Submission ID #: 53491
Editor Name: Brigid Stadinski
Videographer name: Francois Saikaly
Film Date: 10/12/2015
Authors and Affiliations: 

Dong-Myeong Shin1, Seok Hee Kang2, Seongsu Kim3, Wanchul Seung3, Sang-Woo Kim3, Hyung Kook Kim1, Ermias Libnedengel Tsege1, Suck Won Hong2, and Yoon-Hwae Hwang1
1Department of Nanoenergy Engineering, BK21 Plus Nanoconvergence Technology Division, Pusan National University (PNU), Miryang, Republic of Korea

2Department of Cogno-Mechatronics Engineering, Pusan National University (PNU), Busan, Republic of Korea

3SKKU Advanced Institute of Nanotechnology (SAINT), Center for Human Interface Nanotechnology (HINT), SKKU-Samsung Graphene Center, Sungkyunkwan University (SKKU), Suwon, Republic of Korea 
Title: Preparation of ZnO Nanorod/Graphene/ZnO Nanorod Epitaxial Double Heterostructure for Piezoelectrical Nanogenerator by using Preheating Hydrothermal
Corresponding Author: 

Suck Won Hong

swhong@pusan.ac.kr 

Yoon-Hwae Hwang
yhwang@pusan.ac.kr 

Co-authors:

A.  Will you require JoVE to record video microscopy, such as filming a complex dissection or microinjection technique? (Y/N)____N_____  (If you can record images/videos using your own camera/software, then mark No)   If yes, please list make and model of your microscope: _____________________________________________
B.   Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N)____N____ If yes, we will need you to record using screen recording software to capture the steps. If you use a Mac, QuickTime X also has the ability to record the steps.
C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 steps by their protocol numbers. Please do not list entire sections of the protocol. If your protocol contains highlighting, make sure these steps are highlighted. 
2.5 and 2.6 (graphene growth), 3.5 (graphene transfer), 4.1 (preheating), 4.2 and 4.3 (seed layer), 4.4 (nanostructure growth), 6.2 (measurement technique)
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  Please list 1-2 individual steps to be filmed by their protocol numbers. (Please do not list an entire section.) _4.4 (nanostructure growth)_____________

