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SUMMARY: 
Here, we present a protocol for the fabrication and preparation of a graphene liquid cell for in situ transmission electron microscopy observation, along with a synthesis of electrode materials and electrochemical battery cell tests. 

ABSTRACT: 
In this work, we introduce the preparation of graphene liquid cells (GLCs), encapsulating both electrode materials and organic liquid electrolytes between two graphene sheets, and the facile synthesis of one-dimensional nanostructures using electrospinning. The GLC enables in situ transmission electron microscopy (TEM) for the lithiation dynamics of electrode materials. The in situ GLC-TEM using an electron beam for both imaging and lithiation can utilize not only realistic battery electrolytes, but also the high-resolution imaging of various morphological, phase, and interfacial transitions. 

INTRODUCTION: 
Recently, the consumption of energy has constantly increased, as well as the importance of high-performance energy storage devices. To meet such a demand, the development of lithium-ion batteries that have a high energy density, durability, and safety is necessary1,2. In order to develop batteries with superior properties, a fundamental understanding of energy storage mechanisms during battery operation is essential3-5.

In situ transmission electron microscopy (TEM) provides rich insights as it can show both structural and chemical information during the operation of batteries3. Among many in situ TEM techniques, GLCs have been used for the observation of the lithiation dynamics of nanomaterials6-12. GLCs consist of a liquid pocket sealed by two graphene membranes, which provide an actual electrode/electrolyte interface by preventing the evaporation of the liquid inside the high vacuum in a TEM column6,7. The advantages of GLCs are that they allow a superior spatial resolution and high imaging contrast because they employ electron transparent monatomic-thick graphene as liquid sealing membrane13-16. Also, conventional TEM can be applicable to observe the battery reactions, without using expensive in situ TEM holders.

In this text, we introduce how the lithiation reaction can be observed with GLCs. Specifically, electron beam irradiation produces solvated electrons inside the liquid electrolyte, and they initiate lithiation by separating Li ions from solvent molecules.

GLCs also serve as the most optimal platform to allow the direct observation of nanomaterials with various morphologies, including nanoparticles6,9, nanotubes7,10,11, and even multidimensional materials12. Together with the ex situ TEM analysis of electrode materials after the actual electrochemical cell testing, it is possible that the GLC system presented here can be used to investigate the fundamental reaction mechanism. 

With such advantages of GLCs and ex situ experiments, we introduce here detailed experiment methods for researchers who are willing to carry out similar GLC experiments. The protocols cover 1) the synthesis of tin (IV) oxide (SnO2) nanotubes as the typical one-dimensional nanostructured electrode materials, 2) the electrochemical battery cell test, 3) the preparation of GLC, and 4) the performance of a real-time TEM observation. 
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[bookmark: _Hlk524336859][bookmark: _Hlk524594817]1. Synthesis of SnO2 Nanotubes by Electrospinning and Subsequent Heat Treatment17

1.1. Prepare an electrospinning solution.

1.1.1. Dissolve 0.25 g of tin chloride dihydrate in a solvent mixture of 1.25 g of ethanol and 1.25 g of dimethylformamide (DMF) at room temperature (RT, 25 °C).

1.1.2. After stirring for 2 h, add 0.35 g of polyvinylpyrrolidone (PVP) to the electrospinning solution and stir the mixture for another 6 h. 

1.2. Perform an electrospinning of the Sn precursor/PVP composite nanofibers.

1.2.1. When the electrospinning solution is well prepared, wash the rectangular, flexible stainless steel (30 x 20.5 cm) with deionized (DI) water and ethanol 2x - 5x and air-dry it at 60 °C for 10 min. 

1.2.2. Transfer the electrospinning solution to a 10 mL syringe by blocking one side of the syringe and letting the electrospinning solution flow into the syringe.

1.2.3. Connect a 25 G needle to the syringe. 

NOTE: Other types of needles, such as 23 G and 17 G needles, can also be used. In this protocol, the 25 G needle is used as the standard needle.

