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Executive Summary:

ReticleInc. (a Californiabased company)as developed aniqueelectrode material (Reticle
Carbon) whichis idealy suitedfor electric doubldayer (EDL) ultracapacitors Reticle Carbon is
simple to manufacture, yet h#&sw electrical resistivities (0.00.130 Q-cm), demonstrated high
surface areas (d50-1,750 nf/g), and the highest reported specific capacitance-8200F/g). It is
produced by consolidating granular activated carbon that has been selected for its propesties.
is, only activated carbon is used to make Reticle Cé&rbunbindes, no fillers, no adhesivesThe
manufaturing process is singgtage but flexible enough so that we ctalor the propertiesf the
material forultracapacitors Most electrode materials are limited to thin layers or thin fiilmshe
manufacturing processesReticleCarbon is unique in being the only material that can be cut to any
thickness tameet anycapacitancaieeded This paperemphasizethis difference and presertse
wide range of propertiagith the underlying theory to store energy in the massiMace area of the
material A comparison obur preliminary capacitonsith commercial capacitoiis included

Background:

Capacitors are fundamental devices used in electric and electronic circuitseirlsirfiplest
form, capacitors are two plates separatedstiye thickness of a dielectricCapacitors typically
recharge and dischargery quickly (often in seconds) giving thelmigh power densities in small
bursts, they can be cycled ovarmillion times without loss of capacity, and they cannot be
overcharged. The concept is simple, just charge the plates emelgy is stored.However in
electric doubldayer (EDL) devices, the energy is stored by attracting counterioiosthe Stern
layer at the interface between the electrolyte andcchiaegedsolid electrodes. There are only two
ways to incease theaumber of ionsttracted(i.e., theenergy storedin EDL device$® increase the
applied voltage to the electrodes, or incredwe ibterfacial surface areaf the electrodes.The
electrolyte dictates the applied voltages that can be used. For instance, aqueous electrolytes will
breakdown with an applied potentialuchabove 2V, while some organic electrolytes can be stable
above 5V. But the amount of available surface area is dictated by the materials used to make the
electroded Reticle Carbon has the largest reported anéasy electrode materiaReticle Carbon
is a bulk material witrenormous interfacial surface areas, amiform electrical conductity to
make full use of all of that area

Capacitorsare rated by a@uantitative measure of energy storage capaagpacitancgC)d
using the standard unit known as a farad({Fyoulomb of charge pemit applied volagg. Typical
electroniccapacitors have 10to 10° F of capacitance. However, ultapacitorshave capacitances
from 1 to 5,00 F® over 1 million timesthat of electroniccapacitors. Thenagnitude of EDL
cgpacitance ik function ofthe interfacialareasavaiable for charge storageA higher available
surface areaneans aiigher capacitan¢geso manufacturers look to find the largest available surface
area material for their capacitors
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Table I. Typical range of surface areas for commercial activated carbon

Carbon source Surfacearea ranges
Coconut shell 8001 1,400 nf/g
Hardwood Sawdust 1,0007 1,600 nf/g
Petroleum Coke 1,40071 3,000 nf/g
Coal and Peat 1,2007 2,000 nf/g

Activated carbon has the largest specific surface @méay) commerciallyavailable Table |
shows the typical ranges of surface areas achieved for granular activated carbon products that are
commercially available.The specific surface ared a productis dependent upothe source of the
carbon and the activation process usdde thermal production of activated carbon starts when
organic matteris carburizedat a temperature 0f1000°C in a limitedoxygen atmosphere The
resultingmateriai s essentially a #fAdistill edo s orhaded ( wi
up of randomly arraged (amorphous)hexagonal platelets of carbon known graphines. The
amorphous carbon produced shls low surface areasin the activationprocess the amorphous
carbon is heated to 8aD0CC, and reacted with either steam or chlorine gas. These gases react and
volatilize some of the platelets on the surface, which results in an increased microporosity
throughout the material. It is this new porosity fhitvides the increased surface area

