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ULTRACAPACITOR WITH IMPROVED AGING PERFORMANCE

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of priority under 35 U.S.C. § 120 of U.S. Patent
Application Serial No. 13/081,898 filed on April 7, 2011, and U.S. Patent Application Serial
No. 14/031406 filed on September 19, 2013, the contents of which are relied upon and
incorporated herein by reference in their entirety.

BACKGROUND
[0002] The present disclosure relates generally to activated carbon materials and more
specifically to electric double layer capacitors comprising activated carbon-based electrodes.
[0003] Energy storage devices such as ultracapacitors may be used in a variety of
applications such as where a discrete power pulse is required. Example applications range
from cell phones to hybrid vehicles. Ultracapacitors typically comprise a porous separator
and an organic electrolyte sandwiched between a pair of carbon-based electrodes. The
energy storage is achieved by separating and storing electrical charge in the electrochemical
double layers that are created at the interfaces between the electrodes and the electrolyte.
Important characteristics of these devices are the energy density and power density that they
can provide, which are both largely determined by the properties of the carbon that is
incorporated into the electrodes.
[0004] Carbon-based electrodes suitable for incorporation into high energy density devices
arc known. The carbon materials, which form the basis of the electrodes, can be made from
natural or synthetic precursor materials. Natural precursor materials include coals, nut shells,
and biomass. Synthetic precursor materials typically include phenolic resins. With both
natural and synthetic precursors, carbon materials can be formed by carbonizing the precursor
and then activating the resulting carbon. The activation can comprise physical (e.g., steam)
or chemical activation.
[0005] A property of the carbon that can influence its performance when incorporated into
high energy density devices such as electric double layer capacitors (EDLCs) is the specific
capacitance. Higher specific capacitance generally results in a higher volumetric energy
density of the resulting device. In relation to the capacitance, a beneficial attribute is the
ability to maintain (or not significantly lose) capacitance over time and/or as a result of

multiple charge-discharge cycles that accumulate with use. Aging of the carbon materials,
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such as by radical or ion trapping, can reduce the useful life of ultracapacitors comprising
activated carbon-based electrodes.
[0006] Accordingly, it would be an advantage to provide activated carbon materials as well
as methods for making activated carbon materials having a high specific capacitance that are
resistant to aging. Such materials can be used to form carbon-based electrodes that enable
cfficient, long-life and high energy density devices.
SUMMARY

[0007] According to one embodiment, an electric double layer capacitor comprises a first
electrode including a first carbon material and a second electrode including a second carbon
material, wherein a pore volume ratio of the first carbon material is greater than a pore
volume ratio of the second carbon material. In embodiments, the first carbon material is
incorporated in a positive electrode while the second carbon material is incorporated in a
negative electrode. The pore volume ratio R of activated carbon is defined as R = V1/V,
where V1 is a total volume of pores having a pore size of less than 1nm, and V is a total
volume of pores having a pore size greater than 1nm, e.g., between 1 and 2 nm, between 1
and 5 nm, or between 1 and 10 nm.
[0008] By providing an asymmetric distribution of pore size and/or pore size distribution in
the respective positive and negative electrodes, the electrode materials can be tailored for
more efficient interaction with particular ions (anions and cations) and radicals within the
clectrolyte.
[0009] Additional features and advantages will be set forth in the detailed description
which follows, and in part will be readily apparent to those skilled in the art from that
description or recognized by practicing the invention as described herein, including the
detailed description and the claims.
[0010] It is to be understood that both the foregoing general description and the following
detailed description present embodiments of the disclosure, and are intended to provide an
overview or framework for understanding the invention as it is claimed.
[0011] The accompanying drawings are included to provide a further understanding of the
disclosure, and are incorporated into and constitute a part of this specification.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] Fig. 1 is a schematic cross-section of a portion of an example electric double layer

capacitor;
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[0013] Fig. 2 is a plot of pore volume versus pore size for an example KOH-activated
carbon;
[0014] Fig. 3 is a plot of pore volume versus pore size for an example steam-activated
carbon; and
[0015] Fig. 4 is a graph illustrating capacitive aging in comparative and inventive electric
double layer capacitor cells.