1.2.4. Fix the dried flexible stainless steel into the drummer with tape. 

1.2.5. Open the electrospinning controller software and enter the electrospinning parameters (flow rate: 5 - 20 μL min-1, total amount of the solution: 3 - 15 mL) for the proper functioning of the electrospinning device. 

NOTE: Here, the optimal flow rate is 10 μL min-1 and the total amount of solution is 5 mL. 

1.2.6. Fix the syringe with the 25 G needle into the electrospinning device and, then, fix it with tape.

1.2.7. Before electrospinning, press the syringe towards the collector until the electrospinning solution flows well through the 25 G needle. Then, connect the tip of the needle to the double-ended crocodile clips, which are also connected to the collector.

1.2.8. Roll the roller (100 rpm) and initiate the electrospinning program software. 

1.2.9. Modulate the applied voltage by using a voltage bias (Figure 1a) between 10 - 25 kV to allow the electrojetting of the Taylor cones to operate the electrospinning process. 

NOTE: Here, the optimal applied voltage is 16 kV. 

1.3. Perform the calcination of the Sn precursor/PVP composite nanofibers.

1.3.1. When the electrospinning process is finished, scrape the as-spun nanofibers on the flexible stainless steel with a razor and transfer them into an alumina box. 

1.3.2. Insert the alumina box into the box furnace and set the heat treatment conditions for the box furnace: 600 °C or 700 °C for 1 h, with a ramping rate of 10 °C min-1.

1.3.3. After calcination, cool down the furnace to 50 °C and, then, transfer the calcined samples (i.e., SnO2 nanotubes) to the vial glass (Figure 1b). 

2. Electrochemical Battery Cell Test

2.1. Prepare the electrode.

NOTE: The electrode slurry is composed of 10 wt% binder, 10 wt% carbon black, and 80 wt% of active materials (in this case, SnO2 nanotubes). The amount of slurry and the composition of each ingredient in the slurry can be adjusted. 

2.1.1. Cut the copper (Cu) foil into 10 cm width x 30 cm length and, using ethanol, fix it on a rectangular glass substrate (25 x 15 x 0.5 cm). 

2.1.2. Mix 0.02 g of carbon black, 0.027 g of polyacrylic acid (35 wt%), and 0.166 g of carboxymethyl cellulose (6 wt%) in a crucible. Add three to six drops of deionized (DI) water into the crucible to allow for a homogeneous mixing. 

2.1.3. Add 0.16 g of SnO2 nanotubes into the crucible. Then, add three to eight drops of DI water into the crucible to allow for a homogeneous mixing.

2.1.4. Ground all the ingredients in the crucible for 30 min to ensure that the slurry is sufficiently viscous to be cast well on the Cu foil.

2.1.5. When the electrode slurry is prepared well, place the slurry on the top side of the Cu foil on the glass substrate, and cast it evenly using a casting roller. 

NOTE: Usually, the thickness of the slurry is 60 μm but can be more or less.

2.1.6. Air-dry the slurry-cast Cu foil at 60 °C for 10 min and seal it inside the plastic bag prior to the battery cell assembly. 

NOTE: The slurry-cast Cu foil can be seen in Figure 1c. 

2.2. Assemble the battery cells.

2.2.1. Heat the convection oven to 150 °C. Then, place the slurry-cast Cu foil into the oven. 

2.2.2. Fill the convection oven with vacuum by rotary pumps to dry the residual solvent in the slurry while avoiding the oxidation of the Cu foil.

2.2.3. After heating the slurry-cast Cu foil at 150 °C for 2 h, refill the convection oven with air by closing the vacuum line and opening the vent line in the rotary pump to open the chamber.

2.2.4. Take the slurry-cast Cu foil out of the chamber and punch it with a circle puncher (punch diameter: 14 mm). Weigh the punched slurry-cast Cu foil and place it into the bottom battery cell. 

