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MODIFIED CARBON PRODUCTS, THEIR USE IN 
PROTON EXCHANGE MEMBRANES AND 

SIMILAR DEVICES AND METHODS RELATING 
TO THE SAME 

CLAIM OF PRIORITY BENEFIT 

[0001] Pursuant to 35 U.S.C. § 119(e), this patent appli 
cation claims a priority bene?t to: (a) US. Provisional 
Patent Application No. 60/553,612 entitled “MODIFIED 
CARBON PRODUCTS AND THEIR USE IN GAS DIF 
FUSION LAYERS” ?led Mar. 15, 2004; (b) U.S. Provi 
sional Patent Application No. 60/553,413 entitled “MODI 
FIED CARBON PRODUCTS AND THEIR USE IN 
ELECTROCATALYSTS AND ELECTRODE LAYERS” 
?led Mar. 15, 2004; (c) US. Provisional Patent Application 
No. 60/553,672 entitled “MODIFIED CARBON PROD 
UCTS AND THEIR USE IN PROTON EXCHANGE 
MEMBRANES” ?led Mar. 15, 2004; and (d) U.S. Provi 
sional Patent Application No. 60/553,611 entitled “MODI 
FIED CARBON PRODUCTS AND THEIR USE IN BIPO 
LAR PLATES” ?led Mar. 15, 2004. This application is also 
related to US. patent application Ser. No. , entitled 
“MODIFIED CARBON PRODUCTS, THEIR USE IN 
ELECTROCATALYSTS AND ELECTRODE LAYERS 
AND SIMILAR DEVICES AND METHODS RELATING 
TO THE SAME”, ?led on Mar. 15, 2005, and further 
identi?ed by Attorney File No. 41890-01745, and US. 
patent application Ser. No. , entitled “MODIFIED 
CARBON PRODUCTS, THEIR USE IN FLUID/GAS DIF 
FUSION LAYERS AND SIMILAR DEVICES AND 
METHODS RELATING TO THE SAME”, ?led on Mar. 15, 
2005, and further identi?ed by Attorney File No. 41890 
01744, and US. patent application Ser. No. , entitled 
“MODIFIED CARBON PRODUCTS, THEIR USE IN 
BIPOLAR PLATES AND SIMILAR DEVICES AND 
METHODS RELATING TO THE SAME”, ?led on Mar. 15, 
2005, and further identi?ed by Attorney File No. 41890 
01747. Each of the above referenced patent applications is 
hereby incorporated herein by reference in its entirety. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to the production and 
use of modi?ed carbon products in fuel cell components and 
similar devices. Speci?cally, the present invention relates to 
proton exchange membranes incorporating modi?ed carbon 
products and methods for making proton exchange mem 
branes including modi?ed carbon products. The modi?ed 
carbon products can be used to enhance and tailor the 
properties of the proton exchange membrane. 

[0004] 2. Description of Related Art 

[0005] Fuel cells are electrochemical devices that are 
capable of converting the energy of a chemical reaction into 
electrical energy Without combustion and With virtually no 
pollution. Fuel cells are unlike batteries in that fuel cells 
convert chemical energy to electrical energy as the chemical 
reactants are continuously delivered to the fuel cell. As a 
result, fuel cells are used to produce a continuous source of 
electrical energy, and compete With other forms of continu 
ous energy production such as the combustion engine, 
nuclear poWer and coal-?red poWer stations. Different types 
of fuel cells are categoriZed by the electrolyte used in the 
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fuel cell. The ?ve main types of fuel cells are alkaline, 
molten carbonate, phosphoric acid, solid oxide and proton 
exchange membrane (PEM), also knoWn as polymer elec 
trolyte fuel cells (PEFCs). One particularly useful fuel cell 
is the proton exchange membrane fuel cell (PEMFC). 

[0006] A PEMFC typically includes tens to hundreds of 
MEAs each of Which includes a cathode layer and an anode 
layer. One embodiment of a MEA is illustrated in FIGS. 1(a) 
and 1(b). One embodiment of a cathode side of an MEA is 
also depicted in FIG. 2. With references to FIGS. 1(a), 1(b) 
and 2, the anode electrocatalyst layer 104 and cathode 
electrocatalyst layer 106 sandWich a proton exchange mem 
brane 102. In some instances, the combined membrane and 
electrode layer is referred to as a catalyst coated membrane 
103. PoWer is generated When a fuel (e.g., hydrogen gas) is 
fed into the anode 104 and oxygen (air) 106 is fed into the 
cathode. In a reaction typically catalyZed by a platinum 
based catalyst in the catalyst layer of the anode 104, the 
hydrogen ioniZes to form protons and electrons. The protons 
are transported through the proton exchange membrane 102 
to a catalyst layer on the opposite side of the membrane (the 
cathode), Where another catalyst, typically platinum or a 
platinum alloy, catalyZes an oxygen-reduction reaction to 
form Water. The reactions can be Written as folloWs: 

[0007] Electrons formed at the anode and cathode are 
routed through bipolar plates 114 connected to an electrical 
circuit. On either side of the anode 104 and cathode 106 are 
porous gas diffusion layers 108, Which generally comprise a 
carbon support layer 107 and a microporous layer 109, that 
help enable the transport of reactants (H2 and O2 When 
hydrogen gas is the fuel) to the anode and the cathode. On 
the anode side, fuel ?oW channels 110 may be provided for 
the transport of fuel, While on the cathode side, oxidiZer ?oW 
channels 112 may be provided for the transport of an 
oxidant. These channels may be located in the bipolar plates 
114. Finally, cooling Water passages 116 can be provided 
adjacent to or integral With the bipolar plates for cooling the 
MEA/fuel cell. 

