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Executive Summary: 

 

Reticle Inc. (a California-based company) has developed a unique electrode material (Reticle 

Carbon) which is ideally suited for electric double-layer (EDL) ultracapacitors.  Reticle Carbon is 

simple to manufacture, yet has low electrical resistivities (0.04-0.130 -cm), demonstrated high 

surface areas (1,250-1,750 m
2
/g), and the highest reported specific capacitance (200-310 F/g).  It is 

produced by consolidating granular activated carbon that has been selected for its properties.  That 

is, only activated carbon is used to make Reticle Carbonðno binders, no fillers, no adhesives.  The 

manufacturing process is single-stage, but flexible enough so that we can tailor the properties of the 

material for ultracapacitors.    Most electrode materials are limited to thin layers or thin films by the 

manufacturing processes.   Reticle Carbon is unique in being the only material that can be cut to any 

thickness to meet any capacitance needed.  This paper emphasizes this difference and presents the 

wide range of properties with the underlying theory to store energy in the massive surface area of the 

material. A comparison of our preliminary capacitors with commercial capacitors is included.     

  

Background: 

 

Capacitors are fundamental devices used in electric and electronic circuits.  In their simplest 

form, capacitors are two plates separated by some thickness of a dielectric.  Capacitors typically 

recharge and discharge very quickly (often in seconds) giving them high power densities in small 

bursts, they can be cycled over a million times without loss of capacity, and they cannot be 

overcharged.  The concept is simple, just charge the plates and energy is stored.  However, in 

electric double-layer (EDL) devices, the energy is stored by attracting counterions into the Stern 

layer at the interface between the electrolyte and the charged solid electrodes.  There are only two 

ways to increase the number of ions attracted (i.e., the energy stored) in EDL devicesðincrease the 

applied voltage to the electrodes, or increase the interfacial surface area of the electrodes.  The 

electrolyte dictates the applied voltages that can be used.  For instance, aqueous electrolytes will 

break-down with an applied potential much above 2-V, while some organic electrolytes can be stable 

above 5-V.  But the amount of available surface area is dictated by the materials used to make the 

electrodesðReticle Carbon has the largest reported areas of any electrode material.  Reticle Carbon 

is a bulk material with enormous interfacial surface areas, and uniform electrical conductivity to 

make full use of all of that area.   

Capacitors are rated by a quantitative measure of energy storage capacityðcapacitance (C)ð

using the standard unit known as a farad (F) (1 coulomb of charge per unit applied voltage). Typical 

electronic capacitors have 10
-6

 to 10
-9

 F of capacitance.  However, ultracapacitors have capacitances 

from 1 to 5,000 Fðover 1 million times that of electronic capacitors.  The magnitude of EDL 

capacitance is a function of the interfacial areas available for charge storage.  A higher available 

surface area means a higher capacitance, so 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 

 

 

 

 

 

 

 

 

Activated carbon has the largest specific surface area (m
2
/g) commercially available. Table I 

shows the typical ranges of surface areas achieved for granular activated carbon products that are 

commercially available.  The specific surface area of a product is dependent upon the source of the 

carbon and the activation process used.  The thermal production of activated carbon starts when 

organic matter is carburized at a temperature of ~1000
o
C in a limited-oxygen atmosphere.  The 

resulting material is essentially a ñdistilledò solid (with all of the volatile elements removed) made 

up of randomly arranged (amorphous) hexagonal platelets of carbon known as graphines.  The 

amorphous carbon produced still has low surface areas.  In the activation process, the amorphous 

carbon is heated to 800-1000
o
C, 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 that provides 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 resorcinol-formaldehyde polymers).  Scientists have reported Aerogel with 400-

1000 m
2
 of surface area per gram [1].  Single- or double-walled carbon nanotubes can have as much 

as 250 m
2
 per gram [2].  The latest materials are graphene sheets which have been reported to have 

more than 2000 m
2
/g [3], but these are still in the development stage.  While each is produced in 

different ways, the one commonality is that all are limited to thin films by their production method.  

Aerogel can be up to 1 mm thick, nanotube electrodes are rarely thicker than a few microns and 

graphene sheets are just a few atom layers thick.  Keep in mind that the overall capacitance is 

directly 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 ultracapacitors will have the highest surface 

area resource.  In fact, granular activated carbon is the electrode material in most commercial 

ultracapacitors.  Figure 1 shows how the carbon can be incorporated in these devices.  Powders of 

high surface area are layered onto a metal strip which acts as the current collector.  A separating 

layer is then supplied and the opposite electrode is laid on top.  The resulting capacitor utilizes the 

high surface area of the carbon, as long as the particles remain in contact with the current collector.  

