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Abstract

Research into new and improved materials to be utilized in lithium-ion batteries (LIB) necessitates an experimental counterpart to any
computational analysis. Testing of lithium-ion batteries in an academic setting has taken on several forms, but at the most basic level lies the coin
cell construction. In traditional LIB electrode preparation, a multi-phase slurry composed of active material, binder, and conductive additive is cast
out onto a substrate. An electrode disc can then be punched from the dried sheet and used in the construction of a coin cell for electrochemical
evaluation. Utilization of the potential of the active material in a battery is critically dependent on the microstructure of the electrode, as an
appropriate distribution of the primary components are crucial to ensuring optimal electrical conductivity, porosity, and tortuosity, such that
electrochemical and transport interaction is optimized. Processing steps ranging from the combination of dry powder, wet mixing, and drying
can all critically affect multi-phase interactions that influence the microstructure formation. Electrochemical probing necessitates the construction
of electrodes and coin cells with the utmost care and precision. This paper aims at providing a step-by-step guide of non-aqueous electrode
processing and coin cell construction for lithium-ion batteries within an academic setting and with emphasis on deciphering the influence of
drying and calendaring.

Video Link

The video component of this article can be found at http://www.jove.com/video/53490/

Introduction

Lithium-ion batteries represent a promising source to fulfill the ever increasing requirements of energy storage devices1-4. Improvements in
the capacity of LIBs would not only improve the effective range of electric vehicles5,6, but also improve their cycle life by reducing the depth of
discharge, which in turn increases the viability of LIBs for use in grid energy storage applications7.

Originally used for hearing aids in the 1970s8, coin cells today are commonly used in the development and evaluation of new and existing
electrode materials. As one of the smallest form factors for batteries, these cells represent a simple and effective way to create batteries in an
academic research setting. A typical Lithium-Ion battery consists of a cathode, anode, current collectors, and a porous separator that prevents
shorting of the anode and cathode. During the operation of a Lithium-Ion battery, ions and electrons are mobile. During discharge, ions travel
from the negative electrode (anode) through the porous separator and into the positive electrode, or cathode. Meanwhile, electrons travel
through the current collector, across the external circuit, finally recombining with the ions on the cathode side. In order to reduce any resistances
associated with ion and electron transfer, the components need to be properly oriented — the distance ions travel should be minimized. Typically
these components are combined a "sandwich" configuration. Batteries used in electric vehicles, cell phones, and consumer electronics consist
of large sandwiches that are spirally wound or folded, depending on the form factor of the battery. These types of cells can be very difficult
to manufacture on small scales without incurring high costs. However, in a coin cell there is only a single sandwich within the cell. Although
specialized equipment is still necessary to create the electrodes in coin cells, the cells themselves can be quickly assembled by hand and sealed
within a controlled environment.

The performance of batteries, regardless of type, is dependent on the materials that form the positive and negative electrode, the choice of
electrolyte, and the cell architecture4,9-13. A typical LIB electrode is composed of a combination of Li-containing active material, conductive
additive, polymeric binder, and void space that is filled with an electrolyte. Electrode processing can be organized into five main steps: dry
powder mixing, wet mixing, substrate preparation, film application, and drying — a step that is often given little attention. When producing an
electrode using these processing steps, the end goal is to achieve a uniform electrode film consisting of the active material, conductive additive,
binder. This uniform distribution is critical to optimal performance of LIBs14-18.

This guide represents the steps utilized at Texas A&M in the Energy and Transport Sciences Laboratory (ETSL) and at Texas State University to
manufacture coin cells for the evaluation of new and existing electrode materials. Beyond the basic steps found documented in many sources,
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we have included our own expertise at critical steps, noting important details that are often left out of similar methods documents and many
publications. Additionally, the primary physical and electrochemical methods utilized in our lab (galvanostatic cycling and Electrochemical
Impedance Spectroscopy (EIS)) are elucidated within.

Protocol

Caution should be exercised when using any of the solvents, reagents, or dry powders utilized in this protocol. Read all MSDS sheets and take
appropriate safety measures. Standard safety equipment includes gloves, safety glasses, and a lab coat.

1. Cathode Preparation

Note: The schematic overview of the cathode fabrication process is presented in Figure 1.

 

Figure 1. Schematic overview of the steps utilized in the ETSL to create cathodes. The main process includes preparation and casting of
the electrode slurry onto a cleaned aluminum substrate, followed by drying of the electrode sheet and incorporation into coin cells. Please click
here to view a larger version of this figure.