[0008] Aparticularly preferred fuel cell for portable appli 
cations, due to its compact construction, poWer density, 
ef?ciency and operating temperature, is a PEMFC that can 
utiliZe methanol (CH3OH) directly Without the use of a fuel 
reformer to convert the methanol to H2. This type of fuel cell 
is typically referred to as a direct methanol fuel cell 
(DMFC). DMFCs are attractive for applications that require 
relatively loW poWer, because the anode reforms the metha 
nol directly into hydrogen ions that can be delivered to the 
cathode through the PEM. Other liquid fuels that may also 
be used in a fuel cell include formic acid, formaldehyde, 
ethanol and ethylene glycol. 

[0009] Like a PEMFC, a DMFC also is made of a plurality 
of membrane electrode assemblies A cross-sec 
tional vieW of a typical MEA is illustrated in FIG. 3 (not to 
scale). The MEA 300 comprises a PEM 302, an anode 
electrocatalyst layer 304, cathode electrocatalyst layer 306, 
?uid distribution layers 308, and bipolar plates 314. The 
electrocatalyst layers 304, 306 sandWich the PEM 302 and 
catalyZe the reactions that generate the protons and electrons 
to poWer the fuel cell, as shoWn beloW. The ?uid diffusion 
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layer 308 distributes the reactants and products to and from 
the electrocatalyst layers 304, 306. The bipolar plates 314 
are disposed betWeen the anode and cathode of sequential 
MEA stacks, and comprise current collectors 317 and fuel 
and oxidiZer ?oW channels, 310, 312, respectively, for 
directing the ?oW of incoming reactant ?uid to the appro 
priate electrode. TWo end plates (not shoWn), similar to the 
bipolar plates, are used to complete the fuel cell stack. 

[0010] Operation of the DMFC is similar to a hydrogen 
gas based PEMFC, except that methanol is supplied to the 
anode instead of hydrogen gas. Methanol ?oWs through the 
fuel ?oW channels 310 of bipolar plate 314, through the ?uid 
distribution layer 308 and to the anode electrocatalyst layer 
304, Where it decomposes into carbon dioxide gas, protons 
and electrons. Oxygen ?oWs through the oxidiZer ?oW 
channels 312 of the bipolar plate 314, through the ?uid 
distribution layer 308, and to the cathode electrocatalyst 
layer, Where ioniZed oxygen is produced. Protons from the 
anode pass through the PEM 302, and recombine With the 
electrons and ioniZed oxygen to form Water. Carbon dioxide 
is produced at the anode 304 and is removed through the 
exhaust of the cell. The foregoing reactions can be Written as 
folloWs: 

[0011] There are a number of properties that are required 
for efficient fuel cell operation. For example, the PEM 
should have a high proton conductivity to enable ef?cient 
transport of protons from the anode to the cathode, be 
electrically insulative to prevent transport of electrons to the 
cathode, and act as a robust physical separator. The mem 
brane should also be impermeable to gases. A common 
proton exchange material currently used is NAFION, a 
per?uorosulfonic acid (PFSA) polymer available from El. 
duPont deNemours, Wilmington, Del., from Which different 
membrane thicknesses can be formed. 

[0012] One draWback to current PEMs is that they require 
a humid fuel to operate ef?ciently due to the intermittent 
spacing of the proton exchange materials Within the mem 
brane. Thus, Water must be present to act as a bridge betWeen 
such sites for proton transport. Water introduced into and/or 
produced at the electrodes must be removed from the fuel 
cell to prevent clogging of the electrode pores, a phenom 
enon knoWn as “?ooding”. 

[0013] Carbon is a material that has previously been used 
for some components of the fuel cell structure. For example, 
US. Pat. No. 6,280,871 by Tosco et al. discloses gas 
diffusion electrodes containing carbon products. The carbon 
product can be used for at least one component of the 
electrodes, such as the active layer and/or the blocking layer. 
Methods to extend the service life of the electrodes, as Well 
as methods to reduce the amount of ?uorine-containing 
compounds are also disclosed. Similar products and meth 
ods are described in US. Pat. No. 6,399,202 by Yu et al. 
Each of the foregoing patents is incorporated herein by 
reference in its entirety. 

[0014] US. Patent Application Publication No. 2003/ 
0017379 by Menashi, Which is incorporated herein by 
reference in its entirety, discloses fuel cells including a gas 
diffusion electrode, gas diffusion counter-electrode, and an 
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electrolyte membrane located betWeen the electrode and 
counter-electrode. The electrode, counter-electrode, or both, 
contain at least one carbon product. The electrolyte mem 
branes can also contain carbon products. Similar products 
and methods are described in US. Patent Application Pub 
lication No. 2003/0022055 by Menashi, Which is also incor 
porated herein by reference in its entirety. 

[0015] US. Patent Application Publication No. 2003/ 
0124414 by Hertel et al., Which is incorporated herein by 
reference in its entirety, discloses a porous carbon body for 
a fuel cell having an electronically conductive hydrophilic 
agent and discloses a method for the manufacture of the 
carbon body. The porous carbon body comprises an elec 
tronically conductive graphite poWder in an amount of 
betWeen 60 and 80 Weight percent of the body, carbon ?ber 
in an amount of betWeen 5 and 15 Weight percent of the 
body, a thermoset binder in an amount betWeen 6 and 18 
Weight percent of the body and an electronically created 
modi?ed carbon black. Hertel et al. disclose that the carbon 
body provides increased Wettability Without any decrease in 
electrical conductivity, and can be manufactured Without 
high temperature steps to add graphite to the body or to 
incorporate post molding hydrophilic agents into pores of 
the body. 