2.2.5. Use half a cell for the assembly of the battery cells. After placing the slurry-cast Cu foil into the bottom of the battery cell, transfer the samples to the antichamber of the glove box. 

[bookmark: _GoBack]2.2.6. Vacuum the antichamber for 30 min and, then, transfer the samples into the inside glove box. 

2.2.7. Assemble the battery cells in the following order: bottom battery cell, slurry-cast Cu foil, separator, gasket, spring, spacer, and top battery cell. Drop the electrolyte after the separator is put into the battery cell.

2.2.8. Compress the battery cell into a complete battery cell by a compactor. Then, move the battery cells for electrochemical tests into the antichamber in the glove box and take the battery cells out of the glove box. 

2.2.9. Measure the open circuit voltage (OCV) by a digital multimeter and age the battery cell at RT for 1 - 2 d. 

2.3. Test the electrochemical battery cell.

2.3.1. Calculate the weight of the active materials by subtracting the weight of Cu foil from that of the slurry-cast Cu foil and dividing it by the portion of the active material.

2.3.2. Calculate the current at which the battery cell needs to be run by multiplying the current density (mA g-1) with the weight of the active material. 

2.3.3. Insert the electrochemical battery cells in the battery cell tester. Apply the current (corresponding to 0.05 A g-1 for the formation cycle and various current densities in the range of 0.1 A g-1 to 10.0 A g-1 for the cycle tests and rate capabilities) for each battery cell using the battery cell tester program.

2.3.4. Apply different currents for each battery cell if it is tested at various current densities.

3. Preparation of the Graphene Liquid Cell

3.1. Synthesize graphene by chemical vapor deposition (CVD).

3.1.1. Cut Cu foil (purity: 99.9%, thickness: 0.0125 mm) with scissors into pieces with a dimension of 10 x 3 cm. 

3.1.2. Rinse the Cu foil from step 3.1.1 with isopropyl alcohol (IPA) to remove any dust or contaminants and treat it with 100 mL of 20 wt% phosphoric acid (H3PO4) for 20 min to remove native oxide on the surface of the Cu foil in a glass Petri dish. Then, place the Cu foil in DI water for another 10 min to fully rinse the remaining H3PO4. 

3.1.3. Move the Cu foil to the quartz tube (outer diameter: 40 mm, inner diameter: 36 mm) of the CVD equipment. 

3.1.4. Run the rotary pump and wait until the vacuum level is under 2 x 10-3 Torr. Then, elevate the temperature to 150 °C to fully remove the oxygen and moisture inside the quartz tube of the CVD. 

3.1.5. Elevate the temperature from RT to 1,000 °C in 40 min with 10 sccm of H2 gas flow. Maintain the temperature of the chamber for another 40 min to anneal the Cu foil. 

3.1.6. Turn on 60 sccm of CH4 gas for 25 min. Cool down the CVD chamber to RT. Turn the CH4 and H2 gases off at 300 °C.

3.1.7. Take the Cu foil (Figure 2a) from the CVD chamber and keep it in a desiccator.

3.2. Transfer the graphene.

3.2.1. To remove the graphene on the backside of the Cu foil, conduct plasma etching by using a plasma cleaner with the following settings: a flow of Ar (of 100 sccm), time (of 60 s), power (of 30 W), and a base pressure (of 5.0 x 10-2 Torr). 

3.2.2. Cut the Cu foil with the graphene that was synthesized in step 3.1 to 3 x 3 mm with scissors. Place the Cu foil pieces between two slide glasses and press to make them flat.

NOTE: Four Cu foil pieces are placed together between two slide glasses.

3.2.3. Place holey carbon Au grids (300 mesh, R2/2) on each piece of Cu foil (Figure 2b). Drop 20 µL of IPA on the Au grid/Cu foil.