DETAILED DESCRIPTION
[0016] An ultracapacitor, also known as a double-layer capacitor, polarizes an electrolytic
solution to store energy electrostatically. Though it is an electrochemical device, no chemical
reactions are involved in the energy storage mechanism. The mechanism is reversible, which
allows the ultracapacitor to be charged and discharged many times.
[0017] Ultracapacitors typically comprise two porous electrodes that are isolated from
electrical contact with each other by a porous dielectric separator. The separator and the
clectrodes are impregnated with an electrolytic solution, which allows ionic current to flow
between the electrodes while preventing electronic current from discharging the cell. Each
clectrode is typically in electrical contact with a current collector. The current collector,
which can comprise a sheet or plate of electrically-conductive material (e.g., aluminum) can
reduce ohmic losses while providing physical support for the porous electrode material.
[0018] Within an individual ultracapacitor cell, and under the influence of an applied
electric potential, an ionic current flows due to the attraction of anions in the electrolyte to the
positive electrode and cations to the negative electrode. Ionic charge can accumulate at each
of the electrode surfaces to create charge layers at the solid-liquid interfaces. The
accumulated charge is held at the respective interfaces by opposite charges in the solid
electrode to generate an electrode potential. Generally, the potential increases as a linear
function of the quantity of charged species (ions and radicals) stored at or on the electrode.
[0019] During discharge of the cell, a potential across the electrodes causes ionic current to
flow as anions are discharged from the surface of the positive electrode and cations are
discharged from the surface of the negative electrode. Simultaneously, an electronic current
can flow through an external circuit located between the current collectors. The external
circuit can be used to power electrical devices.
[0020] The performance of electric double layer capacitors (EDLCs) comprising carbon-
based electrodes can be intimately related to the properties of the carbon. Specifically, the

total available porosity and pore size distribution can impact EDLC performance. It has been
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commonly thought that significant quantities of mesopores are needed for electrolyte ion
access to the interior surfaces of the carbon material. In this disclosure, it is demonstrated
that EDLCs comprising activated carbon that is tailored to the size of the respective positive
and negative ions in the electrolyte exhibit a high specific capacitance (or energy density) and
superior resistance to capacitive aging than EDLCs using homogeneous carbon-based
electrodes. This advantage is attributable to the customized pore size distribution of the
carbon materials.

[0021] FIG. 1 is a schematic illustration of an example ultracapacitor 10, which includes
the tailored electrode architecture disclosed herein. Ultracapacitor 10 includes an enclosing
body 12, a pair of current collectors 22, 24, a positive electrode 14 and a negative electrode
16 each formed over one of the current collectors, and a porous separator layer 18. Electrical
leads 26, 28 can be connected to respective current collectors 22, 24 to provide electrical
contact to an external device. Electrodes 14, 16 comprise porous activated carbon layers that
are formed over the current collectors. A liquid electrolyte 20 is contained within the
enclosing body and incorporated throughout the porosity of both the porous separator layer
and each of the porous electrodes. In embodiments, individual ultracapacitor cells can be
stacked (e.g., in series) to increase the overall operating voltage. Ultracapacitors can have a
jelly roll design, prismatic design, honeycomb design, or other suitable configuration.

[0022] The enclosing body 12 can be any known enclosure means commonly-used with
ultracapacitors. The current collectors 22, 24 generally comprise an electrically-conductive
material such as a metal, and commonly are made of aluminum due to its electrical
conductivity and relative cost. For example, current collectors 22, 24 may be thin sheets of
aluminum foil.

[0023] Porous separator 18 electronically insulates the carbon-based electrodes 14, 16 from
each other while allowing ion diffusion. The porous separator can be made of a dielectric
material such as cellulosic materials, glass, and inorganic or organic polymers such as
polypropylene, polyesters or polyolefins. In embodiments, a thickness of the separator layer
can range from about 0.5 mil to 10 mils.

[0024] The electrolyte 20 serves as a promoter of ion conductivity, as a source of ions, and
may serve as a binder for the carbon. The electrolyte typically comprises a salt dissolved in a
suitable solvent. Suitable electrolyte salts include quaternary ammonium salts such as those

disclosed in commonly-owned U.S. Patent Application No. 13/011,066, the disclosure of
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which is incorporated herein by reference. An example quaternary ammonium salt is
tetracthylammonium tetraflouroborate ((Et)sNBF,).