Some researchers have developed new materials with large surface areas. Carbon Aerogel
produced by Lawrence Livermore National Laboratory is made by carburizing colloidal organic
particles (such as resorcidAormaldehyde polymers). Scientists have reported Aerogel with 400
1000 nf of surface area per gram [1]. Singte doublewalled cabon nanotubes can have as much
as 250 mper gram[2]. The latest materials are grapk sheets which have been reported to have
more than 2000 ffg [3], but these are still in the development stage. While eaphoétued in
different ways, the one commonaligythat all are limited to thin films by their production method.
Aerogel can baip to 1 mm thick, nanotube electrodes are rarely thicker than a few microns and
graphene sheets are just a few atayers thick. Keep in mind that theverall capacitance is
directy related to the mass of carbon. Thin layers mean very little mass of carbon is present, so bulk
materials are needed to make devices with large capacitance.

It seems obvious that the best material to use for ultracapacitoreaméithe highestsurface
area resource In fact, ganular activated carbon is the electrode material astrocommercial
ultracapacitors Figure 1 shows how the carbon can be incorporated in these devices. Powders of
high surface area are layered oatmetal strip which acts as tleeirrent collector. A separating
layer is thersuppied and the opposite electrode is laid on top. The resulting capacitor utilizes the
high surface area of the carbon,l@asg as the partickeremain incontact with the cuent collector.
Some manufacturers atbthdersto consolidater adhesives tanprovethe carborcollectorcontact
some use applied pressure to make siliréhe particlesare in contactBoth techniques work, but
have limitations. Binders occlude the siace area (some as much as 60%) and redoee t
conductivity of the carbon layer. Namiform particle sizes can result in some particles floating
apart, leading to a reduction of tbeerall performance of the capacitdBut, imagine the increase in
pef or mance that c¢oul ddiréctyconred allefthe garticlédo eaah otbeo u | d
without binders Reticle has discoveredow to do exactly thédt we consolidate activated carbon
powder intoone uniformsolid.
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Figure 1. Schematic of how ultracapacitorsitilize high surface areaactivated carbon. These
Asandwi chesd are often r otldcteolgte. (From Burka (200@]) i nder ar

Reticle Carbond The Advantage of Surface Areaand Conductivity

The Electrode Material

Reticle Carbon is manufactured from any granular activated carbon in a simpletepne
consolidation process. The unique properties of Reticle Carba@inaply the result of the patented
manufacturing process and the precursor catdsewlin its manufacture As shown in Figure 2, the
process uses temperature and pressure to form small bonds among all of the pahelpscess
can be tailored to give Reticle Carbon unique properties, such as macroporosity ranging-from 10
40%, electrical resistivity ranginfrom 0.04i 0.13Qcm, and thermal conductivity measuredav
as0.1"/.x. However, the most unique property of the material is the demonstrated high surface
areas, ranging from,450 to over 750 nf/g, which is a function of the commercial gradebom
we select as the precurso€ompared with other activated carbon materials, this is an exceptionally
high surface area rangeth high conductivity

The fact that we connect all of the particles is significant. Figure 3 shows the limitations of
us ng Al oosed activated carbon particles as th
touch to ensure that all of the charge is distributed across all of the surfacargrearticles not in
direct, constant contact will not charge. Cansmtly, as the thickness of the electrode increases,
the probability that particles are not in constant contact increases. This is a common problem with
all ultracaps-the electrodes cannot exceed a maximum thickness (a few millimeters) beyond which
the net capacitance is reduced because of breaks in the pp#ditiele contact and the resulting
nonuniform charging. However, with Reticle Carbon, we link the particles, so all are equally
connected. The thickness of our electrodes is not limited, be@dlusf the particles are equally
connected tohe current collector.

