

APPROVED FILMING SHOTLIST
[bookmark: _GoBack]Submission ID #: 57375
Editor Name: Tara Cass
Videographer Name: Kevin Larson (Orange Chair Productions)
Film Date: 06/07/18
Project Folder Link: https://www.jove.com/account/file-uploader?src=17499423

Authors and Affiliations: Kaushik Kalaga1, Marco-Tulio F. Rodrigues1, Daniel P. Abraham1

1 Chemical Sciences and Engineering Division, Argonne National Laboratory

Title: In Situ Lithiated Reference Electrode: Four-Electrode Design for In-Operando Impedance Spectroscopy

Corresponding Author: 

Kaushik Kalaga
Chemical Sciences and Engineering Division
Argonne National Laboratory
Lemont, IL, USA
Email: kkalaga@anl.gov
Tel: +1 (630) 252-8852

Co-authors:

Marco-Tulio F. Rodrigues: mtuliofr@gmail.com

Daniel P. Abraham: abraham@anl.gov

[bookmark: BackToTop]A.  Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) N 
B.  Software: Does your protocol include detailed, step-by-step instructions involving computer-controlled instrumentation or other software? (Y/N) Y
[bookmark: BackToQues]C.  Procedure Highlights: Of the steps to be filmed, which will viewers benefit most from seeing? Please list 4-6 steps from this script by their step numbers (e.g. 2.1).
Steps 2.4, 2.5, 3.2, 3.4, 4.4, 4.5
D.  Critical Steps: What is the single most difficult aspect of this procedure? Please list 1-2 steps from this script and briefly describe how you ensure success.3.2, 3.5, 4.4
Steps 3.5, 4.4
We ensure careful handling of the extremely thin wires to avoid breakage. Further, holding the wires by the insulation wires and not by the Sn wire itself ensures better dexterity. 
E.  Filming: Will filming need to take place in multiple locations? (Y/N) N



[bookmark: Introduction]1. Introduction (Experimental Goal and Author Interviews)

A. Experimental Goal (Spoken by voice talent at JoVE.)

The overall goal of this experiment is to use a four-electrode cell to track the behavior of individual electrodes in a Li-ion (lithium-ion) battery operando (op-er-an-doh /ˌɒp ərˈɑːn doʊ/) and to measure impedance (im-peed-uhns /ɪmˈpid əns/) changes at each electrode in situ (in sit-you /ɪn ˈsɪt uː/). (Intro)