[0025] Example solvents for the electrolyte include but are not limited to nitrites such as
acetonitrile, acrylonitrile and propionitrile; sulfoxides such as dimethyl, diethyl, ethyl methyl
and benzylmethyl sulfoxide; amides such as dimethyl formamide and pyrrolidones such as N-
methylpyrrolidone. In embodiments, the electrolyte includes a polar aprotic organic solvent
such as a cyclic ester, chain carbonate, cyclic carbonate, chain ether and/or cyclic ether
solvent. Example cyclic esters and chain carbonates have from 3 to 8 carbon atoms, and in
the case of the cyclic esters include B-butyro-lactone, y-butyrolactone, y-valerolactone and d-
valerolactone. Examples of the chain carbonates include dimethyl carbonate, diethyl
carbonate, dipropyl carbonate, methyl ethyl carbonate, methyl propyl carbonate and ethyl
propyl carbonate. Cyclic carbonates can have from 5 to 8 carbon atoms, and examples
include 1,2-butylene carbonate, 2,3-butylene carbonate, 1,2-pentene carbonate, 2,3-pentene
carbonate and propylene carbonate. Chain ethers can have 4 to 8 carbon atoms. Example
chain ethers include dimethoxyethane, diethoxyethane, methoxyethoxyethane,
dibutoxyethane, dimethoxypropane, diethoxypropane and methoxyethoxypropnane. Cyclic
ethers can have from 3 to 8 carbon atoms. Example cyclic ethers include tetrahydofuran, 2-
methyl-tetrahydrofuran, 1,3-dioxolan, 1,2-dioxolan, 2-methyldioxolan and 4-methyl-
dioxolan.

[0026] In various embodiments, the activated carbon used to form the carbon-based
electrodes can be derived from a variety of different carbon precursor materials. Example
carbon precursor materials and associated methods of forming activated carbon are disclosed
in commonly-owned U.S. Patent Application Nos. 12/335,044, 12/335,078, 12/788,478 and
12/970,073, the entire contents of which are hereby incorporated by reference.

[0027] As an overview to an example method, a carbon precursor material can be heated at
a temperature effective to first carbonize the precursor material. Example carbonization
temperatures are greater than about 450°C (e.g., at least 450, 500, 550, 600, 650, 700, 750,
800, 850 or 900°C). An inert or reducing atmosphere can be used during carbonization of the
carbon precursor. Example gases and gas mixtures include one or more of hydrogen,
nitrogen, ammonia, helium and argon. The carbonized material can be activated.

[0028] Physical or chemical activation processes may be used to produce activated carbon.
In a physical activation process, raw material or carbonized material is exposed to typically

oxidizing conditions (carbon monoxide, oxygen or steam) at elevated temperatures (e.g.,
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greater than 250°C). Chemical activation on the other hand involves impregnating raw or
carbonized material with an activating agent, and then heating the impregnated carbon to a
temperature typically in the range of 400-900°C. Chemical activating agents include alkali
hydroxides or chlorides (e.g., NaOH, KOH, NaCl, KCl), phosphoric acid, or other suitable
salts such as CaCl, or ZnCl,.

[0029] Following chemical activation, the activated carbon can be washed to remove
inorganic compounds and any chemical species derived from reactions involving the
activating agent. Whether produced by steam or by chemical activation, the activated carbon
can be dried and optionally ground to produce material comprising a substantially
homogeneous distribution of porosity.

[0030] The performance (energy and power density) of an ultracapacitor depends largely
on the propertics of the activated carbon that makes up the electrodes. The activated carbon
materials disclosed herein can be used to form carbon-based electrodes for economically
viable, high power, high energy density devices. The properties of the activated carbon, in
turn, can be gauged by evaluating the surface area, porosity and pore size distribution of the
material, as well as by evaluating the electrical properties of a resulting ultracapacitor.
Relevant electrical properties include the area-specific resistance, and the specific
capacitance.

[0031] In embodiments, the activated carbon can be characterized by a high surface area.
A carbon-based electrode for an EDLC can include carbon having a specific surface area
greater than about 300 m?/ g, i.e., greater than 300, 350, 400, 500 or 1000 mz/g. Further, the
activated carbon can have a specific surface arca less than 2500 mz/g, i.e., less than 2500,
2000, 1500, 1200 or 1000 m*/g.

[0032] The activated carbon can comprise micro-, meso- and/or macroscale porosity. As
defined herein, microscale pores have a pore size of 2 nm or less. Mesoscale pores have a
pore size ranging from 2 to 50 nm. Macroscale pores have a pore size greater than 50 nm. In
an embodiment, the activated carbon comprises a majority of microscale pores. As used
herein, the term “microporous carbon” and variants thereof means an activated carbon having
a majority (i.e., at least 50%) of microscale pores. A microporous, activated carbon material
can comprise greater than 50% microporosity (e.g., greater than 50, 55, 60, 65, 70, 75, 80, 85,
90 or 95% microporosity).
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[0033] According to embodiments, a carbon-based electrode for an EDLC comprises
activated carbon having a total porosity greater than about 0.4 cm’/g (e.g., greater than 0.4,
0.45,0.5,0.55,0.6,0.65 or 0.7 cm3/g). The portion of the total pore volume resulting from
micropores (d <2 nm) can be about 90% or greater (e.g., at least 90, 94, 94, 96, 98 or 99%)
and the portion of the total pore volume resulting from ultramicropores (d < 1 nm) can be
about 50% or greater (e.g., at least 50, 55, 60, 65, 70, 75, 80, 85, 90 or 95%).