1. Aluminum Substrate Preparation
1. Cut a 4.5" by 12" sheet of 15 µm thick aluminum (Al) foil using a paper cutter or scissors.
2. Spray acetone on the surface of a clean plastic board to adhere the foil to the board and then place the foil sheet onto the board.
3. Spray a generous amount of acetone on the surface of the foil and begin to scrub the entire surface using a scotch pad with small

semi-circle motions. Spray additional acetone on the surface and wipe down residue with a paper towel.
4. Repeat steps 1.1.2-1.1.3 for the opposite side and then repeat once more for the casting side.
5. Wash etched Al sheet with deionized (DI) water on casting side first, then flip and repeat with opposite side. Re-scrub the surface of the

Al foil as the DI water displays poor wettability and does not flow off the surface of the sheet without forming droplets. Repeat rinsing
with isopropyl alcohol.

6. Transfer the cleaned Al sheet between two paper towels and allow to dry for approximately 20 min under compression between two flat
planes and paper towels.

2. Slurry Preparation
1. Choose the weights of active material, conductive additive and binder based on the desired composition of the electrode sheet. Choose

a total dry powder weight of 1.25 g, with 70 wt% lithium-manganese-cobalt-oxide, LiNi1/3Mn1/3Co1/3O2 (NMC, active material), 20 wt%
carbon black (conductive additive) and 10% Polyvinylidene Difluoride (PVDF, binder).

2. Measure out 0.875 g of NMC and 0.25 g of carbon black and place into an agate mortar and pestle. Lightly mix the materials together
without grinding. After a mixture starts to form, mill by hand in the mortar and pestle for 3-5 min, until a uniform powder is visually
observed.

3. Transfer the mixed powder into a disposable mixing tube with a piece of weigh paper. Add 16 glass balls (6 mm diameter) to the
powder, along with 5.5 ml of 1-methyl-2-pyrrolidinone (NMP), the non-aqueous solvent.

4. Place the disposable tube onto the tube drive station and lock into place. Turn the drive on and slowly increase to the maximum speed.
Allow contents to mix for 15 min.

5. Add 1.25 g of a 10% PVDF in NMP solution directly to the tube. Place the tube back onto the drive and allow mixing for 8 min, following
the same procedure in 1.2.4. If the tube is allowed to sit for more than 5 min prior to casting (below), mix the contents for an additional
15 min.

3. Casting and Drying
1. Clean the metal surface of the automatic film applicator with isopropyl alcohol and a paper towel. Ensure that the doctor blade is clean,

and is set to the desired casting height (200 µm).
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2. Apply a layer of isopropyl alcohol to the surface of the film applicator and place the dried aluminum substrate shiny-side down onto
the surface. Press out the excess isopropyl alcohol with a folded paper towel until all wrinkles and isopropyl are removed. Take care to
avoid tearing the substrate by firmly holding one of the substrate in place.

3. Remove the mixing tube from the tube drive and open the container. Pour the slurry onto the surface of the substrate in a 2-3 inch
line approximately 1 inch from the top (initial casting side) of the substrate. Remove any glass balls from the sheet with clean metallic
tweezers.

4. Set the casting speed to 20 mm/sec, and activate the casting arm of the film applicator.
5. Lift the cast electrode from the surface of the film applicator using a thin piece of cardboard to ensure no wrinkles form on the sheet.
6. Allow the electrode sheet to dry for 16 hr at RT (~24 °C) followed by drying at 70 °C for ~3 hr or until the sheet is dry. Ensure that the

electrode is environmentally isolated in a fume hood or sealed chamber to prevent non-uniform drying.

4. Cathode Electrode Punching
1. Place the dried electrode sheet onto a cleaned sheet of aluminum metal. Take out a ½" hole punch and place it gently onto a region of

the sheet with a uniform surface (edges may appear non-uniform). Slowly apply pressure to the punch (by hand) and "roll" the pressure
around the edges of the punch to ensure a clean cut.