3.2.4. Suction IPA with a micropipette tip that is connected to a rotary pump. After suctioning, dry the Au grid/Cu foil at 50 °C for 5 min.

3.2.5. Conduct the etching of the Cu foil in 10 mL of 0.1 M ammonium persulfate for 6 h in a 6 cm glass Petri dish (Figure 2c). 

NOTE: Glass Petri dishes must be cleaned with IPA and DI water prior to use in order to avoid the contamination of the Si particles. 

3.2.6. Scoop the Au grids with a Pt loop and move it to a glass Petri dish filled with DI water at 50 °C, in order to fully remove any remaining contaminants from the etchant16.

3.2.7. Scoop the Au grids from the DI water and dry them for 6 h at RT and with atmospheric pressure.

3.3. Fabricate GLCs.

3.3.1. Prepare the electrolyte and nanotube mixture. Disperse 0.06 g of nanotube powder in 10 mL of electrolyte, which is composed of 1.3 M lithium hexafluorophosphate (LiPF6) in ethylene carbonate (EC) and diethylene carbonate (DEC) (3:7 volume ratio) with 10 wt% of fluoroethylene carbonate (FEC). 

NOTE: The composition of the electrolyte is the same as the one used in the electrochemical battery cell test. Various electrolytes can be employed in GLCs, such as 1 M LiPF6 dissolved in EC, DEC, and dimethyl carbonates (DMC) in a volumetric ratio of 1:1:1, 1 M of sodium hexafluorophosphate (NaPF6) dissolved in EC, 1 M of sodium perchlorate (NaClO4) dissolved in polyethylene carbonate (PC) with 5 wt% of FEC, 0.1 M of magnesium bis(trifluoromethanesulfonimide) (MgTFSI) in diglyme, and 1 M NaClO4 in PC.

3.3.2. Move the graphene-transferred Au grids and electrolyte mixture into a glove box that is filled with Ar. 

3.3.3. Place one graphene-transferred Au grid on the bottom. Drop 20 µL of electrolyte mixture on the bottom grid. 

3.3.4. Hold another graphene-transferred grid with a tweezer and place it on the top of the bottom grid. 

NOTE: This procedure must be done quickly before the electrolyte has dried (Figure 2d). 

3.3.5. Dry the sample inside the glove box for 30 min, during which the liquid is spontaneously encapsulated between the two graphene sheets as it dries.

NOTE: The amount of entrapped liquid depends on how well the graphene has been transferred and how well the upper grid is placed.

4. Performing Real-time TEM

4.1. Load GLCs on a conventional single-tilt TEM holder.

4.1.1. Place the GLC sample (two attached graphene-transferred Au grids) on the single-tilt TEM holder.

4.1.2. If the two grids are not stacked up perfectly, the GLC sample will not fit in the TEM holder. In that case, cut the edge of the Au grids with a razor blade.

4.1.3. After the GLC sample is mounted on the TEM holder, put the TEM holder inside the TEM and carefully check the vacuum level.

4.2. Record real-time TEM videos.

4.2.1. Find the region where the SnO2 nanotube is encapsulated with liquid electrolyte.

NOTE: To find out whether liquid exists around the SnO2 nanotube, irradiate an electron beam for a few seconds. If some movement of liquid or the decomposition of an electrolyte is observed, it is highly likely that the area is encapsulated with liquid. 

4.2.2. Do alignment for TEM and set the electron beam dosage to initiate the reaction by adjusting the brightness knob. 

NOTE: The suitable alignment for TEM includes user alignment, such as Z-height alignment, gun tilt/shift, beam tilt/shift, aperture alignment, and stigmation alignment. These procedures are better done in another area (right next to the region found in step 4.2.1) in order not to give any damage to the SnO2 nanotube and liquid electrolyte. The electron beam dose rate for initiating the lithiation is usually ~103 e–/Å2·s, but it may differ with every TEM instrument. 