Table Il shows the range of propertiéseasured inReticle Carbonsamples Although the
performance of the carbon material is dependent on many properties, the surféas eregure by
N,-BET) is the metric used tmentify the samples.Becauseve usecommercialactivated carbon
and the manufacturing process is a sirgifp, the overall cost to produce the material is quite low,
and will get lower as we scalg production
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Figure 2. Scanning electron micrograph of Reticle Carbon. Netithat the individual granulaactivate
carbon particles are attached to each other as a result of the consolidation process.
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Figure 3. (a) Electrodes using loose activated carbon particles have problems distributing the applied
charge from a current collector. If the particles are not in constant contact, they will not assume the
applied charge. (b) Reticle Carbon patrticles are unifdy bridgedduring our manufacturing process

meaning that moreof the charge will bauniformly distributed.
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Table Il. Unique attributes of Reticle Carbon.
Attribute Reticle Carbon Properties

Surface Area 9507 1,750 nf/g

Specific Capacitance 8071 390 F/g
Bulk Density 0.75i 1.0 glen?
Porosity 127 31%
Electrical Resistivity 0.047 0.13Qcm
Manufactured Cost ~$50/kg

Capacitancén a double layeis defined[5] by Equation (1) as

&
C:% 1)

where,C = capacitance per uritea (F/crf)

¢ = dielectric constant of the mediuftypically from 0-80 for water)

d = thickness of the double laygyically a few A
We can plugypical values(as suggeted by Potter[2]) into Equation (1) to calculate an average
specific capacitance:

co—_ 8 _ x[ 10° F /]E 17.6pF/cn?

4x " x(4x10°%cm) |9x10"esu
This is in agreemeémwith the reported range of 48D pF/cnt for electrodematerialsin water[6].
Now, ansider just ig of Reticle Carbon with,240 n? of available interfacial surface area, or
12400,000 cmi. A simple capacitor with this material will hav&®F of total capacitance. One
gram of the 7750 nf/g carbon will have over 300. FNe have recently madeeticle Carborwith a
specific surface r@a of 1,950 nf/g, which will likely have 330 Fper gramwhich is precisely the
level of capacitance we have found in Reticle Carbon
Table Il showsthe properties of three Reticléarbon samples manufactured from the same

granular activated carbon precursddotice that the specific surface anesasured for the 1,238
m?/g surface area was 212 F/g which agrees nicely with the estimated 218 F/g. This is significant
because it sugests that all of the surface area measured by BET will be usable interfacial area in the
material. Also notice that the material surface sraage from 936 1240m?/g which corresponds
to values that are 680 % of theoriginal area of the precursparticles, depending on the conditions
used in consolidation. That is to say, wh e |
lost more of the porosity and surface area (and capacitance), but gained in density and conductivity.

Table Ill: Range of properties of Reticle Carbon made from a single precursor carbon

demonstrating the flexibility of the manufacturing process.
Mass Specific . Bulk Electrical
Surszz? ,)Area Capacitance Po([);z?ty Density | Resistivity
9 (Flg) (glen?) | (Qcm)
Samplel (lightly consolidatedl 1,238 + 21 212 31.0 0.75 0.134
Sample Il (moderately consolidateg 1,026 + 20 160 16.8 0.94 0.060
Sample Il (heavily consolidated 931 +15 80 11.9 1.05 0.047
Raw carbon (as received) 1,400 + 22 19.8 0.66
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This demonstrates the flexibility of the manufacturing process. For more conductive carbon,
we can do a heavy consolidation process on precursor carbon chosen with the highest available
surface area. The resulting Reti€@arbon will be very conductive, and have moderate surface
areas for energy storage; conversely, we could consolidate under light conditions and have a less
consolidated material with very high surface areas. The desired properties of the capacitor will
dictate the level of processing and which precursor carbon is needed.