[bookmark: IntroStatements]B.  Required Interview Statements (Said by you on camera. Don’t forget to smile!)  
1.1. Kaushik Kalaga: The demand for better-performing Li-ion batteries is driving research towards understanding factors causing degradation. The method described here can precisely gauge the behavior of individual battery components.
1.2. Marco Rodrigues: The wealth of information that this technique provides amplifies the reach of diagnostic analysis in Li-ion batteries and provides valuable input into the optimization of individual cell components.
[bookmark: Protocol]
Protocol (Spoken by voice talent at JoVE.)
2. Copper/Tin Wire Stripping
2.1. To begin, obtain a 4-cm-wide, 7-cm-long jig made of 2-mm-thick copper wire, [1-MED-Over shoulder] with flat loops to stabilize the jig at one end and a handle at the other end. [2-CU]
2.1.1. Talent takes the jig out of its storage container/location.
2.1.2. Talent stands the jig up on the flat loops (holding onto the handles as needed) and points out the flat loops and the handle.
2.2. Then, pour about 23 mL of industrial-grade stripping solution into a 7.6-cm-diameter stainless steel beaker to attain a solution depth of about 5 mm. [1-MED]
2.2.1. Talent pours the stripping solution into the stainless steel beaker to fill it to a depth of about 5 mm, and then closes the stripping solution container.
2.3. [bookmark: _Hlk496627589]Immerse a thermocouple (ther-mo-cup-ul /ˈθɜːr moʊˌkʌp əl/) in the solution, keeping the tip away from the bottom of the beaker. [1-MED] Start heating the beaker on a hot plate to 85 °C. [2-MED-Over shoulder]
2.3.1. Talent immerses the thermocouple in the solution, puts the beaker on a hot plate, and adjusts the thermocouple to keep it from settling to the bottom of the beaker.
2.3.2. Talent turns on the hot plate heat and sets the heating rate to 5 °C/min.
2.4. While the solution heats, carefully wind 60 cm of 25.4-µm polyurethane-coated (paul-ee-yoor-uh-thane /ˌpɒl iːˈjʊər əˌθeɪn/), tin-plated copper wire [1-MED-TXT] lengthwise around the jig. [2-ECU] Gently tape the ends of the wire to the handles. [3-CU]
2.4.1. Talent begins winding the Sn/Cu wire around the jig. (TEXT: See text for information about using pure Cu wire instead.)
2.4.2. Talent finishes winding the Sn/Cu wire around the jig.
2.4.3. Talent tapes the ends of the wires to the handles with scotch tape.
2.5. Once the solution reaches 85 °C, turn off the heat and place the jig vertically in the solution to immerse one side of the wrapped wire. [1-MED-Over shoulder] Leave the jig in the solution for 15 seconds, [2-CU] and then rinse the wire and jig in deionized water for 15 seconds. [3-MED]
2.5.1. Talent turns off the heat and lowers the jig into the solution.
2.5.2. Starting with the jig in the solution, the jig sits in the solution for ~3 seconds and is then removed.
2.5.3. Talent immerses the jig in the beaker of DIH2O and holds it there.
2.6. Inspect the wire for exposed tin, which will appear as a silvery-white material. [1-CU] Repeat the immersion in stripping solution and rinsing until one side of the wrapped wire [2-MED] has been completely stripped to the tin layer. Be careful not to etch away the plated tin. [3-ECU]
2.6.1. Talent tilts the jig to show the camera the etched area after one immersion.
2.6.2. Talent immerses the jig in the stripping solution and leaves it standing there.
2.6.3. The silvery-white exposed tin area wrapped around the end of the Cu jig.
2.7. Then, rinse the jig and wire in deionized water and allow them to dry in air at room temperature. [1-MED] Once dry, cut the wire in the center of each stripped area to obtain approximately 10-cm-long wires with exposed tin-plated ends. [2-CU]
2.7.1. Talent rinses the jig in the DIH2O and places it aside to dry.
2.7.2. Talent cuts the wire at the center of each stripped portion and unwinds the 10-cm pieces of wire from the jig.
3. Lithium and Tin Reference Wire Preparation
3.1. To begin preparing a reference wire, cut about 10 cm of insulated, 2-mm-wide electrical circuit wire. [1-MED] Strip about 2 cm of insulation from each end of the wire. [2-MED]
3.1.1. Talent cuts 10 cm of electrical wire from a roll.
3.1.2. With one end of the wire segment already stripped, talent strips the insulation from the other end of the wire with wire cutters.
3.2. Then, gently lay one stripped end of a tin-plated copper wire on the stripped electrical wire. [1-CU] Solder the junction to form an electrical contact between the wires. [2-MED]
3.2.1. Talent places the end of a stripped Sn/Cu wire on the exposed end of the electrical wire.
3.2.2. Talent solders the two wires together.
3.3. Confirm that the resistance across the newly-formed tin reference electrode is between 6 and 8 Ω (ohms /oʊmz/). [1-MED-Over shoulder] Assemble a second reference electrode with an exposed copper end in the same way, [2-MED] and bring the wires into an argon-filled glovebox. [3-WIDE]
3.3.1. Talent measures the resistance across the assembled Sn reference wire.
3.3.2. Talent places a Cu reference wire next to the first Sn reference wire, holding it by the thicker electrical wire rather than the thin wire.
3.3.3. Talent carries the wires to the glovebox antechamber area.
3.4. Next, cut a piece of 200-µm-thick lithium metal no larger than 5 mm x 5 mm and place it on a PTFE (P-T-F-E) platform. [1-MED-Over shoulder-TXT] Use a roller covered with polymer tape to flatten the metal to 25 µm thick,. [2-MED]
3.4.1. Talent cuts the Li metal square from the foil over the PTFE platform. (TEXT: Use dedicated equipment when handling Li metal.)
