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HIGHLY POROUS ACTIVATED CARBON
WITH CONTROLLED OXYGEN CONTENT

PRIORITY
[0001] This application claims priority to United States Patent Application number
12/264,568, filed November 4, 2008, titled “Highly Porous Activated Carbon With
Controlled Oxygen Content”. '

BACKGROUND AND SUMMARY

[0002] The present invention relates to porous activated carbon materials having controlled
oxygen content and more specifically to highly porous activated carbon materials and
methods for forming highly porous activated carbon materials having an oxygen content that
is lower than that for carbon materials produced by conventional processes. The invention
also relates to high power density energy storage devices comprising controlled oxygen
content carbon-based electrodes.

[0003] Energy storage devices such as electric — also called electrochemical — double layer
capacitors (EDLCs), a.k.a. supercapacitors or ultracapacitors may be used in many
applications where a discrete power pulse is required. Such applications range from cell
phones to electric/hybrid vehicles. An important characteristic of an ultracapacitor is the
energy density that it can provide. The energy density of the device, which comprises one or
more carbon electrode(s) separated by a porous separator and/or an organic or inorganic
electrolyte, is largely determined by the properties of the carbon electrodes and, thus, by the
properties of the carbon material used to form the electrodes.

[0004] Indeed, the performance of an energy storage device comprising carbon-based
electrodes is largely determined by the physical and chemical properties of the carbon.
Physical properties include surface area, pore size and pore size distribution, and pore
structure, which includes such features as pore shape and interconnectivity. Chemical
properties refer particularly to surface chemistry, which relates to the type and degree of
surface functionalization.

[0005] Carbon electrodes suitable for incorporation into EDLCs are known. High

performance carbon materials, which form the basis of such electrodes, can be made from
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natural and/or synthetic carbon precursors. For example, activated carbon can be made by
heating a synthetic carbon precursor in an inert environment to a temperature sufficient to
carbonize the precursor. During or following the process of carbonization, the carbon
material can be activated. Activation can comprise physical activation or chemical activation.
[0006] Physical activation is performed by exposing the carbon material to steam or carbon
dioxide (CO,) at elevated temperatures, typically about 800-1000°C. Activation can also be
carried out by using an activating agent other than steam or CO,. Chemical activating agents
such as phosphoric acid (H3POa) or zinc chloride (ZnCl,) can be combined with the carbon
material and then heated to a temperature ranging from about 500-900°C.

[0007] As an alternative to performing chemical activation post-carbonization, one or more
chemical activating agents can be combined with a carbon precursor in a curing step prior to
carbonization. In this context, curing typically comprises mixing a carbon precursor with a
solution of an activating agent and then heating the mixture in air. In addition to phosphoric
acid and zinc chloride, chemical activating agents may also include KOH, K,CO3, KCl,
NaOH, Na,COs, NaCl, AlCl3, MgCl, and/or P,0s, etc.

[0008] In embodiments where a chemical activating agent is used, it is preferred to
homogeneously distribute the chemical activating agent throughout the carbon precursor at a
molecular level prior to curing the carbon precursor. This molecular level mixing prior to
curing enables a homogeneous distribution of porosity after activating.

[0009] The activated carbon product can be washed in an acid or base solution and then
with water to remove both the activating agent and any chemical species derived from
reactions involving the activating agent. The activated carbon can then be dried and
optionally ground to produce material comprising a homogeneous distribution of nanoscale
pores. Activated carbon produced by this method offers significantly higher energy storage
capacity in EDLCs compared to major commercial carbons.

[0010] Whether the carbon material is activated using physical or chemical activation, the
incorporation of oxygen into the carbon, especially in the form of oxygen-containing surface
functionalities, can adversely affect the properties of energy storage devices that comprise
electrodes made from the activated carbon. For example, the presence of oxygen-containing
surface functionalities can give rise to pseudocapacitance, increase the self-discharge or
leakage rate, cause decomposition of the electrolyte, and/or cause a long term increase in

resistance and deterioration of capacitance.
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{001 1] Oxygen functionalities can be introduced both during the curing step, where the
mixture of carbon precursor and activating agent is oxidized at intermediate temperatures, and
during the carbonization and activation steps, where the activating agent (e.g., steam or KOH)
serves as an oxidation agent.