2. (Alternative) Cut out an electrode disc utilizing a precise disc cutter in lieu of manual punching.
3. Remove the electrode from the sheet with cleaned, plastic tweezers and place it into a labeled vial, with the electrode surface facing

up. Repeat twice.
4. (Optional) Place a punched electrode onto the surface of the lab press. Apply pressure of roughly 4 MPa (the optimal pressure will vary

based on the press utilized). Repeat for the remaining electrodes.
5. Place the vials in a vacuum oven and allow the electrodes to further dry at 120 °C at -0.1 MPa for 12 hr to remove any remaining

moisture. After, remove the electrodes and weigh them within 0.0001 g.
6. Open the antechamber of the glovebox and place the vials onto the tray. Close the chamber the door and ensure a tight seal by using

two fingers to tighten antechamber hatch.
7. Bring the vacuum down to -0.1 MPa, and then fill with Argon. Repeat this process 1-2 more times, depending on the samples

transported into the glovebox.

2. Anode Sheet for Full Cell

1. Repeat section 1 except using 9 µm thick copper foil as the substrate instead of aluminum foil. The composition of the sheet may be altered
to fit specific needs.

3. Coin Cell Pre-assembly

Caution: The construction of coin cells is performed within an inert (Argon) environment within a glovebox. Extreme caution must be taken to
minimize exposure of the internal environment to external atmosphere. Work with sharp materials within the glovebox should be minimized if
possible. As a general rule, a task within the glovebox should take 3 times longer than the speed at which the task would be performed outside.
Gloves should also be worn over the glovebox gloves to minimize exposure when working with different substances.

Note: The components needed for the construction of the coin cell, including the cap, case, wave springs, gaskets, spacers, lithium ribbon,
electrolyte and remaining tools such as plastic tweezers (for component placement) are contained within an Argon-filled glovebox with O2 and
H2O levels maintained below 0.5 parts per million. All components inserted into the glovebox (including lint-free task wipes) should be heated O/
N in a vacuum oven at 120 °C at a pressure of -0.1 MPa to remove any moisture.

1. Counter-electrode Preparation
1. Within the glovebox, remove lithium ribbon (0.75 mm thick) from sealed container and roll out a portion onto the surface of a plastic

block. Using a razor blade, carefully scrape away any black-colored oxidation from the foil surface. Take extreme caution to avoid
cutting the gloves.

2. Take a 9/16" hole punch and punch out a disk of the lithium ribbon. Use a finger (separated from the lithium by rubber gloves within
glovebox) or other blunt tool to push the lithium disk out of the punch.

3. Take a 0.5 mm thick spacer and gently apply the lithium disc to the surface between fingers. Ensure the lithium disc sticks to the center
of the spacer and is flat — an uneven surface can cause uneven current distributions.

2. Electrolyte Preparation
1. Store the electrolyte of choice (in this case 1 M LiPF6 in EC/DEC 1:1 by vol) within the glovebox at all times in an aluminum container,

as the electrolyte is photosensitive.
2. Remove a small amount of electrolyte from the source container into a working container.

3. Celgard Separator Preparation
1. Place a sheet of the separator membrane between a folded sheet of printer paper. Place the folded paper and membrane onto a sheet

of aluminum metal.
2. Place a cushioning layer on top of the hole punch and use a hammer to punch out a ¾" diameter separator membrane.
3. Transfer the punched separator discs into the glovebox utilizing the procedures outlined in 1.4.6-1.4.7.

 

Note: It is recommended to perform this step in bulk to avoid having to punch out individual separators for each coin cell being
constructed.
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4. Coin Cell Assembly

Note: The configuration of the coin cell is presented in Figure 2.

 

Figure 2. Coin cell components displayed in order of placement within cell. Placement of the cathode is followed by the separator, gasket,
counter electrode and wave spring, followed by sealing of the cell. Please click here to view a larger version of this figure.

1. Open the interior antechamber door. Pull any components within the antechamber into the glovebox and reseal the interior antechamber
door.

2. Place a coin cell case into a small weigh boat. Place the cathode into the center of the coin cell case. Apply 1-2 ~30 µl drops of electrolyte to
the center of the electrode and apply 1 drop on opposite sides of the rim of the case.

3. Place a single ¾" separator onto the surface of the electrode. Force out any bubbles that become trapped using the flat edge of a pair of
tweezers, and re-center the cathode by grabbing the case by the lip and lightly tapping the electrode into place. Apply an additional 1-2 drops
of electrolyte to allow for better movement of the electrode if it sticks to its original position.

4. Place the gasket into the case, with the flat side facing down and the lipped side facing up. Confirm the orientation of the gasket by holding up
to the light prior to cell insertion.

5. Apply 2-3 ~30 µl drops of electrolyte to the center of the cell, and place the prepared counter electrode onto the center with the lithium facing
down. Place the wave spring on top of the centered counter electrode.