[0034] The pore size distribution of the activated carbon can include ultramicropores,
micropores, mesopores and macropores and may be characterized as having a unimodal,
bimodal or multi-modal pore size distribution. The ultramicropores can comprise 0.2 cm’ /g
or more (e.g., 0.2, 0.25, 0.3, 0.35 or 0.4 cm’/g or more) of the total pore volume. Pores
having a pore size (d) in the range of 1<d<2 nm can comprise 0.05 cm®/g or more (e.g., at
least 0.1, 0.15, 0.2 or 0.25 cm’/g) of the total pore volume. If present, any pores having a
pore size greater than 2 nm, which may include mesopores and/or macropores, can comprise
0.15 cm’/g or less (e.g., less than 0.1 or 0.05 cm’/g) of the total pore volume.

[0035] Once formed, the activated carbon can be incorporated into a carbon-based
electrode. In a typical electric double layer capacitor (EDLC), a pair of carbon-based
clectrodes is separated by a porous separator and the electrode/separator/electrode stack is
infiltrated with a liquid organic or inorganic electrolyte. The electrodes may comprise
activated carbon that has been mixed with other additives (e.g., binders) and compacted into a
thin sheet and laminated to a conductive metal current collector backing.

[0036] One method for producing a carbon-based electrode comprises heating a suitable
carbon precursor in an inert or reducing atmosphere to form a first carbon material, mixing
the first carbon material with an inorganic compound to form an aqueous mixture, heating the
aqueous mixture in an inert or reducing atmosphere to incorporate the inorganic compound
into the first carbon material, removing the inorganic compound from the first carbon
material to produce an activated carbon material, optionally heating the activated carbon in an
inert or reducing atmosphere to decrease the oxygen content in the activated carbon, and
forming a carbon-based electrode from the activated carbon.

[0037] By way of example, a carbon paper having a thickness in the range of about 100-
300 micrometers can be prepared by rolling and pressing a powder mixture comprising 60-90
wt.% activated carbon, 5-20 wt.% carbon black and 5-20 wt.% PTFE. Carbon sheets can be
stamped or otherwise patterned from the carbon paper and laminated to a conductive current

collector to form a carbon-based electrode. The carbon-based electrode can be incorporated



WO 2015/042016 PCT/US2014/055786

into an energy storage device. During use, an electric double layer can form via the stored
charge that accumulates on opposing electrodes. The amount of charge stored in the electric
double layer impacts the achievable energy density and power density of the capacitor.
[0038] According to an embodiment, an electrochemical cell comprises a first electrode
comprising a first activated carbon material, a second electrode comprising a second
activated carbon material, a porous separator, and a pair of electrically conductive current
collectors, wherein the porous separator is disposed between the first electrode and the
second electrode, and the first and second electrodes are each in electrical contact with a
respective current collector.

[0039] The electrolyte typically comprises an ionic salt dissolved in a solvent and is
adapted to permeate the porous electrodes and the porous separator. It will be appreciated
that with ionic salts such as tetracthylammonium tetrafluoroborate, the tetracthylammonium
cation is larger than the tetraflouroborate anion. Without wishing to be bound by theory, the
size of the (Et)4N" cation is estimated be about 0.68 nm, while the size of the BF; anion is
estimated to be about 0.48 nm.

[0040] Conventional approaches to the design of carbon-based electrodes typically involve
maximizing the internal volume of the carbon material, which maximizes the achievable
energy density. Specifically, these approaches lead to a predominance of smaller pores
which yield a higher surface area per unit volume and thus a higher capacitance. Smaller
pores, however, may inhibit the access and adsorption of larger ions. Further, aging-
associated deposition of decomposition products from electrolyte may inhibit ion movement
or cause ion trapping, which can yield to an undesired attenuation in the capacitance over
time and/or cycling of the ultracapacitor.