[0012] As aresult of the potentially deleterious effects of incorporated oxygen, it can be
advantageous to control and preferably minimize the oxygen content in activated carbon for
use in energy storage devices such as EDLCs. Accordingly, it would be an advantage to
provide a highly porous activated carbon material having a controlled oxygen content that can
be used to form carbon-based electrodes that enable high energy density devices.

[0013] These and other aspects and advantages of the invention can be accomplished
according to one embodiment wherein, after synthesis of an activated carbon material, a post-
synthesis refining step comprises heating the activated carbon material in an inert or reducing
environment at an elevated temperature. The inert or reducing environment is preferably
substantially free of oxygen. According to a further embodiment, highly porous activated
carbon having controlled oxygen content can be prepared by using a modified curing step. In
the modified curing step, prior to the steps of carbonization and activation, a carbon
precursor/chemical activating agent mixture is heated to an intermediate temperature in an
environment that is substantially free of oxygen. The substantially oxygen-free environment
can comprise one or more inert or reducing gases. A still further embodiment combines both
approaches.

[0014] The activated carbon materials produced according to the present invention can be
characterized by nanoporosity, high specific capacitance when incorporated into EDLCs, and
controlled oxygen content. In one embodiment, the inventive activated carbon has a total
oxygen content of less than 10 wt.%.

[0015] Additional features and advantages of the invention 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 which follows, as well as the appended claims.

[0016] It is to be understood that both the foregoing general description and the following
detailed description present embodiments of the invention, and are intended to provide an
overview or framework for understanding the nature and character of the invention as it is

claimed.
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DETAILED DESCRIPTION

[0017] The invention relates generally to highly porous activated carbon materials and
methods for producing such carbon materials. Such materials are especially suited for
incorporation into EDLCs. The activated carbon materials are, in some embodiments,
characterized by nanoporosity, high specific capacitance in EDLCs, and a total oxygen
content that is limited to at most 10 wt.%. By total oxygen content is meant the sum of all
atomic and molecular oxygen in the carbon, including oxygen in oxygen-containing
functional groups in and/or on the carbon.

[0018] High nanoporosity and high specific capacitance are valuable for making high
performance EDLCs devices, and controlled oxygen content is valuable for improving the
long term stability of the devices, reducing pseudo capacitance, reducing leakage, and
reducing electrolyte decomposition. A lower oxygen content also reduces the tendency for
the nanoporous carbon material to adsorb water from surrounding environment and makes it
easier to remove water from the carbon material by heat treatment or other means. This is
advantageous for manufacturing carbon electrodes for EDLCs since the amount of water in
such electrodes should be minimal.

[0019] In one embodiment, activated carbon material is subjected to a refining step wherein
the activated carbon is heated in an inert or reducing environment to a temperature ranging
from, for example, about 450-1000°C, and for a period of, for example, about 0.5-10 hours.
Preferably, the environment during the refining step is substantially free of oxygen. The
refining step advantageously reduces the oxygen content in the activated carbon. As used
herein, when referring to a range of values, the modifier “about” refers to both values in the
range. Thus, by way of a clarifying example, disclosure of a temperature in the range of
about 450-1000°C means a temperature in the range of about 450°C to about 1000°C.

[0020] In a further embodiment, a mixture of a carbon precursor and a chemical activating
agent is heated in a substantially oxygen-free environment so as to cure the carbon precursor.
This modified curing step advantageously reduces the oxygen content in the resulting
activated carbon, which is achieved by carbonization and activation of the cured carbon
precursor.

[0021] In a still further embodiment, a method of forming a porous activated carbon
material having controlled oxygen content comprises forming a mixture of a carbon precursor

and an inorganic compound, heating the mixture at a first temperature to cure the carbon
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precursor, and heating the cured carbon precursor at a second temperature higher than the first
temperature to carbonize the carbon precursor and produce an activated carbon material, such
that the method further comprises at least one of (a) heating the mixture at the first
temperature in an environment that is substantially free of oxygen, and (b) heating the
activated carbon material at a third temperature in an environment that is substantially free of
oxygen to refine the activated carbon material.

[0022] By curing is meant a heating step that at least partially cross-links or polymerizes a
carbon precursor to form a solid material. The cured carbon precursor can then be carbonized
and activated. During the carbonizing step, the carbon precursor is reduced or otherwise
converted to elemental carbon. During the activation step, which may be conducted
concurrently with the carbonization step, the elemental carbon material is processed to
increase its porosity and/or internal surface area.