6. Fill the cell to the brim (~0.7 ml) with electrolyte until it forms a curved, convex meniscus that covers most of the wave spring surface.
7. Carefully place the coin cell cap on top of the cell utilizing the tweezers to hold the cap centered vertically over the cell. Take care to center

the cap to avoid excessive loss of electrolyte.
8. Press down on the cap (by hand) until it sets into the lip of the gasket. Transfer the cell to the crimper and ensure that the cell is centered in

the groove of the crimping die. Crimp the cell to a pressure of ~ 6.2 MPa (900 psi) and release.
9. Remove the cell from the crimper (by hand), and clean off any excess electrolyte. Repeat steps 4.2- 4.9 until all desired cells are constructed.

Clean any spilled electrolyte, place trash into an appropriate container. Transfer the cells out of the glovebox and label them.

5. Electrochemical Evaluation

1. Connect the cleaned cells to the battery cycler. Ensure the terminals are correctly connected by measuring the open circuit potential. If not
positive, reverse the connections.

2. Calculate the desired current based on the weight of the dried electrode on the surface of the aluminum substrate, the known mass of the
aluminum, the active material percentage by weight, and the rated specific capacity of the active material utilized.

1. With a measured electrode mass of 0.0090 g, aluminum disc mass of 0.0054 g, and rated capacity of 155 mAh/g, determine the
desired current as (0.0090 g - 0.0054 g) × 0.70 × 155 mAh/g = 0.3906 mAh. For discharge at the current required to fully discharge the
cell in 1 hr (1C), the applied current is 0.3906 mA.

3. Set the schedule on the cycler to charge/discharge the cell between the upper and lower voltage levels of 4.2 V and 2.8 V. Cycle the cell 4
times at a rate of C/10 (galvanostatic, constant current). Then charge the cell once at C/10.

4. After the 5th C/10 charge, remove the cell from the cycler (if necessary) and perform Electrochemical Impedance Spectroscopy19 (EIS) on the
cell, after resting for 1 hr. Place the cell back on the cycler and discharge at C/10. Perform EIS once more after resting for 1 hr.

5. Place the cell back onto the cycler and cycle the cell 5 times at rates of C/5, C, 2C, 5C, and 10C, followed by 100 1C cycles.
6. Determine the specific capacity of the cells at each C-rate by dividing the capacity in mAh by the mass of active material present in the

cathode. Calculate the capacity retention by dividing the average specific capacity of the last 5 1C cycles by the average specific capacity of
the first 5 1C cycles.
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Representative Results

A properly cast electrode sheet should appear uniform in surface appearance and properly adhere to the current collector. Typically flaking of
the electrode sheet is caused by either poor etching of the substrate, or having to little NMP in the initial mixing stage. Alternatively, too much
NMP can cause the sheet to display a higher degree of porosity, which is not desirable. Lastly, a third pattern can be observed on the electrode
surface, where pooling appears to occur. Interactions with the ambient conditions of the room (humidity, temperature, and any air movement) are
the most likely causes for this behavior. Isolation within a fume hood can prevent this behavior. These scenarios can be seen in Figure 3.

The coin cell should appear as shown in Figure 4, with no broken edges. When the cell is not properly sealed, exposure to the atmosphere
will cause swelling of the lithium, which will cause the cell to pop open. It is also possible to crush the cell when crimping. To prevent this the
crimping pressure needs to be optimized for the chosen crimper and cell components.

Scanning electron microscope (SEM) imaging of the electrode surface (Figure 5) reveals the complexity of a cathode utilized in the construction
of a coin cell. The large particles shown are the active material. The remaining material is a combination of PVDF and carbon black.

The structure itself is stochastic in nature, but proper processing influences the distribution of particles within the sheet. Drying can cause a poor
distribution of binder and conductive additive that can negatively affect cell performance. Shown in Figure 6 are representative cycling results for
a sheet that was dried too fast and a sheet that was properly dried utilizing the two-stage process presented.

This cycling data allows us to view the performance (in terms of specific capacity) of the cells at various rates, and allows us to look at capacity
retention after extended cycling. Discharge curves such as those shown in Figure 7 can be utilized to view the specific energy of the cells, which
is determined as the area underneath the discharge curve.

The EIS data for the cells under consideration can be used to further characterize the cells. A representative EIS spectrum can be seen in
Figure 8.