E.  Will the filming need to take place in multiple locations? (Y/N) ___N___ If yes, how far apart are the locations?
1. Introduction (Experimental Goal and Author Interviews) – As the beginning of your video, the introduction should clearly present the goal of your method to the viewer and its significance.  Other information can be provided according to the various statements below, but the total introduction should not exceed 150 words. 
A. Experimental Goal (read by voice talent at JoVE):
The overall goal of this experiment is to synthesize a novel zinc oxide nanostructure on graphene using hydrothermal technique and demonstrate that it exhibits enhanced piezoelectric (pronounced “pahy-ee-zoh-i-lek-trik”) performance. (Intro)
B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Yoon-Hwae Hwang: This method can help answer key questions in the nano material field for electronic and optoelectronic applications, such as photovoltaics, biosensors, as well as wearable and implantable electronics [1.1.1 – MED].
1.1.1. Yoon-Hwae speaks toward camera, interview style.
1.2. Yoon-Hwae Hwang: The main advantage of this novel nanostructure is that it could enhance not only the number of nanorods but also the specific surface area in a given region for piezoelectrical nanogenerators [1.2.1 – MED].
1.2.1. Yoon-Hwae speaks toward camera, interview style.
C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.3. Dong Myeong Shin: Generally, individuals new to this method for graphene transfer will struggle because it is not easy to place the floating graphene on the desired position of substrate [1.3.1 – MED].
1.3.1. Dong Myeong speaks toward camera, interview style.
1.4. Dong Myeong Shin: I first had the idea that I could apply this novel structure to a nanogenerator for improving the performance when I found that ZnO nanorods can grow on both side of the graphene [1.4.1 – MED].
1.4.1. Dong Myeong speaks toward camera, interview style.
Authors, you do not need to introduce the demonstrators because they are speaking on camera.  As they speak, their name will appear as on screen text.
Protocol (read by voice talent at JoVE):
2. Chemical Vapor Deposition (CVD) Growth of Single Layered Graphene
2.1. The graphene used in this study is grown on copper foil using the thermal chemical vapor deposition, or CVD, technique [2.1.1 – Title Card].
2.1.1. Title Card.
2.2. To begin, wash the copper foil with a mild flow of acetone, isopropyl alcohol, and distilled water, respectively [2.2.1 – MED – TXT].
2.2.1. Talent washes the copper foil with a mild flow of acetone, isopropyl alcohol, and distilled water.  Use labeled containers.  TEXT Overlay: 2 cm x 10 cm
2.3. Place the cleaned copper foil in a 2 inch quartz tube in the furnace [2.3.1 – CU], and then purge the furnace chamber with vacuum for 10 minutes by using a rotary pump [2.3.2 – MED – TXT].
2.3.1. Tube in furnace as talent places the cleaned copper foil there.  
2.3.1A. Tube in furnace as talent places the cleaned copper foil there (wide version)
2.3.2. Talent pumps the rotary pump to purge the chamber with vacuum.  TEXT Overlay: approximately 1mTorr
2.4. Configure the temperature of a digitalized furnace to ramp up the furnace to 995 degrees Celsius, while maintaining the desired flow rates [2.4.1 – MED-over the shoulder – TXT].
2.4.1. Talent configures the temperature of the furnace. Talent closes the door of the furnace (Because it is automatically heated when I close it).  TEXT Overlay: Argon: 100 sccm, Hydrogen: 50 sccm
2.4.1A.Talent opens the valve of gas pipe (Ar and H2).
2.5. Introduce the 20 sccm of methane for 10 minutes to grow the single layered graphene [2.5.1 – CU – TXT].  Maintain the 80 sccm of Argon and 20 sccm of hydrogen throughput the process [2.5.2 – MED-over the shoulder – TXT].
2.5.1. Methane regulator as talent adds 20 sccm of methane. Talent opens the valve of Methane gas pipe.  TEXT Overlay:  Methane: 20 sccm
2.5.2. Talent sets the Argon flowrate to 80 sccm and the hydrogen flowrate to 20 sccm.  TEXT Overlay:  Argon: 80 sccm, Hygrogen 20 sccm
2.6. After allowing the furnace to cool down to room temperature within 5 minutes, purge the chamber again with Argon at 100 sccm [2.6.1 – MED – TXT].
2.6.1. Talent approaches the furnace and purges it with Argon at 100 sccm. Talent closes the valve of Methane and H2 gas pipe.  Argon: 100 sccm
2.6.1A. Talent approaches the furnace and open the door of furnance