[0016] Composite membranes With increased strength 
have been studied for use in industrial chloro-alkali elec 
trolysis processes. Similar ?bril reinforced membranes have 
been produced for use in PEMFCs. These membranes target 
the folloWing properties: thin, ?at, good mechanical 
strength, chemical robustness and high Water permeability 
and proton conductivity. Such membranes Were developed 
by companies such as W.L. Gore and Associates and Asahi 
Glass Co., Ltd., all utiliZing polytetra?uoroethylene (PTFE) 
as the reinforcement agent, and an ion exchange material, 
such as a sulfonated polymer, to act as the proton conduction 
sites. Others have utiliZed inorganic ?llers, such as silica, 
titania or tungstosilicic acid, With solids loadings that range 
from 5 to 70 Weight percent. Fillers such as these have been 
incorporated into proton conducting and non-proton con 
ducting polymers. 

SUMMARY OF THE INVENTION 

[0017] According to one aspect of the present invention, a 
proton conducting membrane including a modi?ed carbon 
product and a polymer is provided. In one embodiment of 
the present aspect, the modi?ed carbon product is a modi?ed 
carbon black. In another embodiment of the present aspect, 
the modi?ed carbon product is a modi?ed carbon ?ber. In 
yet another embodiment, the modi?ed carbon product 
includes a proton conducting functional group. In one 
embodiment, the proton conducting functional group is 
selected from the group of SO3H, COZH, PO3H2 and PO3 
MH, Where M is a monovalent cation. In another embodi 
ment, the proton conducting functional group is selected 
from the group of carboxylic acids, sulfonic acids, phos 
phonic acids and phosphonic acid salts. In one embodiment, 
the polymer is selected from the group of a sulfonated PTFE 
and a per?uorosulfonated PTFE. In another embodiment, the 
polymer is selected from the group of polyvinylidene ?uo 
ride (PVDF), acid-doped or derivatiZed hydrocarbon poly 
mers, such as polybenZimidiZole (PBI), polyarylenes, poly 
etherketones, polysulfones, phosphaZenes and polyimides. 
In one embodiment, the modi?ed carbon product is coated 
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on a surface of the polymer. In another embodiment, the 
modi?ed carbon product is dispersed Within the polymer. In 
one embodiment, the modi?ed carbon product is adapted to 
conduct protons in the absence of Water. In another embodi 
ment, the modi?ed carbon product is adapted to selectively 
conduct protons in the presence of other hydrogen-compris 
ing liquid fuels. In yet another embodiment, the modi?ed 
carbon product is adapted to selectively conduct protons in 
the presence of methanol or ethanol. In one embodiment, the 
modi?ed carbon product is adapted to yield an increased 
mechanical strength Without a substantial decrease in proton 
conductivity. In another embodiment, the proton conducting 
membrane has a proton conducting group concentration of at 
least about 5.0 millimoles per milliliter, and, in some 
instances, a proton conducting group concentration of at 
least about 5.4 millimoles per milliliter. In yet another 
embodiment, the proton conducting membrane consists 
essentially of a modi?ed carbon product. 

[0018] According to another aspect of the present inven 
tion, a method for the fabrication of a proton conducting 
membrane is provided, the method including the steps of 
mixing a polymer With a modi?ed carbon product to form a 
composite mixture and forming the composite mixture into 
a proton conducting membrane. In one embodiment of the 
present aspect, the forming step includes extruding the 
composite mixture. In another embodiment, the forming step 
comprises casting the composite mixture. In yet another 
embodiment, the proton conducting membrane has a volume 
density of proton conducting groups of at least about 5.0 
millimoles per milliliter. In one embodiment, the composite 
mixture includes at least about 20 Weight percent modi?ed 
carbon product, and, in some instances, includes at least 
about 40 Weight percent modi?ed carbon product. In one 
embodiment, the modi?ed carbon product includes carbon 
black. In another embodiment, the modi?ed carbon product 
includes carbon ?bers. 

[0019] In yet another aspect of the present invention, a 
method for the fabrication of a proton conducting membrane 
is provided, the method including the steps of providing a 
modi?ed carbon black product and forming the modi?ed 
carbon black product into a thin membrane. In one embodi 
ment of the present aspect, the forming step includes analog 
deposition. In another embodiment of the present aspect, the 
forming step includes digital deposition. In yet another 
embodiment, the forming step includes dispersing the modi 
?ed carbon product in a liquid vehicle and ink-jet printing 
the modi?ed carbon product. In one embodiment, the modi 
?ed carbon product includes hydrophilic functional groups. 

BRIEF DESCRIPTION OF DRAWINGS 

[0020] FIGS. 1(a) and 1(b) illustrate a schematic cross 
section of a PEMFC MEA and bipolar plate assembly 
according to the prior art. 

[0021] FIG. 2 illustrates a cross-section of the cathode 
side of an MEA shoWing the membrane and bipolar plate 
and O2, H+ and H20 transport according to the prior art. 

[0022] FIG. 3 illustrates a schematic cross-section of a 
direct methanol fuel cell (DMFC) according to the prior art. 