When comparing EIS spectra, two primary components (for a discharged cell) are the (i) high frequency semicircle, and (ii) the low frequency
tail. The slope of the tail indicates resistance due to diffusion, and the semicircle represents a number of resistances due to charge transfer
resistance, and several other contributions, depending on the frequency range. In the case of the differently dried electrodes, the quickly dried
sheet has a larger radius indicating higher charge transfer resistance.

Representative results for the impact of porosity and electrode thickness are additionally shown below in Figure 9.

A thinner sheet allows for shorter diffusion distances, and the porosity can be optimized to additionally allow for more efficient transfer. It is
important, however, to recognize that these parameters are not absolute, as tradeoffs will exist19,20. The casting thickness, slurry viscosity and
composition, and the degree of calendaring all have a direct impact on the porosity and thickness of a sheet. Thus by carefully manipulating the
steps outlined in this document, microstructural characteristics can be controlled.

 

Figure 3. Electrode sheets: (A) with too little NMP, (B) with too much NMP, and (C) with non-uniform drying. Each condition results in
poor mechanical stability and reduced electrochemical performance as a result. Typically flaking of the electrode sheet is caused by either poor
etching of the substrate, or having to little NMP in the initial mixing stage (a). Alternatively, too much NMP can cause the sheet to display a higher
degree of porosity, which is not desirable (b). Lastly, an non-uniform surface can appear that is similar in appearance to material pooling during
drying (c). Please click here to view a larger version of this figure.
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Figure 4. Coin cell that has been properly crimped (left) and improperly crimped (right). An improperly crimped cell will be noticeably open
immediately after crimping or can pop over several hours later. Please click here to view a larger version of this figure.

 

Figure 5. SEM image of the surface of uncalendered NMC cathode. The active material (NMC) can be seen as the large spherical particles
(~10 µm diameter) with the binder/additive (PVDF/carbon black) composite surrounding the active material particles. The scale for the left image
is 50 µm and is the right is 10 µm. Please click here to view a larger version of this figure.

 

Figure 6. Cycling data shown for an electrode dried too quickly (improperly) and a lower rate utilizing a two-stage dry. The specific
capacity of the cells at rates of C/10, C/5, C, 2C, 5C, and 10C followed by long-term cycling at 1C. The cells were cycled at RT (~22 °C) with
cells consisting of NMC - Li cells with the material loadings depicted in the protocol. C-rate is determined with respect to the rated capacity of the
NMC, approximately 150 mAh/g. Please click here to view a larger version of this figure.
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Figure 7. Discharge curve shown for an electrode dried too quickly (improperly) and a lower rate utilizing a two-stage dry. The
discharge curves for rates of 1C and 5C are shown. The specific energy of the cell can be determined as the area underneath the discharge
curve. Please click here to view a larger version of this figure.

 

Figure 8. Example EIS spectrum for a scanning frequency range of 1 MHz to 100 mHz. Data is shown after the 5th C/10 discharge for the
same cases presented in Figures 7 and 8. Please click here to view a larger version of this figure.
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Figure 9. Impact of electrode thickness (A) and porosity (B) on discharge performance. Each of these parameters can be altered by
controlling the steps discussed in this technique (calendering, casting thickness, slurry viscosity, etc.). Please click here to view a larger version
of this figure.

Discussion

The optimization of the wet mixing stages are crucial to the slurry viscosity and coating ability, which impacts the uniformity and adhesion of the
electrode. Here a high-shear mixing method is utilized, where the solvent, additive, binder, and active material are mixed together utilizing the
kinetic motions of the glass balls present in the vials. This mixing technique offers the benefit of much more rapid mixing times as compared
to a magnetic stirrer method. Beyond this, this high shear mixing allows for more viscous solutions to be effectively mixed, and provides the
energy necessary to mix more difficult binders such as xanthan gum in water. As the abrasive nature of the mixing can cause glass impurities
to mix into the electrode slurry, used glass balls should be discarded so as to minimize this effect. The minimum quantity of glass balls needed
is dependent on the mixing ability of the components within the vial. However, an upper limit exists due to the loss of slurry coating the glass
balls after mixing. With too little slurry or too many balls, it will not be possible to extract enough of the electrode slurry to cast an electrode. The
amount of NMP required is based on the total surface area of the particles present in the dry mixture21. For example, if the desired dry weight
ratio of components was adjusted to include 10% carbon black as opposed to 20% (with 80% NMC and 10% PVDF), a significantly lower amount
of NMP would be required: 2.0 ml (with a dry powder mass of 1 g). Further, with a composition of 94% active material, 3% conductive additive
and 3% binder, 1.5 ml of NMP is required (again with 1 g dry powder mass). This owes primarily to the fact that the Brunauer-Emmet-Teller (BET)
surface area of carbon black is much higher than that of the remaining components. Thus the determination of the appropriate solvent content
in the initial mixing stage must be carefully determined when working with new desired sheet compositions. The ideal observed viscosity for
the composition noted herein is 0.11 Pa·sec. It should be noted that the composition of the electrode sheet utilized should be adjusted to fit the
specific needs and performance of the materials utilized. Typically, a higher active material content is utilized to reduce the amount of inactive
material present in electrodes. However tradeoffs exist in terms of cell performance at increased rates.