2.6.1B. Talent takes out the cu foil from furnace
3. Preparation of Graphene/polyethylene terephthalate (PET) Substrate
3.1. Place the graphene grown copper foil on a glass slide, and fix the edges by commercial tape [3.1.1 – CU – TXT].
3.1.1. Glass slide as talent places the graphene grown copper foil there and fixes it with commercial tape.  TEXT Overlay: 1.5 cm x 2 cm
3.2. Spin coat a layer of poly(methyl methacrylate) (pronounced as “pol-ee meth-uh l meth-ak-ruh-leyt”), or PMMA, at 500 rpm for 5 seconds and then 3000 rpm for 30 seconds [3.2.1 – MED-over the shoulder – TXT].  Next, bake the PMMA-coated copper foil substrate at 60 degrees Celsius for 2 minutes to remove the solvent residue [3.2.2 – MED].
3.2.1. Talent spin coats a layer of PMMA onto the slide.  TEXT Overlay:  500 rpm for 5 s, 3000 rpm for 30 s
3.2.2. Talent places the PMMA-coated copper foil substrate in the oven hot plate to bake at 60 degrees Celsius.
3.3. Dice the PMMA coated copper foil into a smaller 1 centimeter by 1.5 centimeter piece using a razor blade [3.3.1 – CU].
3.3.1. PMMS coated copper foil as talent dices it into a 1 cm by 1.5 cm piece using a razor blade.
3.4. Immerse the PMMA coated copper foil into a nickel etchant (pronounced as “ech-uh nt”) reservoir by placing the copper foil face down for 30 minutes [3.4.1 – MED-over the shoulder – TXT].  This leaves the floating PMMA/graphene layer on the etchant solution.  A piece of PMMA-coated copper foil is enough for the experiment forward [3.4.2 – CU or ECU].
3.4.1. Talent immerses the PMMA coated copper foil into a nickel etchant reservoir by placing the copper foil face down.  TEXT Overlay > 500 mL
3.4.2. PMMA/graphene layer as it floats off of the slide and floats in the etchant solution.
3.5. Scoop the PMMA/graphene layer up on slide glass, and then immerse the PMMA/graphene layer into a deionized water reservoir [3.5.1 – MED-over the shoulder].
3.5.1. Talent scoops up the PMMA/graphene layer onto the slide glass and then immerses it into a deionized water reservoir.  
3.6. After repeating this process twice, scoop the PMMA/graphene layer up on the polyethylene terephthalate (pronounced as “pol-ee-eth-uh-leen ter-ef-thal-yet”), or PET, substrate [3.6.1 – CU or ECU].  Then bake the substrate at 105 degrees Celsius for 2 minutes to remove water residue [3.6.2 – MED].
3.6.1. PMMA/graphene layer as talent scoops it up into the PET substrate.
3.6.2. Talent substrate in the sample into the oven hot plate.
3.7. Finally, remove the PMMA layer by dipping the substrate in warm acetone for 10 minutes [3.7.1 – CU – TXT].
3.7.1. Warm acetone as talent places the PPMA/graphene on PET there.  TEXT Overlay: 60 °C
4. Synthesis of ZnO Nanorod/graphene/ZnO Nanorod Epitaxial Double Heterostructure
4.1. Begin synthesis with preheating the precursor solution of 40 milliMolar zinc nitrate hexahydrate (pronounced as “hek-suh-hahy-dreyt”), 40 milliMolar hexamethylenetetramine (pronounced as “hek-suh-meth-uh-leen-te-truh-meen”) and 9 milliMolar polyethylenimine (pronounced “pol-ee eth-uh l en-ih-min”) in deionized water for 60 minutes at 95 degrees Celsius in a convection oven [4.1.1 – WIDE or MED].
4.1.1. Talent approaches the oven with the precursor solution and places it in the oven, shuts the oven door and turns on.  
4.2. Meanwhile, fully cover the graphene/PET substrate with a 5 milliMolar zinc acetate solution in ethanol [4.2.1 – CU].  Spin coat a layer of zinc acetate on the substrate at 500 rpm for 5 seconds and then 2000 rpm for 60 seconds [4.2.2 – MED-over the shoulder].
4.2.1. Graphene/PET substrate as talent fully covers it with 5 mM zinc acetate in ethanol.  Use labeled containers.
4.2.2. Talent spin coats a layer of zinc acetate onto the substrate
4.3. Then, bake the substrate at 200 degrees Celsius for 30 minutes.  After repeating this process twice, the thickness of the layer is approximately 30 nanometers [4.3.1 – MED].
4.3.1. Talent places the substrate into the oven hot plate, closes the door and sets it to bake for 30 min at 200 degrees.
4.4. Next, immerse the seed-coated graphene/PET substrate into the preheated solution by placing the substrate face down at 95 degrees Celsius; determine the heating time for the desired nanostructure [4.4.1 – CU – TXT].
4.4.1. Seed-coated graphene/PET substrate as talent immerses it into the preheated solution.  TEXT Overlay (bring the text in as the last part of the sentence, after the semicolon, is narrated): single heterostructure: t < 12 hours, double heterostructure: t > 12 hours
4.5. Carefully spray ethanol on the substrate and allow it to dry at room temperature for 1 hour [4.5.1 – MED-over the shoulder].
4.5.1. Talent sprays ethanol on the substrate.
5. Fabrication of Piezoelectric Nanogenerator
5.1. The Piezoelectric nanogenerator fabricated in this study has three electrodes.  The indium (pronounced as “in-dee-uh m”) tin oxide, or ITO, coated PET is used as the bottom electrode [5.1.1 – LM].
5.1.1. 53491_Hong_Hwang_Figure 4f – Authors, please provide figure 4f as a separate figure without the “f” label.  Editors, please highlight the square on the bottom of the 3-dimensional rectangle as the last sentence is narrated. 
5.2. Spin coat a layer of polydimethylsiloxane (pronounced as “pol-ee dahy-meth-uh l si-lok-seyn”), or PDMS, onto the ITO/PET substrate at 500 rpm for 5 seconds and then 6000 rpm for 60 seconds to form the insulating layer between the ITO and the zinc oxide nanorod.  The thickness of the layer is approximately 3 microns [5.2.1 – CU].
5.2.1. Spin coater with ITO/PET substrate as talent pours and spin coats a layer of PDMS at 500 rpm for 5 seconds and then 6000 rpm.