[0023] FIG. 4 illustrates a method for modifying a carbon 
product to form modi?ed carbon according to US. Pat. No. 
5,900,029 by Belmont et al. 
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[0024] FIGS. 5(a) and 5(b) illustrate functional groups 
attached to a carbon surface according to one via a diaZo 
nium salt in accordance With the present invention. 

[0025] FIG. 6 illustrates the increase in active species 
phase siZe as processing temperature increases. 

[0026] FIG. 7 illustrates a method for formation of plati 
num/metal oxide active sites using a modi?ed carbon prod 
uct according to the present invention. 

[0027] FIG. 8 illustrates the proton conduction mecha 
nism in a PEM according to the prior art. 

[0028] FIG. 9 illustrates the proton conduction mecha 
nism in a PEM according an embodiment of the present 
invention. 

[0029] FIG. 10 illustrates phosphonic groups incorporated 
into a PBI membrane according to an embodiment of the 
present invention. 

[0030] FIG. 11 illustrates the use of sulphonic acid as a 
proton conducting functional group according to an embodi 
ment of the present invention. 

[0031] FIG. 12 illustrates the use of modi?ed carbon 
products to decrease cracking during drying as compared to 
the prior art and according to an embodiment of the present 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0032] The present invention relates to fuel cell compo 
nents that incorporate modi?ed carbon products. Speci? 
cally, the present invention relates to proton exchange mem 
branes incorporating modi?ed carbon products. The use of 
such modi?ed carbon products enables the production of 
proton exchange membrane (PEMs) having enhanced prop 
erties. For example, modi?ed carbon products can be uti 
liZed to enhance proton conductivity and electrical insula 
tion properties, as Well as physical robustness. 

[0033] As used herein, a modi?ed carbon product refers to 
a carbon-containing material having an organic group 
attached to the carbon surface. In a preferred embodiment, 
the modi?ed carbon product is a carbon particle having an 
organic group covalently attached to the carbon surface. 

[0034] A native (unmodi?ed) carbon surface is relatively 
inert to most organic reactions, and the attachment of 
speci?c organic groups at high coverage levels has been 
dif?cult. HoWever, US. Pat. No. 5,900,029 by Belmont et 
al., Which is incorporated herein by reference in its entirety, 
discloses a process (referred to herein as the Belmont 
process) that signi?cantly improves the ability to modify 
carbon surfaces With organic groups. UtiliZing the Belmont 
process, organic groups can be covalently bonded to the 
carbon surface such that the groups are highly stable and do 
not readily desorb from the carbon surface. 

[0035] Generally, the Belmont process includes reacting at 
least one diaZonium salt With a carbon material to reduce the 
diaZonium salt, such as by reacting at least one diaZonium 
salt With a carbon black in a protic reaction medium . . . The 

diaZonium salt can include the organic group to be attached 
to the carbon. The organic group can be selected from an 
aliphatic group, a cyclic organic group or an organic com 
pound having an aliphatic portion and a cyclic portion. The 
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organic group can be substituted or unsubstituted and can be 
branched or unbranched. Accordingly, carbon can be modi 
?ed to alter its properties such as its surface energy, dis 
persability in a medium, aggregate siZe and siZe distribution, 
dispersion viscosity and/or chemical reactivity. 

[0036] The modi?ed carbon product can be formed using 
an electrically conductive crystalline form of carbon, such as 
graphite, or can be an amorphous carbon. The carbon, 
Whether crystalline or amorphous, can be in the form of any 
solid carbon, including carbon black, activated carbon, car 
bon ?ber, bulk carbon, carbon cloth, carbon nanotubes, 
carbon paper, carbon ?akes and the like. 

[0037] It Will be appreciated that the carbon material 
utiliZed to form the modi?ed carbon product can be selected 
to suit the speci?c application of the modi?ed carbon 
product in Which the carbon material Will be utiliZed. For 
example, graphite has an anisotropic plate-like structure and 
a Well-de?ned crystal structure, resulting in a high electrical 
conductivity. In one embodiment, a modi?ed carbon product 
including graphite is utiliZed in a fuel cell component to 
increase or enhance its electrical conductivity. 

[0038] Carbon ?bers are long, thin, rod-shaped structures 
Which are advantageous for physically reinforcing mem 
branes and increasing in-plane electrical conductivity. In one 
embodiment, modi?ed carbon ?bers are utiliZed in a fuel cell 
component to increase or maintain its structural integrity. 

[0039] Carbon blacks are homologous to graphite, but 
typically have a relatively loW conductivity and form soft, 
loose agglomerates of primarily nano-siZed particles that are 
isotropic in shape. Carbon black particles generally have an 
average siZe in the range of 9 to 150 nanometers and a 
surface area of from about 20 to 1500 m2/g. In one embodi 
ment, a modi?ed carbon product including carbon black is 
utiliZed in the fuel cell component to decrease its electrical 
conductivity. In another embodiment, modi?ed carbon prod 
uct including carbon black is dispersed in a liquid to form a 
modi?ed carbon ink that can be utiliZed in the production of 
a fuel cell component due to its shape and small particle siZe. 

[0040] Generally, a carbon material is modi?ed utiliZing 
the Belmont process via a functionaliZing agent of the form: 
X—R—Y 

[0041] Where: 

[0042] X reacts With the carbon surface; 

[0043] R is a linking group; and 

[0044] Y is a functional group. 