Even with a perfect slurry it is possible to obtain a bad electrode sheet due to the adhesion to the current collector. During the manufacturing
process, the aluminum foil is coated with a thin layer of oil to prevent self-adhesion when rolling the material. If not properly cleaned, this
remaining residue will reduce the electrode adhesion. During cleaning, extra emphasis should be taken towards ensuring the cleanliness of the
electrode substrate. The order in which the sheet is cleaned (casting side, then button side, followed by casting) is to ensure that the casting
surface is as clean as possible. Care should be taken to use paper towels that are soft enough (and sufficiently free of lint) such that the surface
of the current collector is not deformed and remains free of surface pitting. The electrode flaking displayed in Figure 3A is representative of
the resulting adhesion from utilizing an improperly cleaned substrate. This could occur from not scrubbing enough (and thus resulting in poor
wettability) or scrubbing too hard (which can result in visually observable pitting of the substrate surface). The etching method utilized here is
sufficient for good adhesion with the non-aqueous solvent and binder utilized. Different binders and solvent might require alternative methods
to achieve adhesion, such as corona discharge or pre-heat treatment of the current collector. For example, although the flow of DI water over
the surface of the electrode with minimal recession and low wetting angle indicates a sufficient casting surface, the provided wettability is not
sufficient for aqueous processing.
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A step that is often paid little attention is electrode drying. Here the final microstructure of the cell is set as the solvent evaporates. The vertical
migration of mobile electrode constituents (binder and additive) can cause a vertical distribution of these materials to develop22. In practice, rapid
evaporation of the solvent from the electrode surface results in the deposition of concentrated binder (present in the liquid solution of solvent)
and carbon (the conductive additive) at the surface of the electrode. Although this effect occurs at any drying speed, at higher rates there is not
sufficient time for the redistribution of these components via diffusion. The two-stage drying process allows for uniform evaporation of the free
solvent, followed by the evaporation of solvent trapped inside the microstructure during the oven drying stage.

When constructing the coin cell, care must be taken to ensure that the anode and cathode are carefully aligned within the cell. Here, a slightly
larger diameter anode is utilized to allow for a margin of error in placement. The spacer and wave spring within the cell serve to increase
the thickness of the internal components such that a complete circuit is formed. Also critical to this circuit is the electrolyte, through which
the Lithium-ions travel. With the given form factor a large amount of empty space exists within the cell. Thus it is possible to have an uneven
amount of electrolyte present within the cell. Fully soaking the cell ensure no or minimal pockets of argon exists that can upset the distribution of
electrolyte in the sandwich.

During electrochemical characterization, either galvanostatic (which is utilized here) or potentiostatic cycling can be utilized. During galvanostatic
charge/discharge the current is maintained constant and the cell is deemed as charged or discharged after reaching an upper or lower potential
limit. This potential limit is dependent on the active material utilized. Charging or discharging the active material beyond these limitations can
result in degradation. During potentiostatic charge/discharge the voltage is maintained constant, while the current varies. One drawback of
potentiostatic cycling is the additional time required for the current to drop off to the lower limit. This and the desired cycling rates will need to be
configured based on the desired information and materials utilized. The protocol listed herein is a general purpose protocol, but may not suit all
needs.

This technique offers a method for the creation of electrode sheets and coin cells in a precisely controlled manner that is suitable for reproduction
in academic or industrial research setting. The fundamentals of this technique can be utilized as the basis for creating electrode sheets for larger
battery form factors, aqueous processing, and various cell chemistries and compositions, although specific stage might need to be optimized.
This technique is limited to the creation of customized electrodes (positive or negative) where the final distribution of materials (although perhaps
uniform within the domain) is stochastic. Additionally, the creation of cells with larger form factors would require modifications to the electrode
size produced (larger casting sheet) and the cell components utilized.
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