[0023] In some embodiments, the activated carbon material produced according to the
present invention comprises a total oxygen content of less than10 wt.%. In additional
embodiments, the total oxygen content is less than 9, 8,7, 6, 5, 4, 3, 2 or 1 wt.%. The
following examples will further clarify the invention.

Examples

[0024] According to one method for making highly porous activated carbon, an aqueous
solution of KOH (45 wt.%) and an aqueous phenolic resin (Georgia Pacific GP® 510D34) are
mixed in a ratio of 3:1 by weight. The mixture is cured by heating in an oven at 125°C for 24
hours and then at 175°C for 24 hours to obtain a sponge-like solid with a dull to brown-
yellow color. The atmosphere in the oven is ambient air.

[0025] Following curing, the cured resin is broken into small pieces by mechanical force.
A known amount (e.g., 250 grams) is placed in a graphite crucible and loaded in a retort
furnace (CM Furnaces, Model 1216FL) for carbonization/activation. The furnace
temperature is increased at a rate of 200°C/hr to 800°C, held constant at 800°C for 2 hours,
and then cooled down naturally. Throughout the heating cycle, the furnace is purged with Na.
[0026] Once the furnace temperature has dropped to ambient temperature, the N, purge is
saturated with water vapor by bubbling the N, through hot deionized (DI) water. This step of
introducing water-saturated N, to the furnace interior allows any metallic potassium that has
been produced during the heating cycle to react with water vapor and form KOH. Without

this step, metallic potassium could self-ignite and possibly explode when exposed to oxygen.
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[0027] The Ny/water vapor purge is continued for 3 hours before the furnace is opened and
unloaded. The resulting activated carbon material is soaked in 1 liter of DI water for a few
minutes and filtered. It is then soaked in 500 ml of 37% HCI solution for an hour and filtered
again. Finally, it is washed repeatedly with DI water until the pH of the effluent is the same
as that of the DI water. These washing steps effectively remove KOH and other derived
potassium compounds from the activated carbon. Finally, the activated carbon is dried
overnight at 110°C in a vacuum oven and ground to the desired particle size (typically several
micrometers).

[0028] One typical carbon sample made by the above method was measured using nitrogen
adsmption on a Micromeritics ASAP 2420. The BET surface area was 1894 m?/g and the
total and micro pore volumes were 0.78 cm’/g and 0.67 cm’/g, respectively. Carbon made as
such typically contains about 10 wt.% oxygen by elemental analysis. As mentioned
previously, oxygen can be introduced during one or both of the curing and
carbonization/activation steps.

[0029] One method to reduce oxygen content is to refine (heat) the activated carbon
material in an inert environment (such as nitrogen, helium, argon, etc) or in a reducing
environment (such as hydrogen, forming gas, carbon monoxide, etc.). A batch of activated
carbon material, which will be referred to hereafter as “standard activated carbon,” was
obtained by the process described above. In a series of experiments, the standard activated
carbon material was divided into several samples that were heat-treated in a controlled
environment at different temperatures.

[0030] These refining experiments were conducted in a retort furnace (CM Furnaces,
Model 1212FL) purged with nitrogen. To conduct the refining, the furnace temperature was
increased at a rate of 200°C/hr. to the desired refining heat treatment temperature, held
constant for 2 hours, and then cooled down to room temperature before exposure to ambient
atmosphere.

[0031] The standard activated carbon (sample #1) and refined activated carbon material
that was heated to 500°C or 800°C (samples #2 and #3, respectively) were analyzed for
elemental composition and for EDLC performance in button cells. In these tests, a 1.5M
solution of tetrasthylammonium tetrafluoroborate in acetonitrile was used as the electrolyte
and the button cells were charged to 2.7V. These analytical results are summarized Table 1.

In the header of Table 1, the abbreviation “SC” stands for specific capacitance.
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[0032] It can be seen that the oxygen content was reduced by the refining treatment and the
magnitude of oxygen reduction was increased by increasing the refining temperature. The
specific capacitance for samples 2 and 3 was essentially the same as for the standard activated
carbon on both a gravimetric and volumetric basis. One typical carbon sample refined by
heat treatment in N, at 800°C for 2 hours was measured using nitrogen adsorption on a
Micromeritics ASAP 2420. The BET surface area was 1826 m”/g and the total and micro
pore volumes were 0.75 cm’/g and 0.65 cm’/ g, respectively.