3.4.2. With the metal already having been rolled mostly flat, talent rolls the metal for ~5 seconds and then checks the thickness with a screw gauge.
3.5. Then, bend the metal into a U-shape and lay the exposed tip of the copper wire in the bend. [1-MED-Over shoulder] Carefully press the lithium around the wire to completely encapsulate the exposed copper. This will be the lithium metal reference electrode. [2-CU]
3.5.1. Talent bends the metal into a U and places the exposed copper end of the reference wire in the U.
3.5.2. Talent presses down on the metal to fully enclose the Cu in Li and then lifts the wire by the thicker insulated electrical wire to show the encapsulated end to the camera through the glovebox window.
4. Assembly of a Battery Cell with Incorporated Reference Electrodes
4.1. Place an anode (ann-owed /ˈæn oʊd/) in a lithium cell fixture so that the center of the electrode is slightly offset from the center of the fixture. [1-MED-Over shoulder-TXT] Wet the entire anode with 400 µL of electrolyte solution. [2-CU]
4.1.1. Talent places the negative electrode in the fixture and adjusts it to be slightly offset. (TEXT: See text for electrode and electrolyte compositions and electrode and fixture dimensions.)
4.1.2. Talent applies the electrolyte solution to the anode surface.
4.2. Place an insulating separator made of a trilayer (try-layer) of polyethylene (paul-ee-eth-uh-leen /ˌpɒl iːˈɛθ ə liːn/) and polypropylene (paul-ee-pro-puh-leen /ˈpɒl iːˈproʊ pəˌliːn/) on the anode. Use a PTFE sweep to gently remove trapped air bubbles between the anode and the separator. [1-CU]
4.2.1. Talent places the separator on the negative electrode and uses the sweep to eliminate trapped air bubbles between the electrode and the separator. (The zoom level for this shot should be slightly wider than the last one.)
4.3. Ensure that the separator is firmly seated in the fixture. [1-MED] Then, apply a 10-µL drop of the electrolyte on the separator 2 mm from the edge of the anode. Apply a second drop over the center of the anode. [2-CU]
4.3.1. Talent pushes at the separator gently to show that it fits well in the fixture.
4.3.2. Talent places a drop of electrolyte on the separator 2 mm away from the cell sandwich and then places another drop of electrolyte at the center of the electrode.
4.4. Position the exposed tin-plated tip of the tin reference electrode in the drop at the center of the anode. [1-MED-Over shoulder] Position the tip of the lithium reference electrode in the drop 2 mm away from the anode. [2-CU]
4.4.1. Talent places the exposed tip of the Sn reference wire in the center drop.
4.4.2. Talent places the tip of the Li reference wire in the side drop. (Both droplets and wires should be visible in shot.)
4.5. Apply another 10-µL drop of electrolyte to the lithium-encapsulated tip, and remove air bubbles between the lithium metal and the separator with the sweep. [1-CU] Then, apply 400 µL of electrolyte to the separator. [2-MED]
4.5.1. Talent applies a drop of electrolyte to the Li-coated tip and removes air bubbles with the sweep.
4.5.2. Talent applies the electrolyte at various locations on the separator.
4.6. Place a second separator on the assembly so that the reference electrode wires are sandwiched between the separators. To avoid applying excessive tension to the wires, leave some slack in the wires between the separators. [1-MED]
4.6.1. Talent places the top separator on the cell sandwich, adjusting the wires to leave some slack under the separator.
4.7. Remove air bubbles between the separators with the sweep. [1-CU] Then, wet a cathode (cath-owed /ˈkæθ oʊd/) with 400 µL of the electrolyte solution. Place the cathode on the upper separator, aligned with the anode. [2-MED-Over shoulder]
4.7.1. Talent uses the sweep to remove air bubbles between the separators.
4.7.2. Talent applies the electrolyte solution to the positive electrode and places it on the top separator, aligned with the negative electrode.
4.8. Carefully place a stainless steel spacer on the cathode without disturbing the alignment of the cell stack. [1-CU] Put two stainless steel wave springs on the spacer to accommodate cell volume changes and pressure buildup, and then close the fixture. [2-MED]
4.8.1. Talent gently places the spacer on the cathode.
4.8.2. Talent places the wave springs on the puck, pauses a moment so the camera can see the wave springs on the puck, and closes the fixture.
5. Electrochemical Lithiation and Electrochemical Impedance Spectroscopy (EIS)
5.1. Connect the cathode and anode of the battery cell to the corresponding battery cycler terminals. Connect the lithium reference electrode to the auxiliary terminal. [1-MED-Over shoulder] Generate voltage profiles for each electrode with respect to the lithium couple. [2-MED-Over shoulder]
5.1.1. In the glovebox, talent connects the positive and negative terminals to the positive and negative electrodes and the auxiliary terminal to the Li RE. The labels on the wires and the terminals should be clearly visible whenever possible.
5.1.2. Talent looks at already-generated voltage profiles for the electrodes on a computer.
5.2. Apply a constant current of 5 µA (microamperes) for 6 hours between the cathode and the tin reference electrode with an upper voltage cutoff of 4 V to electrochemically lithiate (lith-ee-ate /ˈlɪθ iː eɪt/) the tin. [1-SCREEN]
5.2.1. *To be provided by authors: With the saved method already loaded, screen capture footage of using the cursor to point out the constant current setting, the duration, and the upper voltage cutoff, followed by starting the scan.