Capacitors with Reticle Carbon

Understand that Reticle is a startup company that is seeking capital to begin commercial
production of electrode materialVe have testedimplecapacitos madewith Reticle Carbonas
the first modeldiagramed in Figurd. These simple devices asandwiches of Reticle Carbon
electrodes with an electrolyte permeating the space betamgbnvithinthem. The electrolyte
can be aragueous solution or conductive organic electrolyte. A glass wool sepasastarsed
to keep the electrodes from contacting each otHar.our first prototypes, rphite was the
current collector used to connghe leads to the poweugply. Figure 5 sows alater concept
which usesopper enetapsas current collectorsWafers of Reticle Carbon are attached to the
current collectors using a conductive epoxy. The epoxy is blended with qaoivolerbefore it
sets. The mixture hamoderateconductiviy, but holds the wafers against the current collector
This style is aninexpensive and rapid way to build a capacitor for efficient tediatghesof
electrodes Theglass wool separatoe placed in between the piecdfie assembly eld
together with a clampntil thermal shrink wrap (as that usear fsplicing electrical wiresjan be
used to encasthe units. On a retail basis, the total cost for these units are less thaach It
should be noted that these are ofdy tesing carbon material Depending on the typand
amountof Reticle Carbon used, these units can have as much as 300 F of total capacitance. A
newer desigifior a potential applicatiois discussed later in this paper.

In the first prototype, weneasured 53 F/g specific capacitainteapacitors made frof.4 g
of Sample | carbonn Table IIl. This is outstanding considering the previous -bestass
Aerogel carbon capacitereported a 40 F/g specific capacitante [Even higher capacitances
will be achieved when we incorporate R Carbon that has, 750 or 1,900 m%g. The
capacitor was not optimized to minimize the overall weight, so we anticipate better performance
with higher surface areas lower weight capacitors.

Reticle Carbon

Separator

Electrolyte

Graphite
Current

Figure 4. Schematic of the Ultracapacitor Using Reticle Activated Carbon Electrode Material
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Dilute KCI electrolyte

Copper Current Collectors

320 F Capacitor

Figure 5. Latest Prototypef Ultracapacitors with Reticle Carbon RC) Electrode Material

To understand the importance of this discovery, we can use the basic principles. The energy

stored in a capacitor is defined in Equation [2)
~ 1
w, € = EC[V(t)]2 @)

If the capacitance (C) is in farads, aimde-dependentoltage (v(t)) is in vak-DC, then the total
energy stored (ut)) will be in Joues. As the voltage changes (a current shiil occur, as
well), the energy stored changes. But once the capacitor is charged at a specific voltage, the
energy will not dissipate until the capacitor is connecteddac

So for example, if we havezd 2-F capacitor at 1% potential the energy stored widd be:

w,(t) = % (212)(1.5) = 238.5]= 0.068Wh

In other words, we have the potettior energy densities of 68 Wikg of Reticle CarbonUsing
instead thé3 F per g of total weighdf the first capacitqrthe overall energy density of tkatire
device will bel7 Wh/kg. Because capacitors discharge their stored energy rapidly (often less
than 3 sec), the estimated power density of these small units would be:

L7 Whr (3600563 = 20.4kW per kg of capacitor.
kgx3sec hr

We are endeavoring improve our capacitors by miniging the overall maswhile increasing

the capacitance Aqueous electrolytes are @bvious first targetAlthough they are low cost,
safe, available, and are adjustable with minor changes to salt concentitigyngo imposan
electrocherntal restrictio® at relatively low electrical potentials (above 2\ water
decomposes into gaseous hydrogen and oxygen. However, capacitors in series could handle
much lager voltages and energy loads. But i€ would double the voltage to\8 on one
capacitoy we would have a fodiold increase in the energy density for the same matasial
predicted byEquation ). There are many commercially available organic electrolytes that have
relatively high decomposition potentials (¥ that may le considered. We have performed
preliminary experiments and have not as yet found an orgéettrolyte withsufficiently high

ionic strengths taake full advantageof our surface areas However, the possibilities for
improvement are certainly endlefss the energy storage aftracapacitors.
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Reticle Versus Commercial Ultracaps

Maxwell Technologieg6] and CDE Cornell Dubilief7] are two companies who produce
EDL-type ultracapacitors for the market. Maxwell uses the product namst@aas for the
bulk of their ultracaps CDE produces smaller units (similar in size and shape to watch batteries)
for electronic devices. Both use activated carbon in desigmasshown in Figure 1. Maxwell
is the most established of the two compamweéhk a broadrangeof products available. CDE has
fewer capacitors in their catalog, but a few are quite similar in size and voltage tesbur
capacitos so we willinclude them in theomparison.