[0033] Table 1. Analytical results for different carbon materials

Sample Process Description Oxygen | Gravimetric SC | Volumetric SC
Content [F/g] [Flee]
[wt.%]

1 Standard activated carbon (air cure, 9.5 171 104

standard carbonization/activation, no

refining heat treatment) (comparative)

2 Refined activated carbon after refining heat | 7.0 170 102
treatment in N, at 500°C for 2 hours

3 Refined activated carbon after refining heat | 3.9 163 100
treatment in N, at 800°C for 2 hours

4 Nitrogen (N,) cure, standard 8.0 199 99
carbonization/activation, no refining heat

treatment

[0034] A further method to control the oxygen content in carbon is to cure the phenolic
resin/activating agent mixture in an oxygen-free environment instead of air. In one
experiment, an aqueous solution of KOH (45 wt.%) and an aqueous phenolic resin (Georgia
Pacific GP® 510D34) are mixed in a ratio of 3:1 by weight. The resin/activating agent
mixture is then cured by heating in a retort furnace (CM Furnaces, Model 1212FL) at 125°C
for 24 hours and then at 175°C for 24 hours during which time the furnace is purged with
nitrogen gas.

[0035] The cured resin, which comprises a sponge-like solid having a bright-yellow color,
is carbonized and activated using the process described above. In comparison to the standard
carbon (sample #1), this carbon material (sample #4) shows a substantially lower oxygen
content, higher gravimetric specific capacitance, and a comparable volumetric specific

capacitance.
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[0036] The methods for controlling oxygen content in activated carbon disclosed above
may be practiced over a range of possible variations, including a variety of different materials
and processes. The carbon precursor, for example, can comprise one or more of a natural or
synthetic precursor. Examples of suitable natural precursors include coals, nut shells, woods,
and biomass. Examples of suitable synthetic precursors include polymers such as phenolic
resin, poly(vinyl alcohol) (PVA), polyacrylonitrile (PAN), etc.

[0037] A variety of different activating agents can be used. In addition to steam and CO,,
suitable chemical activating agents can comprise one or more inorganic compounds such as
KOH, K,CO3, NaOH, Na,COs3, P,0s, AlCl;, MgCl,, ZnCl; and H3PO4. Chemical activating
agents can be combined with a carbon precursor in the form of an aqueous solution or,
alternatively, in solid form.

[0038] During a step of curing with a chemical activating agent, thé carbon precursor and
the chemical activating agent can be in the physical form of solid, solid powder, or solution
before they are combined. If a solution is used, it is preferably an aqueous solution and the
concentration can range from about 10-90 wt.%. The carbon precursor and chemical
activating agent can be combined in any suitable ratio. A ratio of carbon precursor to
chemical activating agent on the basis of dry material weight can range from about 1:10 to
10:1. For example, the ratio can be about 1:1, 1:2, 1:3, 1:4, 1:5, 5:1, 4:1, 3:1, 2:1 or 1:1.
[0039] The curing step comprises heating a carbon precursor/activating agent mixture to a
temperature in the range of about 100-300°C for a period of about 1-48 hours. During the
heat-up, hold, and cool-down cycles, the mixture is preferably maintained in a reducing or
inert environment. One or more reducing gases (e.g., Ha, Ho/N; mixtures, CO) and/or one or
more inért gases (e.g., N, He, Ar) can be used. Further, the environment during the curing
step is preferably substantially free of oxygen. As defined herein, substantially free of oxygen
means that the gas phase oxygen (O,) content is less than 10 ppm, preferably less than 5 ppm,
more preferably less than 2 or 1 ppm.

[0040] The carbonization and activation steps comprise heating cured or uncured carbon
precursor material to a temperature in the range of about 650-900°C for a period of about 0.5-
10 hours. As noted above, carbonization and activation can be performed during the same
heating cycle. Alternatively, separate heating cycles can be used to control carbonization and
activation separately. The heating and cooling rates for the carbonization and/or activation

steps can range from about 10-600°C/hr. As with the curing step, during carbonization and
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activation, the environment is controlled to be an inert or reducing environment. A preferred
environment during both carbonization and activation is substantially free of oxygen.