4.2.3. Run the microscopy program and charge-coupled device (CCD) camera according to the manufacturer’s instructions. 

4.2.4. Press the record button on the high definition (HD) video window and record the reaction occurring in the GLC sample.

REPRESENTATIVE RESULTS: 
SnO2 nanotubes were fabricated by electrospinning and subsequent calcination, during which the nanotubular and porous structures could be seen clearly, according to the SEM image (Figure 3a). Such a nanotubular structure comes from the decomposition of PVP, while the Sn precursor in the core is moved outward due to the Kirkendall effect17,18. Additionally, Ostwald ripening occurs in addition to the Kirkendall effect, resulting in the growth of SnO2 nanogains19. The TEM image (Figure 3b) shows that such porous sites are more visually clear, indicated by a number of white spots within the SnO2 nanotubes. The crystal structures of SnO2 are polycrystalline cassiterite structures (Figure 3c), in accordance with previously published literature17.

In terms of electrochemical characteristics of the SnO2 nanotubes, various aspects of the SnO2 nanotubes were examined in detail. To start with, the charge and discharge profile of the SnO2 nanotubes in the formation cycle is shown (Figure 4a), which exhibits stable voltage profiles with an initial coulombic efficiency of 67.8%. The voltage plateau, which exists at 0.9 V, can be attributed to the two-phase reaction (the conversion reaction of SnO2 to Sn), similar to descriptions in previous works9,20. The irreversible formation of Li2O during the conversion reaction of SnO2, along with the unstable formation of the solid electrolyte interphase (SEI) layer, resulted in a poorly reversible reaction with Li in the formation cycle. The SnO2 nanotubes exhibit stable cycling at 500 mA g-1, with coulombic efficiencies above 98% (Figure 4b). The rate capabilities of SnO2 nanotubes (Figure 4c) are also presented, where the SnO2 nanotubes retain considerable capacity (> 700 mAh g-1) even at a high current density of 1,000 mA g-1. Nevertheless, initial irreversible capacity loss needs to be examined more in detail using in situ TEM methods.

Overall characterizations of graphene are shown in Figure 5. Figure 5a shows the Raman spectrum of graphene synthesized on Cu foil. The ratio between Ig and I2D was 2.81, which matches well with the ratio of monolayer graphene on polycrystalline Cu substrate, indicating that monolayer graphene was synthesized. The SEM image of transferred graphene on an Au TEM grid is shown in Figure 5b, demonstrating that the coverage of graphene was good after its transfer to the Au TEM grid. The TEM image and the corresponding selected area electron diffraction (SAED) pattern of the transferred graphene are shown in Figure 5c,d. The hexagonal diffraction spots indicate the monolayer graphene well. 

Time-series TEM images of GLCs are shown in Figure 6, which are captured from Movie S1. When GLCs are fabricated well, they have multiple liquid pockets whose sizes range from tens of nanometers to hundreds of nanometers, depending on the solution and nanoparticles7,14. In this experiment, using EC/DEC/FEC solution and SnO2 nanotubes, the size of the liquid pocket was 300 - 400 nm. The accelerating voltage was 300 kV and the electron beam dosage 743.9 e–/Å2·s, which is enough for lithiation to proceed but not for severe beam damage. Through constant electron beam irradiation, dissolved electrons and radicals trigger a secondary reaction with the salt and solvent. Here, the decomposition of electrolyte and the formation of an SEI layer were observed at the initial stage, in agreement with some of the previously reported on reuslts6-9,21. 

FIGURE AND TABLE LEGENDS: 

Figure 1: Digital camera images of the electrospinning setup and prepared SnO2 nanotubes and electrode. (a) Electrospinning, (b) SnO2 nanotubes, and (c) the slurry-cast electrode. 

Figure 2: Digital camera images showing the graphene-transferred grid and fabrication of the graphene liquid cells. (a) The synthesized monolayer graphene on Cu foil, (b) an Au TEM grid on Cu foil, (c) the etching process of Cu foils in 0.1 M ammonium persulfate, and (d) stacked Au grids inside a glove box.

