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Research for fabrication of lithium-ion capacitor
Tetsuroh Hisada, Shouji USUDA
Climate Change and Energy Policy Research Laboratory of HOSEI University
A lithium-ion capacitor is called a “hybrid capacitor.” It is a new energy storage device that combines the advantages of lithium ion batteries that have been widely used until now and with those of electric double-layer capacitors used for energy regeneration and electric power storage of automobiles. As it has not been long since the development of lithium ion capacitors was started, they are in a difficult situation in being procured generally from the market excluding overseas manufacturers and some Japanese manufacturers. However, many different varieties of lithium ion capacitors seem to be put on the market in the future and are expected to be commonly used with the future development of the market.
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1. Introduction
This research makes a report on the prototype and evaluation of a lithium-ion capacitor at the laboratory level covering from its manufacture through evaluation. This report starts with the basic composition, operating principle, advantages, and manufacturing method using the pre-doping method of a lithium-ion capacitor. Then, the report describes specific examples of manufacturing lithium-ion capacitors. Lastly, it provides a description of the estimation of capacitance from the results of the measurement of charge/discharge characteristics that was made as the basic measurement of the prototyped lithium-ion capacitor.
1. Basic composition and operating principles of lithium ion capacitors
Fig. 1 shows the operating principle diagrams of lithium ion capacitors by comparing the principle between a lithium ion battery and an electric double-layer capacitor. Table 1 lists a comparison of the components of these three types of energy storage devices.
The following section describes the principle of a lithium-ion capacitor.
(Charge
During the charging process, [image: image1.wmf]+

Li

 ion contained in the electrolytic solution is accumulated in the negative graphite (carbon-based material) and maintained in the graphite as shown in Fig. 1 (c). This state is called “dope.” [image: image2.wmf]-
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BF

 ion (or [image: image3.wmf]-
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PF

 ion) that is a negative ion contained in the electrolytic solution (called “anion”) is doped on activated carbon for the cathode.

Then, at the interface of activated carbon that is cathode, [image: image4.wmf]-
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BF

 ion and positive ion on the cathode side form an electric double layer as an energy storage mechanism. 
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<During the charging process, lithium ion Li is emitted from lithium cobaltite on the cathode side into the electrolytic solution and accumulated in the graphite on the anode side.>
(a) Lithium ion battery
(Discharge
In contrast, during the discharging process, [image: image6.wmf]+

Li

 ion is emitted from the negative graphite into the electrolytic solution, and [image: image7.wmf]-
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BF

 ion (or [image: image8.wmf]-
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PF

 ion) is emitted from active carbon for the cathode. 
[image: image9.emf]   

Activated carbon  

Electrolytic  solution  

Activated carbon  

Output  

Electric  double layer  

Electric  double layer  


<Electric charge is oriented at the interface between the electrolytic solution and the positive/negative electrode. (Physical adsorption and desorption of ion)>
 (b) Electric double-layer capacitor
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(c) Lithium-ion capacitor

Fig. 1 Principle diagrams of three types of energy storage devices

Table 1 Compositions of energy storage devices
[image: image11.emf]Type Cathode Electrolytic solution Anode

Lithium ion battery Lithium cobaltite Lithium salt (LiBF4, LiPF6) Graphite

Electric double-layer capacitor Activated carbon Propylene carbonate-based Activated carbon

Lithium ion capacitor Activated carbon Lithium salt (LiBF4, LiPF6) Carbon material capable of doping lithium


2. Advantages and manufacturing methods of lithium-ion capacitors
Lithium ion capacitors provide the following advantages compared with conventional electric double-layer capacitors:
(Large capacitance

(High cell voltage

(High energy density

(Available for high-speed charge/discharge

(Excellent in high temperature characteristics 

(High durability and reliability

(Less self-discharge

(High safety in operation
Table 2 lists a comparison of general characteristics among lithium ion capacitor, lithium ion battery, and electric double-layer capacitor.
Table 2 Comparison of characteristics among energy storage devices
[image: image12.emf]Item Lithium ion battery Electric double-layer capacitor Lithium-ion capacitor