Because Reticlénc. is only in the electrode businesge need to use model capacittos
compare theerformance againsttherunits. From the first prototype (Model #1 in Figure, 4)
we have thactualmeasured performancleowever, we did not record the overall volume of that
capacitor. In addition, we arpreparinga new designfor tesing in a consumer pituct
application Thenewdesign will use an aqueous electrolyte, aluminum current collectors, glass
wool separators and two equabsgdwafers of ReticleCarbon. The capacitance of the overall
unit can be varied by changing thicknesses of the electrode, which will only slightly affect the
overall volume ofthe capacitor. The capacitor wile operatedt 2-V (although we think the
maximum voltaged on par with A-V of the Maxwell Boostcap series.) The assembly of the
unit is shownin Figure 6. Te weight of the componentgill allow us to estimate the total
weight of the final capacitor. The units will be 20nith in.) in diameter, and the tiness will
vary depending on the thickness of carlbgad. Two 20 mm aluminum discs weigh a combined
1.5 g, the glass wool separator weighs @0and the wrap adds 0.7 g. So the total solid
components (excluding the Reticle Carbon electrodes) wemit a8 g.

Aluminum
Metal Sheets

Separator

|

Reticle Carbon

Assembled unit will be

encased in shrink wrap

and the void filled with
aqueous electrolyte

Figure 6. Newest desigrof Ultracapacitors with Reticle Carbon RC) Electrode Materialfor
direct comparison to current commercial prototypes.
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Table IV: Component Weights for New Reticle Capacitors (Model ##2)a Proposed
ConsumerProductApplication.

. Fraction of
Component | Weight Total
Reticle Carbon| 1.00g 21.9%
Separator 0.07 g 1.5%
Aluminum 1.50 g 32.8%
Electrolyte 1.30g 28.4%
Casing 0.70 g 15.4%
Total| 4.57¢g

Suppose we want to make a capacitor with 200 F of capacitdreré;g Reticle Carbon
would be sufficient. With a 0.75 specific graviy20mm diameteglectrodewill be just 2 mm
thick. The overall volumdor electrolytebetween theluminumplates will beless than 2 mibut
keep in mind that this volume is also filled with the carbon and the spacenlys@ mL of
electrolyte will beneeacd. Total mass of all the components will be 2.3 g for the solid
components, 1 g of Reticle Carbon and 1 g of elec&olythat means our capacitor will have
200 F of capacitance, yet weigh only ~4.5 g. That means we will have 44 F/g in this new design.
This is quite close ttheoriginal capacitor which had a specific capacitance3df/y. Table IV
shows he netweigh of eachcomponentof the new capacitors (which are not commercially

available).

Perhaps it may be good to note that manufacturing companies follow different standards for
reporting the performance of their capacitors. Some use specific capacitaiTmasgemwhile

others report specific capacitance on a volume basis. Yet others give the overall capacitance of a

single unit, without reporting either the volume or size. While no one way is more correct, it
For instance, electrode
manufacturers (as Reticle) could easily describe the capacitance of only the electrode material
surface
the BCAP0120 P250 captar from Maxwell which has 120F in a 2P capacitor for an
estimated specific capacitance of $&f unit mass Maxwell reports the overall capacitance for

the unit with the overall weight (electrodes, current collectors, charge separators, eleatrdlyte
packaging) and the overall volume of the entire capacitor. CDE only reports the dimensions and

does make it difficult to compare capacitors an even basis.

(as our 212 F/g carbon with 125G/mg

total capacitance in their catalog.

of

area) .