Some manufacturers add binders to consolidate or adhesives to improve the carbon/collector contact; 

some use applied pressure to make sure all the particles are in contact. Both techniques work, but 

have limitations.  Binders occlude the surface area (some as much as 60%) and reduce the 

conductivity of the carbon layer.  Non-uniform particle sizes can result in some particles floating 

apart, leading to a reduction of the overall performance of the capacitor.  But, imagine the increase in 

performance that could be achieved if we could ñdirectly connectò all of the particles to each other 

without binders.  Reticle has discovered how to do exactly thatðwe consolidate activated carbon 

powder into one uniform solid. 

 

Carbon source Surface area ranges 

Coconut shell 800 ï 1,400 m
2
/g 

Hardwood  Sawdust 1,000 ï 1,600 m
2
/g 

Petroleum  Coke 1,400 ï 3,000 m
2
/g 

Coal and Peat 1,200 ï 2,000 m
2
/g 



Reticle Inc.--3 

 Proprietary to Reticle Inc. 

 

Figure 1.  Schematic of how ultracapacitors utilize high surface area activated carbon. These 

ñsandwichesò are often rolled into a cylinder and filled with electrolyte. (From Burke (2000)[4]) 

 

Reticle CarbonðThe Advantage of Surface Area and Conductivity 

 

The Electrode Material 

Reticle Carbon is manufactured from any granular activated carbon in a simple, one-step 

consolidation process.  The unique properties of Reticle Carbon are simply the result of the patented 

manufacturing process and the precursor carbon used in its manufacture.  As shown in Figure 2, the 

process uses temperature and pressure to form small bonds among all of the particles.  The process 

can be tailored to give Reticle Carbon unique properties, such as macroporosity ranging from 10-

40%, electrical resistivity ranging from 0.04 ï 0.13 
.
cm, and thermal conductivity measured as low 

as 0.1 
W

/m.K.  However, the most unique property of the material is the demonstrated high surface 

areas, ranging from 1,250 to over 1,750 m
2
/g, which is a function of the commercial grade carbon 

we select as the precursor.  Compared with other activated carbon materials, this is an exceptionally 

high surface area range with high conductivity.   

The fact that we connect all of the particles is significant.  Figure 3 shows the limitations of 

using ñlooseò activated carbon particles as the active surface area of the electrodes.  Particles must 

touch to ensure that all of the charge is distributed across all of the surface area--any particles not in 

direct, constant contact will not charge.  Consequently, 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 particle-particle contact and the resulting 

non-uniform charging. However, with Reticle Carbon, we link the particles, so all are equally 

connected.  The thickness of our electrodes is not limited, because all of the particles are equally 

connected to the current collector.  

Table II shows the range of properties measured in Reticle Carbon samples.  Although the 

performance of the carbon material is dependent on many properties, the surface area (as measure by 

N2-BET) is the metric used to identify the samples.  Because we use commercial activated carbon 

and the manufacturing process is a single-step, the overall cost to produce the material is quite low, 

and will get lower as we scale-up production.   



Reticle Inc.--4 

 Proprietary to Reticle Inc. 

 

 

 

Figure 2.  Scanning electron micrograph of Reticle Carbon.  Notice that the individual granular activate 

carbon particles are attached to each other as a result of the consolidation process. 

 

 

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 particles are uniformly bridged during our manufacturing process, 

meaning that more of the charge will be uniformly distributed. 
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Table II.  Unique attributes of Reticle Carbon. 

Attribute  Reticle Carbon Properties 

Surface Area 950 ï 1,750  m
2
/g 

Specific Capacitance 80 ï 390 F/g 

Bulk Density 0.75 ï 1.0 g/cm
3
 

Porosity 12 ï 31% 

Electrical Resistivity 0.04 ï 0.13 
.
cm 

Manufactured Cost ~$50/kg 

Capacitance in a double layer is defined [5] by Equation (1) as: 

d4
C        (1) 

where,  C = capacitance per unit area (F/cm
2
) 

 = dielectric constant of the medium (typically from 0-80 for water) 

 d  = thickness of the double layer (typically a few Å) 

We can plug typical values (as suggested by Potter [2]) into Equation (1) to calculate an average 

specific capacitance:  

esu109

ɛF/F10

)cm104(ˊ4

8
C

11

6

8
17.6 F/cm

2
  

This is in agreement with the reported range of 10-30 F/cm
2
 for electrode materials in water [6].  