Maximum operating temperature 60ºC 60ºC 80ºC

Lower limit of operating voltage 2.7 V None 2.2 V

Power density 100 to 5,000 W/L 1000 to 5,000 W/L 5,000 W/L

Energy density 150 to 600 Wh/L 2 to 6 Wh/L 10 Wh/L

Cycle life 1,000 times 1,000,000 times 1,000,000 times or more

(Capacitance reduced by 30%) (Capacitance reduced by 10%)

Charging performance Long charge time is required

Available for charge/discharge by

seconds

Available for charge/discharge by seconds

Internal resistance High resistance Low resistance Low resistance

Life Short life Long life Long life

Safety

Generation of heat and

ignition

Safe Safe


The methods of manufacturing lithium ion capacitors are broadly classified into two types in accordance with a pre-doping method of forming an anode. Doping lithium on an anode with a coating of anode active material applied to the current collector in advance is called “pre-doping.” Pre-doping the anode makes it possible to manufacture a capacitor with a high energy density and also to reduce the anode potential and eventually increase the capacitor voltage.
The pre-doping method includes a method of mounting lithium metal foil oppositely to the current collector having a porous structure with a coating of anode active material applied (negative electrode) (called the perforated foil method or vertical doping method; see Fig. 2) and a method of sticking lithium metal foil to the negative electrode having a non-porous structure during the capacitor manufacturing process (called the foil sticking method for horizontal doping method; see Fig. 3). There are three types of current collectors having a porous structure: etched foil, roll-formed foil, and PF foil (foil with a polyethylene microfilm stuck to its surface). The methods of sticking lithium metal foil to a negative electrode include an integrated method of mounting nickel metal foil that is currently developed by the authors and conventional alloying methods.
As the pre-dope treatment method, lithium ions are eluted from a lithium metal foil by keeping an assembled cell warm in a thermostatic chamber at a temperature of approximately 60(C, moves in an electrolyte, and then are occluded in an anode active material. With the perforated foil method, porous electrodes having the porosity of 30% to 50% are used. This allows lithium ions to smoothly move though the pores.
The perforated foil method is designed to stack cells and thereby suitable for the laminated type of cells, while the sticking method is designed to stick a lithium foil to a negative electrode during a cell is manufactured and thereby suitable for the wound type of cells.
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Fig. 2 Image of perforated foil method
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Fig. 3 Image of sticking method
A positive electrode sheet is manufactured (Cathode active materials are coated) by mixing active carbon with binder, applying a coating of the slurry material to the aluminum foil, and then drying it. A negative electrode sheet is manufactured (Anode active materials are coated) with graphite that is the same carbon material that that used in lithium ion batteries and, like the positive electrode sheet, by mixing active carbon with binder, applying a coating of the slurry material to the copper foil that is a current collector, and then drying it. Subsequently, an electrode lead is connected to the electrode sheet by spot-welding, respectively.
Then, the manufactured positive and negative electrode sheets and the lithium metal foil are placed in position, respectively, by applying the pre-doping method described above, and then assembled. To assemble a cell, sandwich structure should be applied so that the positive and negative electrode sheets and lithium metal foil will be insulated with the separator, respectively.
To assemble the cell, the winding method or the laminating method should be applied according to the pre-doping method.
Lastly, electrolyte is poured in the assembled cell and the pouring port is sealed to finish the cell as a device. Subsequently, the pre-dope treatment is performed with a constant-temperature dryer to complete a lithium-ion capacitor.
3. Manufacturing of lithium-ion capacitor
In this research, the horizontal doping method was used. In other words, a lithium metal foil was cut to the given dimensions, stuck the cut foil to the given position of the negative electrode sheet, and then manufactured two types of cells: laminated cell (Prototype A) and would cell (Prototype B).
Table 3 lists the basic specifications and Fig. 4 shows the shape of positive and negative electrode sheets used.
Both the positive and negative electrode sheets used were cut to manufacture the Prototype A to 50 mm wide by 85 mm long, while for the Prototype B, the positive electrode sheet was cut to 63 mm wide by 240 mm long and the negative electrode sheet to 75 mm wide by 240 mm long (see Fig.5). Furthermore, each end of the coated surface of the negative electrode sheet was peeled to the given width by using a NMP solution.
Table 3 Specifications of positive and negative electrode sheets