[0041] Applicants have discovered that the pore size as well as the pore size distribution in
the carbon-based electrodes can be optimized to account for the disparate ion sizes typically
encountered in salt-based electrolytes. Specifically, Applicants have found that the loss of
capacitance (e.g., due to ion trapping) can be minimized by tuning the activated carbon pore
size and pore size distribution to the size of the ion that interacts with that particular carbon-
based electrode.

[0042] As described herein, activated carbon can be characterized by a pore volume ratio
R, which is defined as a ratio of pore volumes (V1/V), where V1 is the volume of pores in the
activated carbon having a size of less than 1nm, and V is the volume of pores having a size

greater than Inm. In one embodiment, a ratio R10 is defined as:
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Vi V(d <lnm)

= = ey
V10 V(l<d <10nm)

[0043] In equation (1), V10 is the volume of pores having a pore size between 1 and 10
nm. Thus, referring to equation (1), larger values of R (e.g., R10>1) characterize activated
carbon materials dominated by ultra-micro pores (d<1 nm), while smaller values of R (e.g.,
R10<1) characterize activated carbon materials dominated by microscale, mesoscale and
potentially larger pores.

[0044] In further embodiments, activated carbon can be characterized by ratios RS or R2,
which are respectively defined as the ratio of pore volumes (V1/V5) and (V1/V2), where V5
is the volume of pores having a size between 1 and 5 nm and V2 is the volume of pores
having a size between 1 and 2 nm.

[0045] In most ionic electrolytes, the cation radius is greater than the anion radius. In one
embodiment, the positive carbon-based electrode(s) in an ultracapacitor (attracting the
typically smaller negative ion) comprise activated carbon having an R ratio greater than the R
ratio of the activated carbon that is incorporated into the negative electrode(s). In this
configuration, the carbon-based electrode that interacts with the smaller anion is engineered
to comprise a greater proportion of ultramicropores, while the carbon-based electrode that
interacts with the cation is engineered to have a larger average pore size. Accordingto a
related embodiment, the positive electrode(s) in an ultracapacitor can have an R ratio greater
than 1, and the negative electrode(s) can have an R ratio less than 1. In a still further
embodiment, the R ratio characterizing the activated carbon that interacts with the smaller
electrolyte ion can be greater than the R ratio characterizing the activated carbon that
interacts with the larger electrolyte ion.

[0046] In embodiments, an ultracapacitor comprises first and second electrodes each
comprising respective first and second activated carbon, where an R ratio of the first
activated carbon material can range from about 0.5 to 3 (e.g., 0.5, 0.75, 1, 1.5, 2, 2.5 or 3) and
the R ratio of the second activated carbon material can independently range from about 0.5 to
3(e.g,0.5 075, 1,1.5,2,2.5o0r3). Inanexample, the R ratio of activated carbon
incorporated into a positive electrode can range between 2 and 3, and the R ratio of activated
carbon incorporated into a negative electrode can range between 0.75 and 1.

[0047] The tuned carbon electrode assembly allows positive and negative ions to easily
move in and out of the pores of the respective carbon electrodes, which minimizes

capacitance fade while maintaining excellent performance.
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[0048] In addition to adjusting the pore size distribution, Applicants have found that the
initial capacitance of an ultracapacitor comprising tuned carbon-based electrodes can be
increased by increasing the thickness of the negative electrode relative to the positive
clectrode. In embodiments, the negative electrode thickness can be 5, 10, 20, 30, 40, 50, 60,
70, 80, 90 or 100% greater than the positive electrode thickness.
[0049] In one embodiment, an electric double layer capacitor comprises a first electrode
(e.g., positive electrode) comprising a first carbon material and a second electrode (e.g.,
negative electrode) comprising a second carbon material, where a pore volume ratio (e.g.,
R10, RS or R2) of the first carbon material is greater than a corresponding pore volume ratio
(R10, RS or R2) of the second carbon material.