[0045] The functional group (Y) can vary Widely, as can 
the linking group (R), by selection of the appropriate dia 
Zonium salt precursor. The diaZonium precursor has the 
formula: 

XNENRY 

[0046] Where: 

[0047] N is nitrogen; 

[0048] X is an anion such as Cl‘, Br- or F‘; R is 
the linking group; and 

[0049] Y is the functional group. 
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[0050] FIG. 4 schematically illustrates one method of 
surface modifying a carbon material according to the Bel 
mont process. The carbon material 420 is contacted With a 
diaZonium salt 422 to produce a modi?ed carbon product 
424. The resulting modi?ed carbon product 424 includes 
surface groups that include the linking group (R) and the 
functional group (Y), as discussed beloW in relation to FIGS. 
5(a) and 5(b). 

[0051] FIGS. 5(a) and 5(b) illustrate different embodi 
ments of a modi?ed carbon product 524a, 524b having a 
surface group, including a functional group (Y) and linking 
group (R) attached to the carbon material. In FIG. 5(a), 
sulfonic acid is attached to the carbon material 520 to 
produce a modi?ed carbon product 524a. In FIG. 5(b) 
polyamines are attached to the carbon material 520 to 
produce a modi?ed carbon product 524b. 

[0052] Examples of functional groups (Y) that can be used 
to modify the carbon material according to the present 
invention include those that are charged (electrostatic), such 
as sulfonate, carboxylate and tertiary amine salts. Preferred 
functional groups for fuel cell components according to one 
aspect of the present invention include those that alter the 
hydrophobic/hydrophilic nature of the carbon material, such 
as polar organic groups and groups containing salts, such as 
tertiary amine salts. Particularly preferred hydrophilic func 
tional groups are listed in Table 1, and particularly preferred 
hydrophobic functional groups are listed in Table II. 

TABLE I 

Hydrophilic Functional Groups (Y) Examples 

Carboxylic acids and salts (C6H4)CO2’K+, (C6H4)CO2H 
Sulfonic acids and salts (C6H4)CH2SO3H 
Phosphonic acids and salts (C1UH6)PO3H2 
Amines and amine salts (C6H4)NH3*CI’ 
Alcohols (C6H4)OH 

[0053] 

TABLE II 

Hydrophobic Functional Groups Examples 

Saturated and unsaturated cyclics and 
aliphatics 
Halogenated saturated and unsaturated 
cyclics and aliphatics 
Polymerics Polystyrene [CH2CH(C5H5)]n 

[0054] According to another aspect, preferred functional 
groups for fuel cell components are those that increase 
proton conductivity, such as SO3H, PO3H2 and others 
knoWn to have good proton conductivity. Particularly pre 
ferred proton conductive functional groups according to the 
present invention are listed in Table III. 

TABLE III 

Proton Conducting Groups (Y) Examples 

Carboxylic acid and salt 
Sulfonic acid and salt 
Phosphonic acid and salt 
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[0055] According to another aspect of the present inven 
tion, preferred functional groups for fuel cell components 
include those that increase steric hindrance and/or physical 
interaction With other material surfaces, such as branched 
and unbranched polymeric groups. Particularly preferred 
polymeric groups according to this aspect are listed in Table 
IV. 

TABLE IV 

Polymeric Groups (Y) Examples 

Polyacrylate Polymethyl methacrylate 
(C6H4)[CH2C(CH3)COOCH2]n 

Polystyrene (C6H4)[CH(C6H5)CH2]n 
Polyethylene oxide (PEO) (C6H4)[OCH2CH2OCH2CH2]n 
Polyethylene glycol (PEG) (C6H4)[CH2CH2O]n 
Polypropylene oxide (PPO) (C6H4)[OCH(CH3)CH2]n 

[0056] The linking group (R) of the modi?ed carbon 
product can also vary. For example, the linking group can be 
selected to increase the “reach” of the functional group by 
adding ?exibility and degrees of freedom to further enhance 
proton conduction, steric hindrance and/or physical interac 
tion With other materials. The linking group can be branched 
or unbranched. Particularly preferred linking groups accord 
ing to the present invention are listed in Table V. 

TABLE V 

Linking Group (R) Examples 

Alkyls CH2, CZH4 
Aryls C6H4, C6H4CH2 
Cyclics C6H10, CSH4 
Unsaturated aliphatics 
Halogenated alkyl, aryl, cyclics and 
unsaturated aliphatics 

[0057] Generally, any functional group (Y) can be utiliZed 
in conjunction With any linking group (R) to create a 
modi?ed carbon product for use according to the present 
invention. It Will be also appreciated that any other organic 
groups listed in US. Pat. No. 5,900,029 by Belmont et al. 
can be utiliZed in accordance With the present invention. 

[0058] It Will further be appreciated that the modi?ed 
carbon product can include varying amounts of surface 
groups. The amount of surface groups in the modi?ed 
carbon product is generally expressed either on a mass basis 
(e.g., mmol of surface groups/gram of carbon) or on a 
surface area basis (e.g., pmol of surface groups per square 
meter of carbon material surface area). In the latter case, the 
BET surface area of the carbon support material is used to 
normaliZe the surface concentration per speci?c type of 
carbon. In one embodiment, the modi?ed carbon product has 
a surface group concentration of from about 0.1 ymol/m2 to 
about 6.0 pmol/mz. In a preferred embodiment, the modi?ed 
carbon product has a surface group concentration of from 
about 1.0 ptmol/m2 to about 4.5 pmol/mz, and more prefer 
ably of from about 1.5 ptmol/m2 to about 3.0 pmol/mz. 