[image: image15.emf]Total thickness Coating thickness

Thickness of

current collector

Positive electrode sheet Active carbon Each surface 18 2 16

Aluminum

foil

Width: 26 cm,

Roll length: 80 m

2 cm for size

Negative electrode sheet Graphite One surface 80 50 10 Copper foil 24



20 cm N/A

Uncoated

surface

Item Active material Coating condition

Unit, mm

Current

collector

Size
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(a) Positive electrode sheet 
(b) Negative electrode sheet

Fig. 4 Positive/Negative electrode sheet
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(a) Positive/Negative electrode sheet of Prototype A
 (Left: Negative, Right: Positive)
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(b) Positive/Negative electrode sheets of prototype B
 (Top: Negative, Bottom: Positive)
Fig. 5 Dimensions of positive/negative electrode sheets of Prototypes A and B (unit: mm)
(2) Cutting of lithium metal
Lithium (with atomic number 3, atomic weight 6.941, and symbol Li) is one of alkali metal elements. It is a soft, silvery-white alkali metal. Lithium is the lightest metal among all metal elements and the highest in specific heat capacity among all solid elements. It is very soft and the lightest metal element (having a specific gravity of 0.5). It is stable in the normal state, but exhibits exceedingly high chemical activity and reacts to atmospheric moisture even at room temperature to become gray-white. For this reason, it should be cut promptly in the air.
Metal foils are shipped in a state in which they are wound into a coil and packed in an inert-gas atmosphere. Giving thorough consideration to this point particularly to prevent the lithium metal from coming into contact with moisture, lithium metal to be stuck to the negative electrode sheet was cut in an argon-gas-replaced inert-gas atmosphere inside a vacuum glove box. Rolled lithium metal foils measuring 0.1 mm thick ( 44 mm wide ( 100 cm long was used.
The lithium metal foils to 10 mm wide by 35 mm long were cut for the Prototype A, and to 8 mm wide by 45 mm long and 8 mm wide by 35 mm long for the Prototype B. Fig 6 shows cutting work in the glove box.
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(a) Lithium metal foil 
(b) Cutting the foil with a roller cutter
Fig. 6 Cutting of lithium metal foil in the glove box
(3) Manufacturing of capacitor Prototype A
A lithium metal foil was fixed to each end of the uncoated surface of the negative electrode sheet in a longitudinal direction with electrode tape, and then spot-welded an electrode lead with tab to one end. 
Fig. 7 shows an image of mounting the lithium metal foil and electrode leads. Four pieces each of positive and negative electrode sheets were manufactured and the double-laminated type of electrode assembly was manufactured using those sheets as shown in Fig. 8. Two negative electrode sheets in a way were laid that their back surfaces (copper foil surfaces) came into contact with each other so as to achieve effective doping from the lithium metal to the graphite that was one coated surface. This is the reason why a coating of the negative electrode sheet was applied to one surface. Furthermore, two pieces each of negative and positive electrode sheets were sandwiched by putting a separator between them so as not to establish a short circuit in them.
[image: image22.png]K72050IELAPI [EHE-F] - Word