Examples
[0050] The invention will be further clarified by the following examples.
Example 1
[0051] Wheat flour (3000 g) is placed in a graphite crucible and heated in a retort furnace
(CM Furnaces model 1216FL). The furnace temperature is increased at a heating rate of
150°C/hr from room temperature to 800°C, maintained at 800°C for 2 hrs, and then allowed
to cool down naturally to 70°C or less. During the foregoing heating/cooling cycle, the
furnace is purged with N».
[0052] As a result of heating under flowing N>, the wheat flour is carbonized and
converted to a carbon material. The carbon can be ground to a powder using a hammer
pound, pulverization and vibramilling. The ground carbon powder can have a particle size
(dsp) of 10 micrometers or less (e.g., 1, 2, 5 or 10 micrometers).
[0053] The powdered carbon (300 grams) is mixed with 1500 grams of a 45 wt.% aqueous
solution of KOH. The resulting mixture is stirred and heated at about 100°C on a hot plate
until the liquid is removed and a solid cake is formed. The cake can be broken into smaller
pieces by mechanical force.
[0054] The carbon/KOH mixture is placed in SiC crucibles (Hexoloy® SA grade) and
heated in a retort furnace. The furnace temperature is increased at a heating rate of 150°C/hr
from room temperature to 750°C, maintained at 750°C for 2 hours, and then allowed to cool
down naturally to a temperature of about 100°C. During this heating/cooling cycle, the
furnace is purged with N,. By heating the carbon/KOH mixture, the KOH can be

incorporated into the carbon material
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[0055] During cooling, once the furnace temperature reaches 100°C, the furnace
temperature is maintained at 100°C for 3 additional hours during which time the furnace is
purged with N saturated with water vapor. Nitrogen gas saturated with water vapor can be
produced by bubbling N, gas through 95°C de-ionized water. The furnace is then allowed to
cool down naturally to 70°C or lower.

[0056] The resulting activated carbon can then be washed to remove excess potassium,
potassium compounds, and other impurities. Washing can comprise rinsing the activated
carbon with water or, according to an embodiment, alternately rinsing the activated carbon
with water and a mixture of water and acid. One example washing sequence is disclosed
below.

[0057] In a first washing step, the activated carbon is combined with 3000 mL of de-
ionized water and the mixture is stirred and heated on a hot plate at a temperature of from
about 90 to 100°C for 30 minutes. Solid material (i.e., carbon) can be separated from the
liquid by vacuum-assisted filtration.

[0058] In a second washing step, the previously-obtained carbon material is combined first
with 1980 mL of de-ionized water and then 990 mL of 37% aqueous HCl. The mixture is
stirred and heated on a hot plate at a temperature of from about 90 to 100°C for 60 minutes,
after which the solid material is separated from the liquid by vacuum-assisted filtration.
[0059] 1In order to decrease the oxygen content in the activated carbon, the activated carbon
can be treated with an additional heat treatment, which includes heating the activated carbon
in an inert or reducing atmosphere.

[0060] In an embodiment, the activated carbon is placed in SiC crucibles and loaded into a
furnace (CM Furnaces model 1216FL or 1212FL). The furnace temperature is increased at a
heating rate of 150°C/hr to a temperature of about 800°C, maintained at temperature for 2
hours, and then allowed to cool down naturally. During the foregoing heating/cooling cycle,
the furnace is constantly purged, e.g., with N, or a Hy/N, mixture.

[0061] Pore size data is determined using N, adsorption on a Micromeritics ASAP 2420
and calculated using the Density Functional Theory (DFT) assuming slit pores. The pore size
distribution of the chemically-activated carbon is shown in Fig. 2.

[0062] Electrical properties of the carbon can be obtained by incorporating the activated
carbon into carbon-based electrodes, which are in turn incorporated into an ultracapacitor.
To form the carbon-based electrodes, the activated carbon is first combined with conductive

carbon (e.g., Black Pearls®, which is marketed by Cabot Corporation, Boston, MA Black
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Pearl 2000) and Teflon® (PTFE). The carbon black serves as a conductive additive and the
PTFE serves as a binder. The activated carbon, carbon black and PTFE are blended in the
proportion of 85:5:10 by weight and rolled into thin sheets, which are laminated onto
aluminum current collectors. The carbon-based electrodes are rolled into jelly roll using a
cellulosic separator, and then placed into an aluminum can to form an ultracapacitor for
testing. A solution of 1.5 M tetracthylammonium tetrafluoroborate (TEA-TFB) in
acetonitrile is used as the electrolyte.

[0063] A comparative ultracapacitor was constructed using identical positive and negative
carbon-based electrodes, i.e., the same microporous carbon material was used to form each
electrode. The activated carbon made using the foregoing method had an RS value
(V(d<1nm)/V(1<d<5nm)) of about 2.6 and an R2 value (V(d<Inm)/V(1<d<2nm)) of about
2.6. The thickness of the electrodes was about 100 microns. The initial capacitance of the
ultracapacitor was about 495 Farads.