Now, consider just 1-g of Reticle Carbon with 1,240 m
2
 of available interfacial surface area, or 

12,400,000 cm
2
.  A simple capacitor with this material will have 218 F of total capacitance.  One-

gram of the 1,750 m
2
/g carbon will have over 300 F.  We have recently made Reticle Carbon with a 

specific surface area of 1,950 m
2
/g, which will likely have 330 F per gram which is precisely the 

level of capacitance we have found in Reticle Carbon.   

Table III shows the properties of three Reticle Carbon samples manufactured from the same 

granular activated carbon precursor.  Notice that the specific surface area measured for the 1,238 

m
2
/g surface area was 212 F/g which agrees nicely with the estimated 218 F/g.  This is significant 

because it suggests that all of the surface area measured by BET will be usable interfacial area in the 

material.  Also notice that the material surface areas range from 930 to 1240 m
2
/g which corresponds 

to values that are 66-90 % of the original area of the precursor particles, depending on the conditions 

used in consolidation.   That is to say, when we used a ñheavyò consolidation process, the carbon 

lost more of the porosity and surface area (and capacitance), but gained in density and conductivity.   

 

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

demonstrating the flexibility of the manufacturing process. 

 
Surface Area 

(m
2
/g) 

Mass Specific 

Capacitance 

(F/g) 

Porosity 

(%)  

Bulk 

Density 

(g/cm
3
) 

Electrical 

Resistivity 

(
.
cm) 

Sample I  (lightly consolidated) 1,238 ± 21 212 31.0 0.75 0.134 

Sample II  (moderately consolidated) 1,026 ± 20 160 16.8 0.94 0.060 

Sample III  (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 Reticle Carbon 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 material.  We have tested simple capacitors made with Reticle Carbon, as 

the first model diagramed in Figure 4.  These simple devices are sandwiches of Reticle Carbon 

electrodes with an electrolyte permeating the space between and within them.  The electrolyte 

can be an aqueous solution or conductive organic electrolyte.  A glass wool separator was used 

to keep the electrodes from contacting each other.  In our first prototypes, graphite was the 

current collector used to connect the leads to the power supply.  Figure 5 shows a later concept 

which uses copper end-caps as current collectors.  Wafers of Reticle Carbon are attached to the 

current collectors using a conductive epoxy.  The epoxy is blended with carbon powder before it 

sets.  The mixture has moderate conductivity, but holds the wafers against the current collector. 

This style is an inexpensive and rapid way to build a capacitor for efficient testing batches of 

electrodes.  The glass wool separators are placed in between the pieces. The assembly isheld 

together with a clamp until thermal shrink wrap (as that used for splicing electrical wires) can be 

used to encase the units.  On a retail basis, the total cost for these units are less than $2 each.  It 

should be noted that these are only for testing carbon material.  Depending on the type and 

amount of Reticle Carbon used, these units can have as much as 300 F of total capacitance. A 

newer design for a potential application is discussed later in this paper. 

In the first prototype, we measured 53 F/g specific capacitance in capacitors made from 0.4 g 

of Sample I carbon in Table III.  This is outstanding considering the previous best-in-class 

Aerogel carbon capacitors reported a 40 F/g specific capacitance [1].  Even higher capacitances 

will be achieved when we incorporate Reticle Carbon that has 1,750 or 1,900 m
2
/g.  The 

capacitor was not optimized to minimize the overall weight, so we anticipate better performance 

with higher surface areas in lower weight capacitors. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Schematic of the Ultracapacitor Using Reticle Activated Carbon Electrode Material. 
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Figure 5. Latest Prototype of 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): [7] 

2

c C[v(t)]
2

1
tw       (2) 

If the capacitance (C) is in farads, and time-dependent voltage (v(t)) is in volts-DC, then the total 

energy stored (wc(t)) will be in Joules.  As the voltage changes (a current shift will 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 connected to a load.   