=ZEN ELAaxE BB &R

¢ Dz -
FowvE | BvB BYE B7E HVE HTE

. EE Rl 2 == ZI™E
) 2540 ~ RE ~

] v

Electrode lead with tab

Electrode lead with tab

Coated surface

—— Uncoated
surface

Electrode

tapee

ithium: Uncoated surface
[metal foil

Coated surface

lectrode
tape

B B -——4——+ 190%





(a) Negative electrode sheet     (b) Positive electrode sheet
Fig. 7 Image of mounting the lithium metal foil and electrode leads
After the laminated type of electrode assembly was completed, This electrode assembly as a cell was finished by mounting it to a package (measuring 70 mm by 140 mm by 5  mm thick) manufactured by cutting a standard-size aluminum laminate sheet to necessary dimensions and folding the sheet in a way to secure a gas pot. Approximately 10 milliliters of electrolyte was poured. Fig. 9 shows a specific example of manufacturing of a cell from manufacturing of positive and negative electrode sheets through sticking of lithium-ion metal foil to the sheets and manufacturing of the laminated type of cell.
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Fig. 8 Structure of double-laminated type of cell
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	(a) Manufacturing positive and negative electrode sheets
	


(b) Sticking lithium metal foils
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(c) Mounting the electrode assembly to the package
(d) Completed cell
Fig. 9 Manufacturing the laminated type of cell by sticking lithium metal foils
(4) Manufacturing of capacitor Prototype B
This capacitor was manufactured by winding method that formed negative electrode structure having four pieces of lithium metal pieces mounted to the uncoated surface at each end of the negative electrode sheet and winding the negative electrode sheet several times via the separator so that the sheet would overlapped at the positive electrode sheet. Fig. 10 shows an image of mounting the lithium metal foils and electrode leads.
As to mounting of the lithium metal foils, they were fixed by spot-welding in a way that they were pressed from the top with a perforated nickel foil newly manufactured (measuring 10 mm wide by 50 mm long by 0.1 mm thick and having aperture ratio of approximately 30%; see Fig. 11). Fig 12 shows the negative electrode sheet manufactured in the said way.
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Fig. 10 Image of the winding method of positive and negative electrode sheets
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Fig. 11 Perforated nickel foils use to fix lithium metal foils
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Fig. 12 Negative electrode sheet with the lithium metal foils fixed by the perforated nickel foils
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(a) Laying the positive and negative electrode sheets with each other

(b) Winding the sheets with both hands
Next, an electrode assembly was finished while winding the lithium metal foil with both hands several times via the separator so that the coated surfaces of the positive and negative electrode sheets became flush each other (see Fig. 13). Lastly, the electrode assembly was mounted to the pouch type of aluminum laminate package (measuring 60 mm by 100 mm by 5 mm thick) used for lithium ion batteries and pouring electrolyte into the package to finish it as a cell. Like the Prototype A, approximately 10 milliliters of electrolyte was poured.
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(c) Finishing the sheets as an electrode assembly
(d) Finished cell
Fig. 13 Manufacturing electrode assembly by the winding method
4. Evaluation of charge/discharge characteristics of 　prototype lithium-ion capacitor
As to the Prototypes A and B, an evaluation of their charge/discharge characteristics was performed to evaluate their basic characteristics as a lithium-ion capacitor. For the evaluation, a capacitor cell was manufactured and applied pre-dope treatment to it by leaving it at room temperature for a period of four days.
Fig. 14 shows the charge characteristics of the Prototype A when making 40-mA constant current/constant voltage (CCCV) charging. The aging characteristics of charge voltage gradually increased in an almost linear profile unlike to nonlinear voltage characteristics of lithium ion batteries. As to the aging characteristics of charge current, constant current was charged until the capacitor was fully charged and gradually reduced after it was fully charged.
Fig. 15 shows the discharge characteristics of the Prototype A. The discharge capacity of the Prototype A was 2 mA at a maximum. Discharging could be made until the discharge end voltage reached 0V that was the advantage of capacitors. Capacitance could be value could be estimated as listed in Table 4 by regarding the discharge characteristics at 1 mA and 2 mA as a straight line.
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(a) Terminal voltage
[image: image36.png]HS 6@ - K72050IELAPI [EHE-F] - Word