Example 2

[0064] A commercially-available steam-activated carbon was used to prepare a second
comparative ultracapacitor. The carbon-based electrodes were prepared in the manner
described in Example 1. Referring to Fig. 3, which shows the corresponding pore size
distribution, the microporous steam-activated carbon had an RS value of about 0.88 and an
R2 value of about 0.97, which is consistent with a lower pore volume attributable to
ultramicropores. The resulting ultracapacitor had an initial capacitance of about 350 Farads.
Example 3

[0065] An inventive ultracapacitor was fabricated using both the chemically-activated
carbon of Example 1 and the steam-activated carbon of Example 2. The positive electrode of
the ultracapacitor (which interacts with the smaller BF4™ anions) was made using the
chemically-activated carbon of example 1 (R5~2.6) and the negative electrode was made
using the steam activated carbon (R5~0.88). The thickness of each electrode was about 100
microns. The initial capacitance of the ultracapacitor was about 440 Farads.

[0066] The ultracapacitor cells from Examples 1-3 were subjected to accelerated aging at
2.5V and 65°C, and their performance was measured periodically. Fig. 4 is a plot showing
the percent decline in the measured capacitance over time. In Fig. 4, curves I, Il and 111
correspond to the aging test results corresponding to Example 1-3 respectively, with curves

[Ta and [Ib representing repeated testing of the inventive Example 3 cell.
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[0067] As seen in Fig. 4, the percent decline in capacitance for the tailored electrodes of
Example 3 was only about 7% at 200 hours, compared to 17% and 9% declines respectively
for Examples 1 and 2.

Example 4

[0068] The experiment of Example 3 was repeated except the thickness of the negative
carbon-based electrode was engineered to have a thickness 5% greater than the thickness of
the positive electrode. The thickness of the negative electrode was about 105 microns, while
the thickness of the positive electrode was about 100 microns. Although the overall aging
behavior of the ultracapacitor incorporating the thicker negative electrode was similar to the
aging behavior observed for Example 3, the initial cell capacitance was about 455 Farads.
Example 5

[0069] In order to clearly demonstrate the beneficial results associated with the tailored
electrodes of Examples 4 and 5, Example 3 was again repeated except the activated carbon
materials in the respective positive and negative electrodes were exchanged. In the present
example, the chemically-activated carbon (having the greater R ratio) was incorporated into
the negative electrode, while the steam-activated carbon was incorporated into the positive
electrode. As seen in Fig. 4, where curves IVa and IVb represent data from repeat testing of
this inverted configuration, the decrease in capacitance was dramatic. After 200 hours, the
capacitance drop was about 23%, which clearly underscores the benefit of appropriately
associating pore size distribution with ion size.

[0070] This disclosure provides electric double layer capacitors having positive and
negative electrodes that comprise first and second carbon-based electrodes where the pore
size and pore size distribution within the respective electrodes are tailored to the size of the
ion that interacts with that electrode. Such customization provides high specific capacitance
as well as improved capacitive aging and long term stability. Methods for making such
activated carbon materials are also disclosed.

(13 29 <
a

[0071]  As used herein, the singular forms an” and “the” include plural referents
unless the context clearly dictates otherwise. Thus, for example, reference to a “solvent”
includes examples having two or more such “solvents” unless the context clearly indicates
otherwise.

[0072] Ranges can be expressed herein as from “about” one particular value, and/or to
“about” another particular value. When such a range is expressed, examples include from the

one particular value and/or to the other particular value. Similarly, when values are
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expressed as approximations, by use of the antecedent “about,” it will be understood that the
particular value forms another aspect. It will be further understood that the endpoints of each
of the ranges are significant both in relation to the other endpoint, and independently of the
other endpoint.

[0073] Unless otherwise expressly stated, it is in no way intended that any method set forth
herein be construed as requiring that its steps be performed in a specific order. Accordingly,
where a method claim does not actually recite an order to be followed by its steps or it is not
otherwise specifically stated in the claims or descriptions that the steps are to be limited to a
specific order, it is no way intended that any particular order be inferred.

[0074] It is also noted that recitations herein refer to a component of the present invention
being “configured” or “adapted to” function in a particular way. In this respect, such a
component is “configured” or “adapted to” embody a particular property, or function in a
particular manner, where such recitations are structural recitations as opposed to recitations
of intended use. More specifically, the references herein to the manner in which a component
is “configured” or “adapted to” denotes an existing physical condition of the component and,
as such, is to be taken as a definite recitation of the structural characteristics of the
component.