[0041]  The refining step may comprise heating activated carbon to a temperature in the
range of about 450-1000°C for a period of about 0.5-10 hours. As with the carbonization and
activation steps, the heating and cooling rates for the refining step can vary from about 10-
600°C/hr, and the environment during refining is preferably controlled to be an inert or
reducing environment, more preferably an environment that is substantially free of oxygen.
Thus, the refining step may be conducted at a temperature that is the same as the temperature
used in the carbonization and activation steps, or the refining step may be conducted at a
temperature that is greater than or less than the carbonization/activation temperature.

[0042] It 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. A method of forming a porous activated carbon material having controlled oxygen content,
comprising:

forming a mixture of a carbon precursor and an inorganic compound;

heating the mixture at a first temperature to cure the carbon precursor;

heating the cured carbon precursor at a second temperature higher than the first
temperature to carbonize the carbon precursor and produce an activated carbon material,
wherein the method further comprises at least one of:

(a) heating the mixture at the first temperature in an environment that is
substantially free of oxygen, and

(b) heating the activated carbon material at a third temperature in an environment

that is substantially free of oxygen to refine the activated carbon material.
2. The method according to claim 1, wherein step (a) and step (b) are both performed.

3. The method according to claim 1, wherein the porous activated carbon material has an

oxygen content of less than 10 wt.%.

4. The method according to claim 1, wherein the carbon precursor is a synthetic polymer

thermosetting resin or a synthetic polymer thermoplastic resin.

5. The method according to claim 1, wherein the carbon precursor is selected from the group

consisting of phenolic resins, poly(vinyl alcohol), and polyacrylonitrile.
6. The method according to claim 1, wherein the inorganic compound is selected from the
group consisting of KOH, K,COs, KCl, NaOH, Na,CO3, NaCl, P,0s, AlCl;, MgCl,, ZnCl,

and H3PO,.

7. The method according to claim 1, wherein step (a) or step (b) are both performed in an

inert or reducing environment.

10
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8. The method according to claim 1, wherein heating at the first temperature comprises

heating the mixture to a temperature in a range of about 100-300°C for a period of about 1-48

hours.

9. The method according to claim 1, wherein heating at the second temperature comprises
heating the cured carbon precursor at a heating rate of about 10-600°C/hr to a temperature in a

range of about 650-900°C for a period of about 0.5-10 hours.

10. The method according to claim 1, wherein heating at the third temperature comprises
heating the activated carbon material at a heating rate of about 10-600°C/hr to a temperature

in a range of about 450-1000°C for a period of about 0.5-10 hours.

11. A method of forming a porous activated carbon material having controlled oxygen
content, comprising:

heating a carbon precursor to a temperature effective to carbonize the carbon
precursor and form an activated carbon material;

heating the activated carbon material in an environment that is substantially free of
oxygen to refine the activated carbon material and form a porous activated carbon material

having controlled oxygen content.
12. The method according to claim 11, wherein the refining comprises heating the activated
carbon material at a heating rate of about 10-600°C/hr to a temperature in a range of about

450-1000°C for a period of about 0.5-10 hours.

13. The method according to claim 11, wherein the refining comprises heating the activated

carbon material in an environment consisting essentially of nitrogen gas.

14. The method according to claim 11, wherein the porous activated carbon material has an

oxygen content of less than 10 wt.%.

15. A method of forming a porous activated carbon material having controlled oxygen

content, comprising:

11
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forming an aqueous mixture of a carbon precursor and an activating agent;

heating the aqueous mixture at a first temperature in an environment that is
substantially free of oxygen to form a solid, cured carbon precursor; and

heating the cured carbon precursor at a second temperature higher than the first
temperature to carbonize the carbon precursor and produce a porous activated carbon material

having controlled oxygen content.

16. The method according to claim 15, wherein heating the mixture comprises heating to a
temperature in a range of about 100-300°C for a period of about 1-48 hours and heating the
cured carbon precursor comprises heating at a heating rate of about 10-600°C/hr to a
temperature in a range of about 650-900°C for a period of about 0.5-10 hours.

17. A porous activated carbon material formed according to the method of claim 1.

18. A porous activated carbon material consisting essentially of nanoscale porosity and

comprising less than 10 wt.% oxygen.
19. A porous activated carbon material comprising an oxygen content of less than 8 wt.%.
20. A high power density energy storage device comprising at least one carbon electrode,

wherein the at least one carbon electrode comprises carbon material having a total oxygen

content of less than 10 wt.%.

12
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