T b BA TS Lo SETER ELdaxE

1 BRAISRISEL 121 160 160 81 B R e B0 E 1 @ E e B @S B

1
010 % 9 %0 @ @ 50 ORI
Caprd e it .
(2) Terminal voltage
N “
o

120
Charge cument (mA)
8

. .
8 0
o o s 0o
Lapsed time (minutes) o
-
i 14~ e ooty s -
K ] bJ

35A-y 49%F B [l B -+ 140%





(b) Charging current
Fig. 14 Charge characteristics of Prototype A
Fig 16 shows the charge characteristics of the Prototype B when making constant current/constant voltage (CCCV) charging in the current range of 20 to 60 mA. The aging characteristics of charge voltage are considered to gradually increase in an almost linear profile.
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Fig. 15 Discharge characteristics of Prototype A
Table 4 Estimated capacitance of Prototype A
[image: image38.emf]Current [mA] 1 2 Average

Capacitance [F] 0.029 0.048 0.038


Fig. 17 shows the discharge characteristics of the Prototype B. Discharging could be made until the discharge end voltage reached 0V. It could be verified that the discharge capacity of the Prototype B was 6 mA at a maximum. An increase in the discharge capacity approximately 3 times as much as that of the Prototype A could be achieved. Capacitance could be estimated as listed in Table 5 by regarding all the discharge characteristics as a straight line. Capacitance approximately 7 times as much as that of the Prototype A could be obtained.
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Fig. 16 Charge characteristics of Prototype B
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Fig. 17 Discharge characteristics of Prototype B
Table 5 Estimated capacitance of Prototype B
[image: image41.emf]Current [mA] 3 4 5 6 Average

Capacitance [F] 0.4 0.32 0.2 0.18 0.28


5. Conclusion
We were unfamiliar with many things such as handling of lithium metal. However, we endeavored to manufacture the lithium-ion capacitor at the laboratory level and the measurement results could be achieved as originally planned.  The results achieved are summarized as below.

(1) A lot of information and knowledge about how to handle metals could be obtained through this research. We worked on the research with continuous tensions particularly in taking out lithium metal from the storage bag in the vacuum glove box and cutting it with the roller cutter. However, this made us have a precious experience to proceed with subsequent prototyping.
(2) For sticking of cut lithium metal to the uncoated surface to the negative electrode sheet, a method of fixing the lithium metal with perforated nickel metal foils applicable to spot welding could be devised based on the sticking method with the use of electrode tapes.
(3) The electrode assembly could be manufactured by the laminating method and the winding method before storing in the aluminum laminate package. The laminated type of cells manufactured first was of the two layer type. However, it was found that the capacity of the capacitors could be further increased by piling up materials in multilayers.
(4) Since the winding method required mounting a number of lithium metals, perforated electrode tapes were manufactured and the method of fixing the lithium metals with the tapes for the first try of the Prototype B was applied. However, this method resulted in failures in sticking sometimes and provided poor workability. Consequently, perforated nickel metal foils that were applicable to spot welding were manufactured. This enabled us to mount lithium metal comparatively efficiently.
(5) By making measurement of charge and discharge characteristics of the Prototype A manufactured by the laminating method, linear charge characteristics and repeated discharge characteristics up to 0 [V] that were the advantages of lithium-ion capacitors could be obtained. Furthermore, when capacitance was estimated from the discharge characteristics, the average value of 0.04[F] could be obtained.
(6) As the result of measurement of the charge/discharge characteristics of the prototype B manufactured by the winding method. It could be verify the capacitor-specific characteristics almost similar to those of the Prototype A. Furthermore, when capacitance was estimated from the discharge characteristics, the average value of 0.3 [F] could be obtained. An increase in the capacitance can be expected by applying the winding method.
(7) The profile of the temporal characteristics during charging/discharging of the prototype A/B was distinctly different compared to the aging characteristics of lithium ion batteries obtained in the past. As a result, it could be ensured that such characteristics were unique to lithium-ion capacitors.
In the future, we would like to further work on prototyping in order to increase the capacity of capacitors and on the comparison of characteristics taking pre-doping temperature and time as parameters.
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