[0075] 1t will be apparent to those skilled in the art that various modifications and
variations can be made to the present invention without departing from the spirit and scope of
the invention. Since modifications combinations, sub-combinations and variations of the
disclosed embodiments incorporating the spirit and substance of the invention may occur to
persons skilled in the art, the invention should be construed to include everything within the

scope of the appended claims and their equivalents.
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What is claimed is:

1. An electric double layer capacitor comprising:

a first electrode comprising a first carbon material and a second electrode comprising
a second carbon material, wherein

a pore volume ratio of the first carbon material is greater 1, and

a pore volume ratio of the second carbon material is less than 1, the pore volume ratio
R being defined as R = V1/V, where V1 is a volume of pores having a pore size of less than

Inm, and V is a volume of pores having a pore size greater than 1 nm.

2. An electric double layer capacitor according to claim 1, wherein the pore volume ratio of
the first carbon material is between 1 and 3 and the pore volume ratio of the second carbon

material is between 0.5 and 1.

3. An electric double layer capacitor according to claim 1, wherein the pore volume ratio of
the first carbon material is between 2 and 3 and the pore volume ratio of the second carbon

material is between 0.75 and 1.

4. An electric double layer capacitor according to claim 1, wherein the first electrode is a

positive electrode and the second electrode is a negative clectrode.

5. An electric double layer capacitor according to claim 1, wherein the first electrode is a
positive electrode, the second electrode is a negative electrode and a thickness of the negative

electrode is greater than a thickness of the positive electrode.

6. An electric double layer capacitor according to claim 1, wherein V is a volume of pores

having a pore size between 1 nm and 10 nm.

7. An electric double layer capacitor according to claim 1, wherein V is a volume of pores

having a pore size between 1 nm and 5 nm.

8. An electric double layer capacitor according to claim 1, wherein V is a volume of pores

having a pore size between 1 nm and 2 nm.
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9. An electric double layer capacitor according to claim 1, wherein the first electrode
comprises a mixture of the first carbon material, conductive carbon and binder, and the
second electrode comprises a mixture of the second carbon material, conductive carbon and

binder.

10. An electric double layer capacitor according to claim 1, wherein the electric double layer
capacitor further comprises an electrolyte solution comprising a salt dissolved in a solvent,
where the salt is selected from the group consisting of organic acids, inorganic acids and

ammonium salts.

11. An electric double layer capacitor according to claim 1, wherein the electric double layer
capacitor further comprises an electrolyte solution comprising tetracthyl ammonium

tetrafluoroborate and acetonitrile or trimethyl ethyl ammonium tetrafluoroborate and acetonitrile.

12. An electric double layer capacitor according to claim 1, wherein a portion of the total
pore volume resulting from micropores in the first carbon material is at least 96% and a
portion of the total pore volume resulting from micropores in the second carbon material is at

least 90%.

13. An electric double layer capacitor according to claim 1, wherein a portion of the total

pore volume resulting from ultramicropores in the first carbon material is at least 50%.

14. An electric double layer capacitor comprising:

a first electrode comprising a first carbon material and a second electrode comprising
a second carbon material, wherein

the first carbon material has a pore volume ratio R and a pore volume ratio R2, the
pore volume ratio R being defined as R = V1/V, and the pore volume ratio R2 being defined
as R2=V1/V2, where V1 is a total volume of pores having a pore size of less than 1nm, V is a
total volume of pores having a pore size greater than 1 nm, V2 is a total volume of pores

having a pore size greater than 1 nm but less than 2 nm, and R is equal to R2.

15. Ancelectric double layer capacitor according to claim 14, wherein R>1 and R2>1.

16
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16. An electric double layer capacitor according to claim 14, wherein R for the first carbon
material and R2 for the first carbon material are each greater than R for the second carbon

material.

17. Anelectric double layer capacitor according to claim 14, wherein a portion of the total
pore volume resulting from micropores in the first carbon material is at least 96% and a
portion of the total pore volume resulting from micropores in the second carbon material is at

least 90%.

18. An electric double layer capacitor according to claim 14, wherein a portion of the total

pore volume resulting from ultramicropores in the first carbon material is at least 50%.

19. A method of making an electric double layer capacitor comprising:

forming a first carbon-based electrode having a first carbon material;

forming a second carbon-based electrode having a second carbon material; and

incorporating the first and second carbon-based electrodes into an electric double
layer capacitor, wherein

a pore volume ratio of the first carbon material is greater 1, and

a pore volume ratio of the second carbon material is less than 1, the pore volume
ratio R being defined as R = V1/V, where V1 is a total volume of pores having a pore size of

less than 1nm, and V is a total volume of pores having a pore size greater than 1 nm.
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