However

From their websitesand catalogsthe performance datéor similarly sized Maxwell
BoostCapsand CDE capacitoraereobtained BecauseCDE does not report the mass of their
small ultracaps, theassspecific energy and power densities could not be calculdiétenever
possible, the volume specific capacitance was used. The results of this anartadyulaed in
Table V from the available information in both Maxwell and CDE catalagsng with the
performance measurements for the Model #1 Reticle capacitor. Model #2 data inputted in the
table were calculated for three different electrode materials, asgariotal of ig of Reticle
Carbon electrode material was usddhis is not to sayhat we couldé increase the overall mass
of Reticle Carbon to increase the capacitance.
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TableV: Specifications of Commercial Capacitocompared with two models of Reticle
Capacitors Model #1 is shown in Figure 4; model #2 is in Figure 6.

Tot. | Spec.| Spec. Volt Power | Power | Energy| Energy
Type Model Number | Cap.| Cap.| Cap. (V-DC) Density | Density | Density| Density
F) (F/ g) (F/ ) (kW/ kg) (kW/L) (Wh/ kg) (Wh/L)
BCAP0120 P250 120 | 4.14 | 4.44 2.5 5.6 23.1 3.59 3.9
Maxwell BCAP0140 E250 140 | 4.83 | 5.18 2.5 35 16 4.19 4.5
BCAP0310 P250 310 | 5.17 | 5.85 2.5 5.1 29.4 4.48 5.1
BCAP0350 E250 350 | 5.83 | 6.60 2.5 3.1 18.4 5.1 5.8
EDLHW335D2R3R 3.3 - 2.3 - 3.09 - 0.86
CDE EDLHW226D2R3R 22 - 2.3 - 6.54 - 1.82
EDLHW506D2R3R 50 - 2.3 - 13.00 - 3.61
EDLHW706D2R1R 70 - 2.1 - 12.14 - 3.37
Model #1 (1248 m*/g) | 89 | 53 - 1 9 - 75 -
Reticle Model #2 (1248 m°/g) | 212 | 45 | 106 2.0 31 74 26 62
Model #2 (1750 m*/g) | 300 | 67 150 2.0 46 110 38 91
Model #2 (1900 m*/g) | 360 | 80 | 180 2.0 55 132 46 110

Notice that theperformance of Reticleltracaps is significantlypetterthan the commercial

capacitorsat lower applied voltages This is a testament to the improved performante o
consolidated activated carbon, and the fact that we are able to put a much larger quantity of
electrode material into each capacitor.r Fstance, our original capacitor which used graphite
current collectors had twice the energy density and thrice the power density of the other

capacitors.

Notice they accomplished this at only potential. Of course, this is just an
estimate and there is room for improvement by usingdésgrolyte lighter current collectors

etc. Assuming a 20 mm diameter and about 6 mm thickness (including the shrink wrafpicase)

our Model #2 capacitorshe total védume will be 1.88 mland the total mass will be about 4.5 g.

This means our ungtwill have a specific capacitance of over IRL and 50 F/§ No w ,
see what happens if we increase the mass of the electrode material to 1.1 g. For the Model #2
with 1248 nf/g electrode material, the capacitance will increase to 233 F for the unit which will
now weigh approximately 4.7 g and have a total volume of about 2 mL. That means the new

capacitor will have 49.6 F/g and 116.5 F/mL specific capacitance awe dild was increase the
electrode weight by 10%Reticle is notestrictedto have oty thin layers of electrode material

in their capacitors, unlikthe ultracapacitorof others

SUMMARY

et 6s

Reticle Carbon has unique properties that allow it to be an efficient electrode material in
ultracapacitors. The material has surface aieaxcess of, 700 /g, which give the material a

specific capacitance of 300 F/gUltracapacitors made with materialith 1,240 nf/lg have

energy densities of @Wh/kg and power densities &1 kW/kg at a 2-V potential With
modification anddesign optimization these levels will be exceeded in next generation Reticle
ultracapacitorsThe most significant contribution that Reticle Carbon provides is the flexibility

of providing any thickness (hence any mass) of electrode to a capacitor. This simple distinction
sets Reticle Carbon apart from other electrode materials whishba kept thin for efficiency or
because of the restrictions to the steps to manufacture the material.
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