Note: It may be helpful to read aloud parts of the voice-over text when recording ‘point out’ actions in the screen capture footage for a sense of the timing.
5.3. When finished, disconnect the cell from the battery cycler terminals and allow the lithiated (lith-ee-ey-ted /ˈlɪθ iː eɪ təd/) wire to equilibrate (ih-kwil-ih-brate /ɪˈkwɪl ɪˌbreɪt/) for 2 hours. [1-MED]
5.3.1. Talent disconnects the positive terminal, negative terminal, and auxiliary terminal and sets down the alligator clips as though about to let the cell rest for 2 hours.
5.4. To confirm successful lithiation (lith-ee-ey-shun /ˌlɪθ iːˈeɪ ʃən/), connect the lithium reference electrode to the auxiliary terminal and the lithiated tin electrode to the negative terminal. [1-MED] The potential difference between them should be close to 0 V. [2-SCREEN]
5.4.1. Talent connects the Li RE to the auxiliary terminal and the LixSn RE to the negative terminal.
5.4.2. *To be provided by authors: Screen capture footage of using the cursor to point out that the potential difference between the auxiliary and negative terminals (Aux2) is close to 0 V.
5.5. [bookmark: _Hlk491166821]To obtain spectra for the full cell, first, connect the negative voltage and current terminals of a potentiostat (puh-ten-she-oh-stat /pəˈtɛn ʃi oʊˌstæt/) to the anode and the positive terminals to the cathode. [1-MED]
5.5.1. Talent connects the potentiostat to the corresponding terminals of the battery cell.
5.6. Cycle the electrochemical couple over a small voltage amplitude below 5 mV using alternating current or varying frequencies, with the impedance response plotted as the imaginary component vs. the real component. [1-SCREEN]
5.6.1. *To be provided by authors: Screen capture footage of loading the saved method with the above parameters, using the cursor to point out the AC current/varying frequencies, opening the measurement settings tab, showing the x and y axes of the graph that will be plotted, and then starting the scan.
5.7. Next, switch the negative voltage and current terminals from the anode to the LiₓSn (lithium-tin alloy (al-oy /ˈæl ɔɪ/)) electrode [1-MED] and acquire a spectrum of the cathode vs. the LiₓSn electrode. [2-MED-Over shoulder]
5.7.1. Talent changes the negative terminal connection from the negative electrode to the LixSn wire.
5.7.2. At the computer, talent starts spectrum acquisition using the same method.
5.8. Lastly, connect the negative voltage and current terminals to the anode and the positive terminals to the LiₓSn electrode. [1-MED] Acquire a spectrum of the anode vs. the LiₓSn electrode. [2-SCREEN]
5.8.1. Talent changes the negative connections to the negative electrode and the positive connections to the LixSn wire.
5.8.2. *To be provided by authors: Screen capture footage of a spectrum of the anode vs. the LixSn electrode being acquired.
6. Results: Electrochemical Characterization of a Battery Cell with Incorporated Reference Electrodes
6.1. Voltage profiles were obtained of the full cell and of each electrode with respect to the lithium couple. [1-LM] The increasing potential of the positive electrode during charge indicated de-lithiation (dee-lithiation), [2-LM] and the decreasing potential of the negative electrode correspondingly indicated lithiation. [3-LM]
6.1.1. Figure 2 (2.eps): During “full cell”, emphasize 2a (the profile of the full cell). During “of each…couple”, emphasize 2b and 2c (the profiles of the positive and negative electrodes vs. the Li couple).
6.1.2. Figure 2b (from 2.eps): Highlight the top half of each bent line (‘charging’ is represented by the upper left-to-right section of the line; see 612 2b example.pdf).
6.1.3. Figure 2c (from 2.eps): Highlight the top half of each bent line. (The solid red line crosses over a bit – see 613 2c example.pdf)
6.2. Electrochemical impedance spectroscopy (spek-tross-kuh-pee /ˌspɛkˈtrɒs kə piː/) showed a significant increase in impedance of the positive electrode with respect to the lithiated tin reference electrode after the battery had been cycled 100 times, [1-LM] but a minimal increase in impedance of the negative electrode. [2-LM] This implied that the overall increase in impedance was predominantly driven by the increase in positive impedance. [3-LM]
6.2.1. Figure 3 (3.eps): At “significant increase”, emphasize the line of blue circles in each graph. The blue circles are the measurements of the positive electrode.
6.2.2. Figure 3 (3.eps): Emphasize the line of red circles in each graph (the measurements of the negative electrode).
6.2.3. Figure 3 (3.eps): On “overall increase”, emphasize the line of black circles in each graph (the measurements of the full cell).
7. Conclusion (Said by you on camera. Don’t forget to smile!)
7.1. Marco: Cycling at extreme voltage conditions increases the chances of Li plating onto the negative electrode, causing intense safety challenges. Additional experiments are underway to understand the occurrence of Li plating by developing protocols to probe the onset of Li deposition.
7.2. Kaushik: This approach can be used to obtain in situ information about electrode behavior during the aging of a battery. Alloying Sn wire with metals such as Na or Mg can widen the application of this technique to new-generation batteries.
[bookmark: ProvidedMedia]
PROVIDED MEDIA
Authors: Name new or modified files with the scheme 01234_PIname_Figure1.tif, where 01234 is your JoVE video ID and PIname is the corresponding author’s surname. For example:

