yield of acetaldehyde (CH₃CHO) if you start with 100 g of CO₂ and excess water and electrons. Show all work including molar mass calculations.
4. If the actual yield of acetaldehyde in a laboratory experiment is 15.2 g, what is the percent yield? What factors might contribute to yields less than 100% in this catalytic process?
5. Research and report the standard enthalpy of formation (ΔH°f) values for CO₂, H₂O, CH₃CHO, and OH⁻. Calculate the standard enthalpy change (ΔH°rxn) for this reaction. Is this reaction endothermic or exothermic?
6. Given that this reaction requires electrical energy input to proceed, explain why this makes sense based on your enthalpy calculation. What does this tell you about the Gibbs free energy (ΔG°) of this reaction under standard conditions?
7. Why is electrical energy input necessary for this reaction to occur, even though it might be thermodynamically favorable to produce useful organic compounds from CO₂? Discuss in terms of activation energy and kinetics versus thermodynamics.
8. From an industrial and environmental perspective, what would make this CO₂ reduction process worthwhile despite requiring energy input? Consider the source of the electrical energy and the value of the product.
9. Provide citations for any sources you used beyond the provided materials.

Assessment Option 2: Electrochemistry and Catalysis Module Activity
Instructions: Review the provided resources on copper-catalyzed CO₂ reduction, your textbook chapters on electrochemistry and reaction kinetics, and attend/view the weekly lecture. Submit your responses to the Module Activity link.

Questions:
1. Write the two half-reactions for the electrochemical reduction of CO₂ to acetaldehyde. Clearly identify which is the reduction half-reaction and which is the oxidation half-reaction (at the anode).
2. Look up the standard reduction potential for CO₂ → CH₃CHO and for the oxidation of water. Calculate the minimum cell potential required for this reaction to occur under standard conditions. Show your work.
3. Explain the role of the copper cluster catalyst in this reaction. How does the catalyst affect: (a) the activation energy, (b) the reaction rate, and (c) the thermodynamics (ΔG°) of the reaction?
4. The reaction produces OH⁻ ions as a byproduct. If 0.50 moles of acetaldehyde are produced, how many moles of OH⁻ are generated? If this occurs in 1.0 L of initially neutral water, what is the final pH? (Assume all OH⁻ remains in solution)
5. Research the concept of "selectivity" in catalysis. Why is it important that the copper catalyst selectively produces acetaldehyde rather than other possible products like methane, ethanol, or carbon monoxide? What other products might form from CO₂ reduction, and why might they be less desirable?
6. Use the Nernst equation to calculate how the cell potential would change if: (a) the pH increases to 13, or (b) the CO₂ concentration decreases to 10% of standard conditions. Discuss which factor has a greater impact.
7. From a green chemistry perspective, evaluate this catalytic process. Consider factors such as: catalyst materials (abundance, toxicity), reaction conditions, byproducts, and the usefulness of the product (acetaldehyde) as a chemical feedstock.
8. What are the main challenges to scaling this process from laboratory research to industrial application? Consider both technical and economic factors.
9. Provide citations for any sources you used beyond the provided materials.

Assessment Option 3: Comprehensive Application Module Activity
Instructions: Review all provided resources on CO₂ reduction, relevant textbook chapters covering stoichiometry, thermodynamics, electrochemistry, and catalysis, and attend/view all related lectures. This assessment integrates multiple concepts from throughout the term. Submit your responses to the Module Activity link.

Questions:
1. Reaction Analysis: For the reaction CO₂ + 2H₂O + 4e⁻ → CH₃CHO + 2OH⁻: 
· Balance the equation and verify it is balanced for both mass and charge
· Calculate the theoretical yield of acetaldehyde from 50.0 g CO₂
· If the actual yield is 68% under optimized conditions, calculate the mass of acetaldehyde produced
2. Thermodynamic Feasibility: Research and calculate ΔH°rxn, ΔS°rxn, and ΔG°rxn for this reaction at 298 K. Based on your calculations, explain why electrical energy must be supplied for this reaction to proceed. At what temperature (if any) would this reaction become spontaneous (ΔG < 0) without electrical input?
3. Electrochemical Design: Design an electrochemical cell for this reaction. Include: 
· A labeled diagram showing anode, cathode, electrolyte, and electron flow
· The half-reactions occurring at each electrode
· The minimum voltage required
· The role and placement of the copper catalyst
4. pH and Buffers: The reaction produces OH⁻ ions, which increase solution pH. If the reaction is run in 2.0 L of water and produces 0.30 mol of acetaldehyde: 
· Calculate the final pH (assuming all OH⁻ remains in solution)
· Explain why a buffer system might be beneficial for maintaining optimal reaction conditions
· Suggest a buffer system that could be used and explain your choice
5. Catalysis Mechanism: Explain how the copper cluster catalyst works at a molecular level to facilitate CO₂ reduction. Include discussion of: 
· How catalysts lower activation energy
· Why copper is effective for this specific reaction
· Whether the catalyst affects the thermodynamics of the reaction
6. Alternative Products: CO₂ can be reduced to various products including CO, formic acid (HCOOH), methanol (CH₃OH), ethanol (C₂H₅OH), and ethylene (C₂H₄). Research the reduction potentials and industrial value of these alternatives. Why might acetaldehyde be a desirable target product compared to these alternatives?
7. Industrial and Environmental Application: 
· Describe at least two industrial uses for acetaldehyde
· Calculate the mass of CO₂ that could theoretically be converted if a facility produces 1000 kg of acetaldehyde per day at 70% yield
· Discuss the environmental implications: If the electrical energy comes from renewable sources, what is the net impact on atmospheric CO₂? What if it comes from fossil fuels?
8. Green Chemistry Evaluation: Using the 12 Principles of Green Chemistry as a framework, evaluate this CO₂ reduction process. Identify at least 3 principles that this process aligns with well, and 2 areas where improvements could be made.
9. Provide citations for any sources you used beyond the provided materials.

Course/Institutional Learning Outcome Curriculum Mapping
· Think Critically
· Create Ideas and Solutions
· Apply Learning
· Engage Diverse Values with Civic and Ethical Awareness
· Communicate Effectively
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