5.3. Fully cure the substrate at 80 degrees Celsius for 2 hours in a convection oven [5.3.1 – MED-over the shoulder].  Then, transfer the graphene to the PDMS coated ITO/PET substrate as done before [5.3.2 – CU].  Next, synthesize the double heterostructure on the substrate by using the demonstrated method [5.3.3 – MED-over the shoulder].
5.3.1. Talent places the substrate into the convection oven.
5.3.2. PDMS coated ITO/PET substrate as talent transfers the graphene there.
5.3.3. Talent immerses the seed-coated graphene/PET substrate into the preheated solution.
5.4. Spin coat a layer of PDMS at 500 rpm for 5 seconds and then 5000 rpm for 60 seconds to improve the robustness and durability of the zinc oxide nanorod [5.4.1 – CU].  Then, fully cure the nanorod at 80 degrees Celsius for 2 hours.  The thickness of the layer is approximately 8 microns [5.4.2 – MED].
5.4.1. Spin coater as it is used to coat a layer of PDMS.
5.4.2. Talent places the nanorod into the oven and shuts the door. 
5.5. As a final step, cover the substrate with ITO-coated PET as the top electrode [5.5.1 – CU].
5.5.1. Substrate as talent coats with ITO-coated PET as the top electrode
6. Electrical Performance Measurement Setup
6.1. Set up custom-made equipment for electrical performance characterization using a linear motor… commercial scale… and oscilloscope (pronounced as “uh-sil-uh-skohp”) [6.1.1 – MED].  Build the frame for vertically supporting the linear motor and place the commercial scale under the linear motor.  The scale should be sensitive to small weight [6.1.2 – CU].
6.1.1. Talent slowly points out the linear motor, commercial scale and oscilloscope.
6.1.2. Linear motor attached to the frame as talent places the commercial scale under it.  TEXT Overlay: 0.02 Kg – 20 Kg
6.2. Place the nanogenerator on a scale [6.2.1 – MED], and then connect the electrodes of the nanogenerator to the sensing probes of an oscilloscope [6.2.2 – CU].  Set up the initial and final positions as well as the speed of the linear motor while carefully monitoring the weight on the scale [6.2.3 – MED-over the shoulder]. 
6.2.1. Talent places the nanogenerator on the scale.
6.2.2. Nanogenerator as talent connects the sensing probes of the oscilloscope.
6.2.3. Talent sets up the initial and final positions and the speed of the linear motor while monitoring the weight on the scale.
6.3. Configure the initial position where the nanogenerator is slightly in contact with the measurement setup [6.3.1 – CU].  Start the linear motor; the speed of the linear motor determines the strain rate.  Here, a strain rate of 100 millimeters per second and an applied load of 50 Newtons is used [6.3.2 – MED-over the shoulder].
6.3.1. Nanogenerator slightly in contact with the measurement setup as talent configures the initial position.
6.3.2. Talent starts the linear motor. 
6.4. Monitor the voltage signal with time, saving the time-dependent voltage signal in flash memory [6.4.1 – CU].
6.4.1. Control display as the voltage signal appears.  
7. Results: Scanning electron microscopy (SEM) images of hydrothermally grown ZnO nanorod and representative results for the piezoelectric nanogenerator
7.1. The SEM images shown here, present the morphologies of hydrothermally grown zinc oxide nanorods.  The preheating hydrothermal technique can result in two different nanostructures depending on the growth time [7.1.1 – LM].
7.1.1. 53491_Hong_Hwang_Figure 6.  Authors, please provide a version of this figure without the (a)-(d) labels for the video.  Editors, please transition to the next figure by zooming in on the top left panel on figure 6.   
7.2. Here is a typical image of the zinc oxide nanorod on a graphene/PET substrate at a growth time of 5 hours [7.2.1 – LM].
7.2.1. 53491_Hong_Hwang_Figure 6a.  Authors, please provide a version of this figure without the (a) label for the video.   
7.3. In contrast, the image shown here indicates that the growth of the zinc oxide nanorod at 12 hours is successful on the top and the bottom of the graphene.  Both zinc oxide nanorods are vertically aligned to the graphene layer, with average lengths of 2.49 and 0.70 microns, respectively [7.3.1 – LM].  
7.3.1. 53491_Hong_Hwang_Figure 6b.  Authors, please provide a version of this figure without the (b) label for the video.   
7.4. In addition, the length of the zinc oxide nanorod on the bottom of the graphene is increased approximately 2 times as the growth time increases up to 24 hours [7.4.1 – LM]. 
7.4.1. 53491_Hong_Hwang_Figure 6c.  Authors, please provide a version of this figure without the (c) label for the video.   
7.5. The growth of the zinc oxide nanorod on the bottom of the graphene is carried out over a large scale and results in the self-elevation of the zinc oxide nanorod/graphene construct, thereby forming the freestanding double heterostructure [7.5.1 – LM].
7.5.1. 53491_Hong_Hwang_Figure 6d.  Authors, please provide a version of this figure without the (d) label for the video.   
7.6. The electrical output is originated from the piezoelectric nanogenerator rather than the measurement system, which is confirmed by polarity-switching measurement [7.6.1 – LM]. 
7.6.1. 53491_Hong_Hwang_Figure 7a-b.  Authors, please provide a version of this figure without the (a) and (b) label for the video.   
7.7. The output voltages from the arrays of the zinc oxide nanorod are observed up to 0.5 Volts on the top of the graphene and up to 0.3 Volts on the bottom of the graphene by applying the periodic compress-release loads of 49 Newtons [7.7.1 – LM]. 
7.7.1. 53491_Hong_Hwang_Figure 7e-f.  Authors, please provide a version of this figure without the (e) and (f) label for the video.   
8. Conclusion (said by authors on camera)

