Electrochemistry Project 2 – Electrochemical Kinetics and Electrocatalysis
The water oxidation and reduction reactions are kinetically slow. This means that the assumption that was made in Chapter 1 – namely that the electrode is in local equilibrium with the electrolyte at the surface of the electrode and that the Nernst equation can be used to calculate the O/R ratio at the electrode surface based on the electrode potential – is no longer true. Kinetics of electron transfer between the electrode and redox species at the surface matter, indeed in this case dominate, the observed current-voltage response of the system.
You will collect electrochemical kinetic data for the hydrogen evolution reaction (HER) in acid solution and the oxygen evolution reaction (OER) in basic solution, and analyze the resulting data in terms of a simple Tafel kinetic model.

Calculations to do prior to starting the laboratory: (include answers to (1)-(4) in your report prior to your experimental results)
(1) a. Write a balanced equation for HER in acid. 
b. Use the Nernst equation to predict the pH dependence for E of this reaction. 
c. Determine Eo for HER in 1 M H2SO4 versus the SCE. 
(2) Repeat the above question for the OER reaction.

(3) What is the pH-dependence of the difference between E for the HER and OER?

(4) Recall the Tafel equation (Bard 3.4.14) and plot the predicted current (y-axis) – overpotential (x-axis) response of the Tafel equation (using Mathematica or similar program; Mathematica is a free download from the UO server) on both linear and semi-log (i.e. y-axis is on a log scale) plots for (A) different exchange current densities of 10-6 A cm-2, 10-4 A cm-2, and 10-2 A cm-2 at a fixed Tafel slope of 30 mV per decade, and (B) for Tafel slopes of 30 mV dec-1, 60 mV dec-1, and 120 mV dec-1 at a fixed exchange current density. Hint: the easiest way to do this is to rewrite 3.4.14 in terms of the Tafel Slope (b = -2.3 RT / (F), then use the functions Plot and LogPlot in Mathematica to plot the expression on the two scales. Read chapter 3 to make sure you understand what these mean. I have uploaded a Mathematica notebook that you can play with that basically has the solution to this problem because in previous years it took students excessive time to do this.
(A) Hydrogen Evolution Reaction:
Prepare a 1 M sulfuric acid solution in a clean glass vessel, with a clean Teflon-coated stir bar, a clean Pt coil counter electrode, and a SCE reference electrode. (The Pt counter electrode could be cleaned, if necessary, by cycling +/- 2.5 V versus another Pt electrode in sulfuric acid, or by dipping in piranha solution, if necessary. You don’t need to clean it for this project, however.)

(1) Freshly polish the Pt disc electrode using the fine (~1 um) polish on the felt pad affixed to the glass plate. 

(2) Measure the microscopic surface area of the Pt electrode: At a range of scan rates (e.g. 20 – 200 mV/s), without stirring, collect CV curves from 0 versus the reversible hydrogen potential (RHE, the E for HER in the solution you are using) to 1.2 V vs. RHE (repeat the scan ~ 5 times, make sure you are not evolving H2 during your cathodic scan as this can get re-oxidized during the anodic scan and make microscopic surface area determination impossible). These voltages are just inside the stability window for aqueous electrolytes. You should see a series of oxidation and reduction peaks. These are due to the formation of Pt-H as well as Pt-O surface absorbed species. Label each peak/wave and what it corresponds to chemically on your reported CV. Correct for the non-faradaic capacitive baseline (i.e. current around 0.5 V vs. RHE), integrate the Pt-H oxidation and reduction peaks (Analysis:General Electrochemistry:Peak analysis in the EC-lab software, choose manual linear baseline, you can adjust the baseline to get appropriate integral of just the peak component of the current and not the capacitive component, see application note from Biologic), and use the integrated charge Q to determine the surface area based on literature values for the Pt-H monolayer absorption/desorption charge per area. 

• Compare the area determined from the peak integration to the geometric area (0.02 cm2) of the electrode. 

• Compare your peak shapes to literature. Are they different or the same?

Note: you should bubble N2 through the solution for 10 min prior to this measurement to remove dissolved oxygen. After bubbling, the N2 stream can be removed from the electrolyte solution so that the N2 flows into the head space of your electrochemical reaction cell.

• What is the effect of dissolved air in the solution? Why is measuring under N2 important for quantification of the Pt-H peaks? 