[0059] The modi?ed carbon product can also have more 
than one functional group and/or linking group attached to 
the carbon surface. In one such aspect of the present 
invention, the modi?ed carbon product includes a second 
functional group (Y‘) attached to the carbon surface. In one 
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embodiment, the second functional group (Y‘) is attached to 
the carbon surface via a ?rst linking group (R), Which also 
has a ?rst functional group (Y) attached thereto. In another 
embodiment, the second functional group (Y‘) is attached to 
the carbon surface via a separate second linking group (R‘). 
In this regard, any of the above referenced organic groups 
can be attached as the ?rst and/or second organic surface 
groups, and in any combination. 

[0060] In one embodiment of the present invention, the 
modi?ed carbon products are modi?ed carbon product par 
ticles having a Well-controlled particle siZe. Preferably, the 
volume average particle siZe is not greater than about 100 
pm, more preferably is not greater than about 20 pm and 
even more preferably is not greater than about 10 pm. 
Further, it is preferred that the volume average particle siZe 
is at least about 0.1 pm, more preferably 0.3 pm, even more 
preferably is at least about 0.5 pm and even more preferably 
is at least about 1 pm. As used herein, the average particle 
siZe is the median particle siZe (dso). PoWder batches having 
an average particle siZe Within the preferred parameters 
disclosed herein enable the formation of thin layers Which 
are advantageous for producing energy devices such as fuel 
cells according to the present invention. 

[0061] In a particular embodiment, the modi?ed carbon 
product particles have a narroW particle siZe distribution. For 
example, it is preferred that at least about 50 volume percent 
of the particles have a siZe of not greater than about tWo 
times the volume average particle siZe and it is more 
preferred that at least about 75 volume percent of the 
particles have a siZe of not greater than about tWo times the 
volume average particle siZe. The particle siZe distribution 
can be bimodal or trimodal Which can advantageously 
provide improved packing density. 
[0062] In another embodiment, the modi?ed carbon prod 
uct particles are substantially spherical in shape. That is, the 
particles are preferably not jagged or irregular in shape. 
Spherical particles can advantageously be deposited using a 
variety of techniques, including direct Write deposition, and 
can form layers that are thin and have a high packing density, 
as discussed in further detail beloW. 

[0063] Manufacture Of Modi?ed Carbon Products Par 
ticles 

[0064] Modi?ed carbon products useful in accordance 
With the present invention can be manufactured using any 
knoWn methodology, including, inter alia, the Belmont pro 
cess, physical adsorption, surface oxidation, sulfonation, 
grafting, using an alkylating agent in the presence of a 
Friedel-Crafts type reaction catalyst, mixing benZene and 
carbon black With a LeWis Acid catalyst under anhydrous 
conditions folloWed by polymerization, coupling of a dia 
ZotiZed amine, coupling of one molecular proportion of a 
tetraZotiZed benZidine With tWo molecular proportions of an 
arylmethyl pyraZolone in the presence of carbon black, use 
of an electrochemical reduction of a diaZonium salt, and 
those disclosed in and by: TsubakoWa in Polym. Sci., Vol. 
17, pp 417470, 1992, US. Pat. No. 4,014,844 to Vidal et al., 
US. Pat. No. 3,479,300 to Riven et al., U.S. Pat. No. 
3,043,708 to Watson et al., US. Pat. No. 3,025,259 Watson 
et al., US. Pat. No. 3,335,020 to Borger et al., U.S. Pat. No. 
2,502,254 to Glassman, US. Pat. No. 2,514,236 to Glass 
man, U.S. Pat. No. 2,514,236 to Glassman, PCT Patent 
Application No. WO 92/13983 to Centre National De La 
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Recherche Scienti?que, and Delmar et al., J. Am. Chem. 
Soc. 1992, 114, 5883-5884, each of Which is incorporated 
herein by reference in its entirety. 

[0065] A particularly preferred process for manufacturing 
modi?ed carbon product particles according to the present 
invention involves implementing the Belmont process by 
spray processing, spray conversion and/or spray pyrolysis, 
the methods being collectively referred to herein as spray 
processing. A spray process of this nature is disclosed in 
commonly-oWned US. Pat. No. 6,660,680 by Hampden 
Smith et al., Which is incorporated herein by reference in its 
entirety. 

[0066] Spray processing according to the present inven 
tion generally includes the steps of: providing a liquid 
precursor suspension, Which includes a carbon material and 
a diaZonium salt or a precursor to a diaZonium salt; atom 

iZing the precursor to form dispersed liquid precursor drop 
lets; and removing liquid from the dispersed liquid precursor 
droplets to form the modi?ed carbon product particles. 

[0067] Preferably, the spray processing method combines 
the drying of the diaZonium salt and carbon-containing 
droplets and the conversion of the diaZonium precursor salt 
to a linking group and functional group covalently bound to 
a carbon surface in one step, Where both the removal of the 
solvent and the conversion of the precursor occur essentially 
simultaneously. Combined With a short reaction time, this 
method enables control over the properties of the linking 
group and functional group bound to the carbon surface. In 
another embodiment, the spray processing method achieves 
the drying of the droplets in a ?rst step, and the conversion 
of the diaZonium salt to a linking group and functional group 
in a distinct second step. By varying reaction time, tempera 
ture, type of carbon material and type of precursors, spray 
processing can produce modi?ed carbon product particles 
having tailored morphologies and structures that yield 
improved performance. 

[0068] Spray processing advantageously enables the 
modi?ed carbon product particles to be formed While the 
diaZonium salt phase is in intimate contact With the carbon 
surface, Where the diaZonium salt is rapidly reacted on the 
carbon surface. Preferably, the diaZonium salt is exposed to 
an elevated reaction temperature for not more than about 
600 seconds, more preferably not more than about 100 
seconds and even more preferably not more than about 10 
seconds. 