Figure 3: Characterization of SnO2 nanotubes before their encapsulation inside the graphene sheet. These panels show (a) an SEM image, (b) a TEM image, and (c) the SAED pattern of the SnO2 nanotubes.

Figure 4: Electrochemical battery cell testing of the SnO2 nanotubes. These panels show (a) the charge and discharge profile, (b) the cycle retention characteristics, and (c) the rate capabilities of the SnO2 nanotubes. 

Figure 5: Characterization of synthesized graphene. These panels show (a) the Raman spectrum, (b) the SEM image, (c) the TEM image, and (d) the SAED pattern of the monolayer graphene.

Figure 6: Real-time TEM images of the lithiation process of GLCs. Decomposed electrolyte and the formation of an SEI layer on the surface of an SnO2 nanotube are observed for 0 - 45 s. 

Movie S1. Lithiation of GLCs. The surface of an SnO2 nanotube is visualized inside liquid electrolyte. 

DISCUSSION: 
There are critical steps within the protocol. First, the transfer of the graphene onto the TEM grid needs the researchers’ careful attention. It is important to handle the grids with tweezers and not damage any of grids, for instance by destroying the amorphous carbon membrane or bending the frame. These kinds of damages will result in a poor coverage of the graphene and affect the number of liquid pockets. In addition, placing the upper grid at the right position is critical. As described in the protocol, the top grid must be placed quickly before the liquid has dried. During this process, researchers may damage the upper grid or place it in the wrong position (i.e., not in the center of the bottom grid). Similar to any damages incurred during the transfer process, this will lower the yield of liquid cells. Thus, much practice with handling the TEM grids is needed to repeatedly fabricate GLCs.

It is important to make sure that the slurry-cast Cu foil has fully dried prior to the cell assembly. This is important because the presence of water can degrade the overall cell performance. Additionally, the slurry should be cast on the Cu foil uniformly, so that the loading amount of active material is similar. Moreover, it is important to find the right place for the TEM observation, where the liquid is completely sealed by the graphene sheets and enough liquid exists so that lithiation can continuously take place. Even though researchers followed the steps as they are demonstrated in the protocol, they will often observe incomplete reactions and depletion of liquid electrolyte around active materials. To find the right place for the TEM observation, the researchers should illuminate the electron beam for a few seconds and observe whether enough liquid exists for further reaction to occur. 

The limitation of the GLC technique with observing lithiation is that the dynamics are possible only upon lithiation, not delithiation. Because lithiation inside GLCs is initiated by an electron beam and the reduction of surrounding electrolyte, the opposite oxidizing environment cannot be realized. This is a limitation compared to other in situ TEM techniques that can apply bias to the system, such as a scanning tunneling microscope (STM)-TEM holder or electrochemistry holders. Also, as two grids are attached and the upper grid is not removed in this experiment, aqueous solvents have less ability to stick two grids together and organic electrolyte is therefore preferred. 

GLCs provide major advances in three different ways. 1) They provide high-resolution imaging in a liquid electrolyte that is hardly achievable in other in situ TEM platforms. 2) They do not require the purchase of an additional in situ TEM holder. 3) Also, various kinds of nanomaterials (such as nanosheet, nanoparticle, and nanofiber) can be visualized inside the liquid electrolyte.

GLCs can be used further to observe not only the dynamics of electrode materials upon lithiation but, also, sodiation (Na-ion batteries), magnesiation (Mg-ion batteries), potassiation (K-ion batteries), and zinc insertion (Zn-ion batteries). Furthermore, beyond the decomposition of various kinds of electrolytes, morphological changes of electrode materials can be visualized inside the GLC9,10. We expect that such information will provide valuable insights for engineers who are working on designing advanced secondary ion batteries. 
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