(3) Measure the HER kinetics: At moderate scan rate (e.g. 10 mV/s), with stirring (to dislodge bubbles), collect a CV curve with Pt as the working electrode. Start your potential scan 0.5 V positive of the reversible hydrogen potential (RHE, the E for HER in the solution you are using) and scan 500 mV negative of RHE. If the scan is very noisy, it is likely due to bubbles formed on the electrode surface and you should improve your stirring if possible. 

(4) Measure the uncompensated series resistance. To do this, measure the cell impedance as a function of frequency (use technique “potentio electrochemical impedance spectroscopy”). Use default parameters but set the working electrode potential to 0 V vs SCE and scan the frequency from 100 Hz to 1 MHz. The uncompensated series resistance is approximated by the minimum impedance (AC equivalent of resistance) of the cell at high frequencies (~ 100 kHz) before the cell inductance becomes important. Report the value for uncompensated series resistance you measure.
(5) Correct the collected current-voltage data for the uncompensated series resistance, by subtracting Ru(I from each measured voltage for each measured current. Plot both uncorrected and corrected curves.
(5) Analyze the data using the Tafel equation. What is the Tafel slope in mV/dec? What significance does the Tafel slope have? What is the exchange current density (extract using the linear region on the log-linear plot near -0.1 V, do not use the region where the current is limited by mass transfer, and extrapolate to RHE)? Is it similar or different from the accepted value for Pt of 1 mA cm-2? If your sweeps change with time or sweep number discuss possible origins for this behavior.

(B) Oxygen Evolution Reaction:
Fe-NiOOH is the fastest known water oxidation catalyst under basic conditions (see Trotochaud et. al. JACS 2012 and JACS 2014 for more details). Here you will electrochemically synthesize the catalyst and measure its properties. 

(1) Clean your Pt electrode in acid and polish it as described above. Measure the OER activity of Pt in 1.0 M KOH electrolyte. Use the SCE or Hg|HgO as a reference electrode and a cell similar to what you used for HER. This is your substrate electrode activity. Make sure your catalyst activity is higher than the substrate activity for the electrode. (You can also use a self-made planar Au/Ti on glass electrode for this study if you prefer over the Pt disk electrode)
(2) Prepare OER catalyst films by electrodeposition from metal nitrate / chloride salt solutions. Typically, deposition solutions contain about 0.1 M Ni(NO3)2 and 0.003 M FeCl2 (or other suitable Fe-salt). Typical deposition proceeds by sourcing a cathodic current (using the “chronopotentiometry” technique) to the working electrode of about 1 mA cm-2 for 10 s in a two electrode mode where the counter and reference electrode leads from the potentiostat are both attached to your counter electrode (note: no true reference electrode is used here). Rinse the electrode briefly before placing in KOH electrolyte for analysis.
• What is the balanced electrochemical reaction that leads to Fe-doped Ni(OH)2 deposition? Qualitatively describe the process.
(3) Collect cyclic voltammetry data (in 1 M KOH) prior to the OER potentials as well as OER kinetic data for the electrodes, in an analogous manner as that described above for the Pt electrodes and the HER reaction. Use the SCE or Hg|HgO as a reference electrode. Collect the cyclic voltammetry data at scan rates of 20 and 50 mV/s. Make sure to consider where the thermodynamic potentials of interest are (i.e. for OER). Make sure you see both the redox peaks associated with the Ni(OH)2/NiOOH redox couple (write out the balanced chemical equation for this redox reaction), and the exponential onset of catalytic OER current. Also collect impedance data, as in the first part of this project, so you can extract uncompensated series resistance.
(4) After baseline subtraction (use Analysis:General Electrochemistry:Peak Analysis with manual baseline correction), integrate the cathodic Ni redox wave. Use the integrated charge to estimate the number of electrochemically active Ni atoms per unit area on your electrode assuming the Ni is undergoing a one-electron redox process. 
• Does your answer change for different scan rates? How and why or why not?

(6) Analyze the kinetic data, correcting for uncompensated series resistance. Make sure your Tafel plot is referenced to the reversible (equilibrium) potential for the reaction, not to the reference electrode potential.
(a) What is the turn-over-frequency for the OER catalyst (number of O2 molecules per metal site per second) at 300 mV overpotential? Is it consistent with literature? 
(b) What is the Tafel slope in mV/dec? Does it change with potential? If it does, this is an indication of the mechanism changing.
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