[0069] Spray processing is also capable of forming an 
aggregate modi?ed carbon product particle structure. The 
aggregate modi?ed carbon product particles form as a result 
of the formation and drying of the droplets during spray 
processing, and the properties of the structure are in?uenced 
by the characteristics of the carbon particles, such as the 
particle siZe, particle siZe distribution and surface area of the 
carbon particles. 

[0070] Spray processing methods for modi?ed carbon 
product particle manufacture according to the present inven 
tion can be grouped by reference to several different 
attributes of the apparatus used to carry out the method. 
These attributes include: the main gas ?oW direction (ver 
tical or horiZontal); the type of atomiZer (submerged ultra 
sonic, ultrasonic noZZle, tWo-?uid noZZle, single noZZle 
pressuriZed ?uid); the type of gas ?oW (e.g., laminar With no 
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mixing, turbulent With no mixing, co-current of droplets and 
hot gas, countercurrent of droplets and gas or mixed ?oW); 
the type of heating (e.g., hot Wall system, hot gas introduc 
tion, combined hot gas and hot Wall, plasma or ?ame); and 
the type of collection system (e.g., cyclone, bag house, 
electrostatic or settling). 

[0071] For example, modi?ed carbon product particles can 
be prepared by starting With a precursor liquid including a 
protic reaction medium (e.g., an aqueous-based liquid), 
colloidal carbon and a diaZonium salt. The processing tem 
perature of the precursor droplets can be controlled so the 
diaZonium salt reacts, leaving the carbon intact but surface 
functionaliZed. The precursor liquid may also or alterna 
tively include an aprotic reaction medium such as acetone, 
dimethyl formamide, dioxane and the like. 

[0072] The atomiZation technique has a signi?cant in?u 
ence over the characteristics of the modi?ed carbon product 
particles, such as the spread of the particle siZe distribution 
(PSD), as Well as the production rate of the particles. In 
extreme cases, some techniques cannot atomiZe precursor 
compositions having only moderate carbon particle loading 
or high viscosities. Several methods exist for the atomiZa 
tion of precursor compositions containing suspended carbon 
particulates. These methods include, but are not limited to: 
ultrasonic transducers (usually at a frequency of 1-3 MHZ); 
ultrasonic noZZles (usually at a frequency of 10-150 KHZ); 
rotary atomiZers; tWo-?uid noZZles; and pressure atomiZers. 

[0073] Ultrasonic transducers are generally submerged in 
a liquid, and the ultrasonic energy produces atomiZed drop 
lets on the surface of the liquid. TWo basic ultrasonic 
transducer disc con?gurations, planar and point source, can 
be used. Deeper ?uid levels can be atomiZed using a point 
source con?guration since the energy is focused at a point 
that is some distance above the surface of the transducer. The 
scale-up of submerged ultrasonic transducers can be accom 
plished by placing a large number of ultrasonic transducers 
in an array. Such a system is illustrated in US. Pat. No. 
6,103,393 by Kodas et al. and US. Pat. No. 6,338,809 by 
Hampden-Smith et al., each of Which is incorporated herein 
by reference in its entirety. 

[0074] Spray noZZles can also be used, and the scale-up of 
noZZle systems can be accomplished by either selecting a 
noZZle With a larger capacity, or by increasing the number of 
noZZles used in parallel. Typically, the droplets produced by 
noZZles are larger than those produced by ultrasonic trans 
ducers. Particle siZe is also dependent on the gas ?oW rate. 
For a ?xed liquid ?oW rate, an increased air?oW decreases 
the average droplet siZe and a decreased air?oW increases 
the average droplet siZe. It is difficult to change droplet siZe 
Without varying the liquid or air?oW rates. HoWever, tWo 
?uid noZZles have the ability to process larger volumes of 
liquid per unit time than ultrasonic transducers. 

[0075] Ultrasonic spray noZZles use high frequency energy 
to atomiZe a ?uid and have some advantages over single or 
tWo-?uid noZZles, such as the loW velocity of the spray 
leaving the noZZle and lack of associated gas ?oW. The 
noZZles are available With various ori?ce siZes and ori?ce 
diameters that alloW the system to be scaled for the desired 
production capacity. In general, higher frequency noZZles 
are physically smaller, produce smaller droplets, and have a 
loWer ?oW capacity than noZZles that operate at loWer 
frequencies. A draWback of ultrasonic noZZle systems is that 
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scaling up the process by increasing the nozzle size 
increases the average particle size. If a particular modi?ed 
carbon product particle size is required, then the maximum 
production rate per nozzle is set. If the desired production 
rate exceeds the maximum production rate of the nozzle, 
additional nozzles or additional production units Will be 
required to achieve the desired production rate. 

[0076] The shape of the atomizing surface determines the 
shape and spread of the spray pattern. Conical, microspray 
and ?at atomizing surface shapes are available. The conical 
atomizing surface provides the greatest atomizing capability 
and has a large spray envelope. The ?at atomizing surface 
provides almost as much ?oW as the conical, but limits the 
overall diameter of the spray. The microspray atomizing 
surface is for very loW ?oW rates Where narroW spray 
patterns are needed. These nozzles are preferred for con 
?gurations Where minimal gas ?oW is required in association 
With the droplets. 