So for example, if we have a 212-F capacitor at 1.5-V potential, the energy stored would be: 

  
0.068J 238.52(212)(1.5)

2

1
(t)wc Wh 

In other words, we have the potential for energy densities of 68 Wh/kg of Reticle Carbon.  Using 

instead the 53 F per g of total weight of the first capacitor, the overall energy density of the entire 

device will be 17 Wh/kg.  Because capacitors discharge their stored energy rapidly (often less 

than 3 sec), the estimated power density of these small units would be: 

)
hr

sec 3600
(

sec 3kg

 Whr17
= 20.4 kW per kg of capacitor.    

We are endeavoring to improve our capacitors by minimizing the overall mass while increasing 

the capacitance.  Aqueous electrolytes are an obvious first target. Although they are low cost, 

safe, available, and are adjustable with minor changes to salt concentrations, they do impose an 

electrochemical restrictionðat relatively low electrical potentials (above 2.0-V) water 

decomposes into gaseous hydrogen and oxygen.  However, capacitors in series could handle 

much larger voltages and energy loads. But if we could double the voltage to 3-V on one 

capacitor, we would have a four-fold increase in the energy density for the same material as 

predicted by Equation (2).  There are many commercially available organic electrolytes that have 

relatively high decomposition potentials (>5-V) that may be considered.  We have performed 

preliminary experiments and have not as yet found an organic electrolyte with sufficiently high 

ionic strengths to take full advantage of our surface areas.  However, the possibilities for 

improvement are certainly endless for the energy storage of ultracapacitors. 
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Reticle Versus Commercial Ultracaps: 

 

Maxwell Technologies [6] and CDE Cornell Dubilier [7] are two companies who produce 

EDL-type ultracapacitors for the market.  Maxwell uses the product name BoostCaps 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 designs as was shown in Figure 1.  Maxwell 

is the most established of the two companies with a broad range of products available.  CDE has 

fewer capacitors in their catalog, but a few are quite similar in size and voltage to our test 

capacitors so we will include them in the comparison.   

Because Reticle Inc. is only in the electrode business, we need to use model capacitors to 

compare the performance against other units.  From the first prototype (Model #1 in Figure 4), 

we have the actual measured performance; however, we did not record the overall volume of that 

capacitor.  In addition, we are preparing a new design for testing in a consumer product 

application.  The new design will use an aqueous electrolyte, aluminum current collectors, glass 

wool separators and two equal-massed wafers of Reticle Carbon.  The capacitance of the overall 

unit can be varied by changing thicknesses of the electrode, which will only slightly affect the 

overall volume of the capacitor.  The capacitor will be operated at 2-V (although we think the 

maximum voltage is on par with 2.5-V of the Maxwell Boostcap series.)  The assembly of the 

unit is shown in Figure 6.  The weight of the components will allow us to estimate the total 

weight of the final capacitor.  The units will be 20mm (
3
/4 in.) in diameter, and the thickness will 

vary depending on the thickness of carbon used.  Two 20 mm aluminum discs weigh a combined 

1.5 g, the glass wool separator weighs 0.07-g, and the wrap adds 0.7 g.  So the total solid 

components (excluding the Reticle Carbon electrodes) weigh about 2.3 g.   

 

 

 
Figure 6. Newest design of Ultracapacitors with Reticle Carbon (RC) Electrode Material for 

direct comparison to current commercial prototypes. 
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Table IV:  Component Weights for New Reticle Capacitors (Model #2) for a Proposed 

Consumer Product Application. 

 

Component Weight 
Fraction of 

Total 

Reticle Carbon 1.00 g 21.9% 

Separator 0.07 g 1.5% 

Aluminum 1.50 g 32.8% 

Electrolyte 1.30 g 28.4% 

Casing 0.70 g 15.4% 

Total 4.57 g  

 

Suppose we want to make a capacitor with 200 F of capacitance, then1-g Reticle Carbon 

would be sufficient.  With a 0.75 specific gravity, a 20mm diameter electrode will  be just 2 mm 

thick. The overall volume for electrolyte between the aluminum plates will be less than 2 ml, but 

keep in mind that this volume is also filled with the carbon and the spacer, so only 1 mL of 

electrolyte will be needed.  Total mass of all the components will be 2.3 g for the solid 

components, 1 g of Reticle Carbon and 1 g of electrolyte.  That 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 to the original capacitor which had a specific capacitance of 53 F/g.  Table IV 

shows the net weight of each component of 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 capacitance per mass, while 