5.2 – 01234_PIname_Figure1.tif – dual color imaging of tumor angiogenesis at 40X
5.3 – 01234_PIname_Figure2.tif – dual color imaging of tumor angiogenesis at 100X

Minimum dimensions: 720 x 480 pixels
Minimum resolution: 300 dpi

Preferred image formats: .pdf, .tiff, .png, .eps, .ai, .psd
Preferred movie formats: .mov, .mp4, .avi

.mov or .mp4 files are strongly preferred for screen capture footage. Vector or layer-compatible formats (.svg, .ai, .eps, .pdf, .psd) are strongly preferred for complex figures and graphs.

To generate a vector (.pdf) file from a graph prepared in Excel or similar software, move the graph to its own sheet and save the sheet as a standard .pdf file.

Upload each file to your project folder: https://www.jove.com/account/file-uploader?src=17499423

Please list the provided files below and specify the step or steps where the files will be used. If a file is not based on an existing figure, please provide a short description.

· [bookmark: Text13]Step number(s) – File name - Description (if new figure)

[bookmark: GeneralPrep]GENERAL PREPARATION
It is critical for a smooth and organized shoot that your samples, reagents, instruments, glassware, and software are ready to go. This ensures that filming can quickly move from step to step.

Reagents, samples, and solutions should be prepared or collected and labeled before we arrive. Tubes, glassware, and plates should be clean, dry, and neatly labeled. 

Each shot will take about five minutes, as it takes a few minutes to set up between shots. You may need to prepare duplicate samples if a step that must be performed quickly is shown with more than one shot.

The filming process will be like a cooking show: if you reach a step that takes more than 5-10 minutes, you will continue the demonstration with a premade sample of the product of that step. Therefore, if your procedure has long incubation, reaction, heating, or calculation times, please prepare the products of those steps before we arrive. Please notify your script editor if the product of a long step is too unstable to be prepared in advance.

Individual shots may be filmed out of order to allow a longer process to finish. If your procedure has a long delay between sample preparation and the experiment itself, you may need to film the experiment before filming sample preparation. Please clearly mark shots or steps that you wish to film out of order in the script.

Please contact your script editor or see JoVE’s FAQ if you have general questions about filming. For detailed preparation instructions, please see the email that accompanied this script.
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