[0077] Particulate suspensions present several problems 
With respect to atomization. For example, submerged ultra 
sonic atomizers re-circulate the suspension through the 
generation chamber and the suspension concentrates over 
time. Further, some fraction of the liquid atomizes Without 
carrying the suspended carbon particulates. When using 
submerged ultrasonic transducers, the transducer discs can 
become coated With the particles over time. Further, the 
generation rate of particulate suspensions is very loW using 
submerged ultrasonic transducer discs, due in part to energy 
being absorbed or re?ected by the suspended particles. 

[0078] For spray drying, an aerosol can be generated using 
three basic methods. These methods differ in the type of 
energy used to break the liquid masses into small droplets. 
Rotary atomizers (utilization of centrifugal energy) make 
use of spinning liquid droplets off of a rotating Wheel or disc. 
Rotary atomizers are useful for co-current production of 
droplets in the range of 20 to 150 pm in diameter. Pressure 
nozzles (utilization of pressure energy) generate droplets by 
passing a ?uid under high pressure through an ori?ce. These 
can be used for both co-current and mixed-?oW reactor 
con?gurations, and typically produce droplets in the size 
range of 50 to 300 pm. Multiple ?uid nozzles, such as a tWo 
?uid nozzle, produce droplets by passing a relatively sloW 
moving ?uid through an ori?ce While shearing the ?uid 
stream With a relatively fast moving gas stream. As With 
pressure nozzles, multiple ?uid nozzles can be used With 
both co-current and mixed-?oW spray dryer con?gurations. 
This type of nozzle can typically produce droplets in the 
range of 5 to 200 pm. 

[0079] For example, tWo-?uid nozzles are used to produce 
aerosol sprays in many commercial applications, typically in 
conjunction With spray drying processes. In a tWo-?uid 
nozzle, a loW-velocity liquid stream encounters a high 
velocity gas stream that generates high shear forces to 
accomplish atomization of the liquid. A direct result of this 
interaction is that the droplet size characteristics of the 
aerosol are dependent on the relative mass ?oW rates of the 
liquid precursor and nozzle gas stream. The velocity of the 
droplets as they leave the generation zone can be quite large 
Which may lead to unacceptable losses due to impaction. 
The aerosol also leaves the nozzle in a characteristic pattern, 
typically a ?at fan, and this may require that the dimensions 
of the reactor be suf?ciently large to prevent unWanted 
losses on the Walls of the system. 
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[0080] The next step in the process includes the evapora 
tion of the solvent (typically Water) as the droplet is heated, 
resulting in a carbon particle of dried solids and salts. A 
number of methods to deliver heat to the particle are 
possible: horizontal hot-Wall tubular reactors, spray drier 
and vertical tubular reactors can be used, as Well as plasma, 
?ame and laser reactors. As the carbon particles experience 
either higher temperature or longer time at a speci?c tem 
perature, the diazonium salt reacts. Preferably, the tempera 
ture and amount of time that the droplets/particles experi 
ence can be controlled, and, therefore, the properties of the 
linking group and functional group formed on the carbon 
surface can also be controlled. 

[0081] For example, a horizontal, tubular hot-Wall reactor 
can be used to heat a gas stream to a desired temperature. 
Energy is delivered to the system by maintaining a ?xed 
boundary temperature at the Wall of the reactor and the 
maximum temperature of the gas is the Wall temperature. 
Heat transfer Within a hot Wall reactor occurs through the 
bulk of the gas and buoyant forces that occur naturally in 
horizontal hot Wall reactors aid this transfer. The mixing also 
helps to improve the radial homogeneity of the gas stream. 
Passive or active mixing of the gas can also increase the heat 
transfer rate. The maximum temperature and the heating rate 
can be controlled independent of the inlet stream With small 
changes in residence time. The heating rate of the inlet 
stream can also be controlled using a multi-zone furnace. 

[0082] The use of a horizontal hot-Wall reactor according 
to the present invention is preferred to produce modi?ed 
carbon product particles With a size of not greater than about 
5 pm. One disadvantage of such reactors is the poor ability 
to atomize carbon particles When using submerged ultrason 
ics for atomization. 

[0083] Alternatively, a horizontal hot-Wall reactor can be 
used With a tWo-?uid nozzle. This method is preferred for 
precursor feed streams containing relatively high levels of 
carbon. A horizontal hot-Wall reactor can also be used With 
ultrasonic nozzles, Which alloWs atomization of precursors 
containing particulate carbons. HoWever, large droplet size 
can lead to material loss on reactor Walls and other surfaces, 
making this an expensive method for production of modi?ed 
carbon product particles. 

[0084] While horizontal hot-Wall reactors are useful 
according to the present invention, spray processing systems 
in the con?guration of a spray dryer are the generally 
preferred production method for large quantities of modi?ed 
carbon product particles. Spray drying is a process Where 
particles are produced by atomizing a precursor to produce 
droplets and evaporating the liquid to produce a dry aerosol, 
Where thermal decomposition of one or more precursors 
(e.g., a carbon and/or diazonium salt) may take place to 
produce the particle. The residence time in the spray dryer 
is the average time the process gas spends in the drying 
vessel as calculated by the vessel volume divided by the 
process gas ?oW using the outlet gas conditions. The peak 
excursion temperature (i.e., the reaction temperature) in the 
spray dryer is the maximum temperature of a particle, 
averaged throughout its diameter, While the particle is being 
processed and/or dried. The droplets are heated by supplying 
a pre-heated carrier gas. 

[0085] Three types of spray dryer systems are useful for 
spray drying to form modi?ed carbon product particles 


