8.1. Dong-Myeong Shin:  Once mastered, this technique can be done in one or two days if it is performed properly.  After watching this video, you should have a good understanding of how to synthesize the novel nanostructure and fabricate the piezoelectric nanogenerator [8.1.1 – MED].
8.1.1. Dong-Myeong speaks toward camera, interview style.
Provided Media

Authors, Please list all images, movie files, or 3-D rendered animations that can be included in the video per editor’s request.  The step in the script/video where these images will be inserted should be specified.   For example:

6.2 –  0123_PIname_Figure1.tif -  dual color imaging of tumor angiogenesis at 40X 

6.2 –  0123_PIname_Figure2.tif -  dual color imaging of tumor angiogenesis at 100X

Formats:  For static images we prefer .tiff, .eps, Illustrator, Powerpoint or Photoshop files at dimensions of at least 720X480 pixels and 300 dpi.  The higher resolution, the better.  Likewise any exported movie files should have at minimum these dimensions and be rendered to .mov, .mp4, or .avi files.  

Insert your media filenames here.

53491_Hong_Hwang_Figure 4f – Authors, please provide figure 4f as a separate figure without the “f” label.  

53491_Hong_Hwang_Figure 6.  Authors, please provide a version of this figure without the (a)-(d) labels for the video.  
53491_Hong_Hwang_Figure 6a.  Authors, please provide a version of this figure without the (a) label for the video.   
53491_Hong_Hwang_Figure 6b.  Authors, please provide a version of this figure without the (b) label for the video.   
53491_Hong_Hwang_Figure 6c.  Authors, please provide a version of this figure without the (c) label for the video.   
53491_Hong_Hwang_Figure 6d.  Authors, please provide a version of this figure without the (d) label for the video.   
53491_Hong_Hwang_Figure 7a-b.  Authors, please provide a version of this figure without the (a) and (b) label for the video.   
53491_Hong_Hwang_Figure 7e-f.  Authors, please provide a version of this figure without the (e) and (f) label for the video.   
General Preparation

It’s critical for a smooth and organized shoot that all reagents are accounted for, in advance.   

Any overnight or long incubation steps should be recognized and specimens/samples be prepared in advance so that prior steps can be recorded and shooting can continue with pre-prepared specimens/samples.  

All tubes/flasks should be pre-labeled neatly before we arrive.  

Ex. Luciferase assay done in 96 well plates should be labeled with negative/positive control wells and experimental samples are labeled accordingly.

You will receive more detailed preparation instructions are included in the email accompanying the finalized script.
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