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 

does make it difficult to compare capacitors on an even basis.  For instance, electrode 

manufacturers (as Reticle) could easily describe the capacitance of only the electrode material 

(as our 212 F/g carbon with 1250 m
2
/g of surface area).  However, this doesnôt compare fairly to 

the BCAP0120 P250 capacitor from Maxwell which has 120F in a 29-g capacitor for an 

estimated specific capacitance of 4 F per unit mass.  Maxwell reports the overall capacitance for 

the unit with the overall weight (electrodes, current collectors, charge separators, electrolyte and 

packaging) and the overall volume of the entire capacitor.  CDE only reports the dimensions and 

total capacitance in their catalog.  

From their websites and catalogs, the performance data for similarly sized Maxwell 

BoostCaps and CDE capacitors were obtained.  Because CDE does not report the mass of their 

small ultracaps, the mass specific energy and power densities could not be calculated.  Whenever 

possible, the volume specific capacitance was used.  The results of this survey are tabulated in 

Table V from the available information in both Maxwell and CDE catalogs, along with the 

performance measurements for the Model #1 Reticle capacitor.  Model #2 data inputted in the 

table were calculated for three different electrode materials, assuming a total of 1-g of Reticle 

Carbon electrode material was used.  This is not to say that we couldnôt increase the overall mass 

of Reticle Carbon to increase the capacitance.  
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Table V:  Specifications of Commercial Capacitors compared with two models of Reticle 

Capacitors. Model #1 is shown in Figure 4; model #2 is in Figure 6. 

Type Model Number 
Tot. 
Cap. 
(F) 

Spec. 
Cap. 
(F/ g) 

Spec. 
Cap. 
(F/ mL) 

Volt. 
 (V-DC) 

Power 
Density 
(kW/ kg) 

Power 
Density 
(kW/ L) 

Energy 
Density 
(Wh/ kg) 

Energy 
Density 
(Wh/ L) 

Maxwell 

BCAP0120 P250 120 4.14 4.44 2.5 5.6 23.1 3.59 3.9 

BCAP0140 E250 140 4.83 5.18 2.5 3.5 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 

CDE  

EDLHW335D2R3R 3.3 -  2.3 - 3.09 - 0.86 

EDLHW226D2R3R 22 -  2.3 - 6.54 - 1.82 

EDLHW506D2R3R 50 -  2.3 - 13.00 - 3.61 

EDLHW706D2R1R 70 -  2.1 - 12.14 - 3.37 

Reticle 

Model #1 (1248 m
2
/g) 89 53 - 1 9 - 7.5 - 

Model #2 (1248 m
2
/g) 212 45 106 2.0 31 74 26 62 

Model #2 (1750 m
2
/g) 300 67 150 2.0 46 110 38 91 

Model #2 (1900 m
2
/g) 360 80 180 2.0 55 132 46 110 

 

Notice that the performance of Reticle ultracaps is significantly better than the commercial 

capacitors at lower applied voltages.  This is a testament to the improved performance of 

consolidated activated carbon, and the fact that we are able to put a much larger quantity of 

electrode material into each capacitor.  For instance, 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 1-V potential.  Of course, this is just an 

estimate and there is room for improvement by using less electrolyte, lighter current collectors, 

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

our Model #2 capacitors, the total volume will be 1.88 mL and the total mass will be about 4.5 g.  

This means our units will have a specific capacitance of over 100 F/mL and 50 F/g!  Now, letôs 

see what happens if we increase the mass of the electrode material to 1.1 g.  For the Model #2 

with 1248 m
2
/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 and all we did was increase the 

electrode weight by 10%.  Reticle is not restricted to have only thin layers of electrode material 

in their capacitors, unlike the ultracapacitors of others.  

 

SUMMARY  

 

Reticle Carbon has unique properties that allow it to be an efficient electrode material in 

ultracapacitors.  The material has surface areas in excess of 1,700 m
2
/g, which give the material a 

specific capacitance of 300 F/g.  Ultracapacitors made with material with 1,240 m
2
/g have 

energy densities of 26 Wh/kg and power densities of 31 kW/kg at a 2-V potential.  With 

modification and design optimization these levels will be exceeded in next generation Reticle 

ultracapacitors. The 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 which must be kept thin for efficiency or 

because of the restrictions to the steps to manufacture the material.     
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